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(ABSTRACT)

An interbasinal study of Late Cambrian cyclic carbonate successions in
the Appalachian and Cordilleran passive margins, the Texas cratonic
embayment and the southern Oklahoma aulacogen has provided controls on
the simultaneous development of peritidal to subtidal meter-scale cycles and
the larger scale depositional sequences on which they are superimposed.
Fining-upward peritidal cycles grade seaward into coarsening-upward, shallow
to deep subtidal cycles that form a continuum across the carbonate platforms
and are genetically linked to one another by shared lithofacies. Eustacy
appears to exert the dominant control on the simultaneous development of
peritidal and subtidal cycles on different carbonate platforms. Based on the
recognition of dominant periodicities on power spectra derived from time series
of subtidal cycles, high frequency eustatic oscillations may be controlied by
Milankovitch astronomical rhythms.

Interbasinal correlation of Late Cambrian depositional sequences was
performed by graphic correlation and the time-equivalent intervals were
correlated lithostratigraphically using isochronous biomere boundaries as time

datums. Fischer plots of meter-scale cycles define changes in relative sea level



based on the amount of extra accommodation space produced by eustacy
beyond that provided by subsidence. Residual eustatic curves derived from
subsidence analysis are useful for correlating the longer-term Late Cambrian
sea level events and changes in the rate of sea level rise and fall can be used
to define shorter-term events. Combining the sea level curves defined by
Fischer plots and subsidence analysis with paleobathymetric curves of Late
Cambrian cyclic strata suggests that the curves may approximate the form of the
eustatic sea level curve. A composite "eustatic” sea level curve for the Late
Cambrian was created by qualitatively combining the sea level curves defined
by the different techniques for each of the four localities.

"Eustatic” sea level curves defined by Fischer plots and subsidence
analysis may be used to apply sequence stratigraphic concepts to one-
dimensional outcrop sections. Combined with systematic changes in the
stacking patterns of meter-scale cycles, they can be used to define the internal
composition of systems tracts, sequence boundaries, and flooding surfaces of
third-order depositional sequences.

One- and two-dimensional models of peritidal and subtidal cycle
development indicate that peritidal cycle thickness is primarily controlled by
accommodation space and deeper subtidal cycle thickness is primarily
controlled by sedimentation rate. Whereas lithofacies within peritidal cycles
alternate in response to fluctuations in sea level, subtidal cycle development
may be related to fluctuations in fairweather and storm wave base that oscillate

in harmony with sea level fluctuations.
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CHAPTER 1

RELATION OF EUSTACY AND
STACKING PATTERNS OF LATE CAMBRIAN
METER-SCALE CARBONATE CYCLES, U.S.A.



ABSTRACT

An interbasinal study of Late Cambrian cyclic carbonate successions in
the Appalachian and Cordilleran passive margins, the Texas cratonic
embayment and the southern Oklahoma aulacogen has provided controls on
the simultaneous development of peritidal to subtidal meter-scale cycles and
the larger scale depositional sequences on which they are superimposed.
Fining-upward peritidal cycles grade seaward into coarsening-upward, shallow
to deep subtidal cycles that form a continuum across the carbonate platforms
and are genetically linked to one another by shared lithofacies. In contrast to
peritidal cycles, subtidal cycles are not capped by intertidal lithofacies nor do
the subtidal cycles exhibit exposure features such as microkarsting or vadose
dissolution/cementation.

Systematic changes in the stacking patterns of meter-scale cycles can be
used in conjunction with Fischer plots to define long-term sea level cycles. On
Fischer plots of peritidal cyclic successions, long-term relative sea level rises
are characterized by thick, subtidal-dominated cycles with thin laminite caps.
Long-term relative sea level falls are defined by stacks of thin, laminite-
dominated cycles that show brecciated cycle caps and quartz sands toward the
relative sea level lowstand. On Fischer plots of dominantly subtidal cyclic
successions, long-term sea level rise is characterized by storm-dominated,
open marine carbonate cycles or thick, deep ramp, shale-based cycles. Falling
segments of the Fischer plot are characterized by thin, shallow subtidal cycles
composed of restricted lithofacies. The relative thicknesses and compositions
of the stacked meter-scale cycles are dependent on the amount of

accommodation space generated by eustacy and subsidence. Cycle stacking



patterns provide the crucial link between the meter-scale cycles and the larger
scale sequences and their component systems tracts.

Eustacy appears to exert the dominant control on the simultaneous
development of peritidal and subtidal cycles on different carbonate platforms.
Subtidal cycles that remain submerged throughout the duration of deposition
provide clear evidence against autocyclic controls on meter-scale cycle
development . However, processes intrinsic to the subtidal platform (sediment
redistribution by storm and wave energy, hardground formation during non-
depositional events and oceanographic conditions) do occur and should not be
neglected as contributing to the internal composition of subtidal cycles. Based
on the recognition of dominant periodicities in the cycles using histograms of
cycle thickness and spectral analysis, high frequency eustatic oscillations may
be controlled by Milankovitch astronomical rhythms.

One- and two-dimensional models of peritidal and subtidal cycle
development indicate that peritida! cycle thickness is primarily controlled by
accommodation space and deeper subtidal cycle thickness is primarily
controlled by sedimentation rate. Whereas lithofacies within peritidal cycles
alternate in response to fluctuations in sea level, subtidal cycle development
may be related to fluctuations in fairweather and storm wave base that oscillate

in harmony with sea level fluctuations.



INTRODUCTION

Superimposed scales of stratigraphic cyclicity have been increasingly
recognized throughout the geologic record (Fischer, 1964; Read et al., 1986;
Sarg, 1988; Koerschner and Read, 1989; Goldhammer et al., 1987; 1990) and
appear to be related to the combined effects of several orders of relative sea
level oscillations. Shallowing-upward, meter-scale carbonate cycles tend to be
systematically arranged within larger-scale successions. Stacking patterns of
the meter-scale cycles can be used to identify long-term relative sea level
changes. Cycle stacking patterns provide the critical link between meter-scale
cycles (parasequences) and the larger-scale sequences and their component
systems tracts. An interbasinal study of Late Cambrian pericratonic cyclic
carbonates was conducted by logging meter-scale cycles of time-equivalent
cyclic successions in different tectonic settings to evaluate how the cycles differ
and what factors may have controlled their origin. The recognition of time-
equivalent successions composed of peritidal cycles, subtidal cycles and non-
cyclic intervals suggest that the differing platform morphologies, subsidence
histories and paleoenvironmental conditions of each locality had a unique
response to relative sea level fluctuations through time.

The objectives of this paper are to: 1) define Late Cambrian peritidal to
deep subtidal cycles and describe the environmental conditions under which
upward-shallowing occurred; 2) illustrate characteristic stacking patterns of
cycles that define rising and falling portions of sea level curves using Fischer
plots; 3) evaluate the controlling mechanisms of meter-scale cycle formation in

light of the simultaneous deposition of peritidal and subtidal cycles using



quantitative modelling to constrain the probable parameters of cycle

development.

STRATIGRAPHIC AND TECTONIC SETTINGS

Tectonic Settings and Locations of Sections: Complete sections of Late
Cambrian strata were measured and logged bed-for-bed in: 1) the House
Range of west central Utah on the Cordilleran passive margin, 2) the
Appalachian Mountains in Tennessee, Virginia and eastern Pennsylvania in the
Appalachian passive margin, 3) the Llano uplift of central Texas on the southern
craton, and 4) the Wichita Mountains of the southern Okiahoma aulacogen
(Fig.1). Biostratigraphic control of the formations for each of the localities (Fig.
2) was obtained from published work (Palmer, 1954; 1965b; 1971; Robison,
1964; Derby, 1965; Rassetti, 1965; Longacre, 1970; Hintze, 1974; Hintze and
Palmer, 1976; Barnes and Bell, 1977; Stitt, 1971; 1977; Hintze et al, 1980; Eby,
1981; Taylor and Miller, 1981; Stitt et al, 1981; Miller et al, 1982; Orndorff, 1988;
Sundberg, 1990).

Field locations were chosen on the basis of: 1) quality of exposure and
absence of structural complications, 2) availability of biostratigraphic data
(especially biomere boundaries), and 3) platform location along the transition
between shallow-water carbonates and deeper-water fine-grained siliciclastics
where intertongueing relations define excursions in sea level. A total of 2400
meters of section were logged and numerous other sections previously
described in the Appalachians (Markello, 1979; Koerschner, 1983) were field-

checked. Hand samples of individual lithofacies were collected for slabbing



Figure 1: Location map of sections measured in the study. Late Cambrian base
map modified from Lochman-Balk (1971) and Palmer (1974) to show the inner
and outer detrital belts, the middle carbonate belt, the southern Oklahoma

aulacogen and the Conasauga intrashelf basin.



e T
HOUSE RANGE

LATE CAMBRIAN
SEDIMENTARY FACIES



Figure 2: Biostratigraphic chart of Late Cambrian strata in this study. Note the
three biomere boundaries in the Late Cambrian that separate the trilobite

zones.
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and thin section analysis to provide additional detail for paleoenvironmental
interpretations.

The Appalachian and Cordilleran passive margins and the Texas
cratonic embayment originated in response to breakup of a Late Proterozoic
supercontinent around 625 to 555 Ma (Bond et al, 1984). Both the
Appalachian and Cordilleran passive margins developed wedge-shaped
prisms of post-rift subtidal and peritidal carbonates and interlayered siliciclastics
over thick accumulations of syn-rift, Upper Proterozoic/Lower Cambrian,
terrigenous siliciclastics derived from both the craton and uplifted rift blocks
(Fig.3). The Appalachian passive margin contains up to 1.6 km of Middle to
Late Cambrian shallow water carbonates and intrashelf basin shale and
siltstone. The Cordilleran passive margin of the western United States
accumulated approximately 2.0 km of post-rift Middle to Late Cambrian subtidal
to peritidal carbonates and fine siliciclastics above almost 6 km of Late
Proterozoic-Early Cambrian syn-rift terrigenous and shallow marine siliciclastics
(Stewart and Poole, 1974; Levy and Christie-Blick, 1989).

The Llano uplift area of central Texas is part of the North American craton
which was slowly subsiding during the Cambrian. Terrigenous siliciclastic
facies were deposited to the north and northwest near the Transcontinental
Arch provenance area, whereas open marine carbonates dominated toward the
south and southeast on a deeper water shelf (now obscured by Pennsylvanian
Ouachita deformation) (Barnes and Bell, 1977).

The southern Oklahoma aulacogen trends northwestward for 700 km
from the Quachita fold belt into the Mid-Continent (Fig. 1). Sediment

accumulation began during the Late Cambrian based on a 525 Ma *+ 25 m.y.
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Figure 3: Late Cambrian platform morphologies of the Appalachian and
Cordilleran passive margins, the Texas craton and the southern Oklahoma

aulacogen. Formation and group names superimposed on lithologic symbols.
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age for the youngest intrusives (Ham et al., 1964) and biostratigraphic ages of
515 to 520 Ma for the youngest sediments (Stitt, 1971, 1977). The bounding
faults along the aulacogen were repeatedly reactivated throughout the Late

Cambrian to Devonian (Ham et al., 1964; Stitt, 1977; Feinstein, 1981).

SHALLOWING-UPWARD CYCLES

A spectrum of meter-scale peritidal to deep subtidal carbonate cycles (1 -
15 m) can be recognized in Late Cambrian strata within the four localities (Figs.
4 - 6). Successions of fining-upward peritidal cycles (Wilson, 1952; Chow and
James, 1986; Demicco, 1985; Koerschner and Read, 1989) extend across the
broad Late Cambrian passive margin of the Appalachians but are restricted to
pericratonic regions of the equivalent Cordilleran passive margin (Palmer,
1971; Kepper, 1972). Peritidal cycles in the Cordillera of Utah grade seaward
into shallow to deep subtidal cycles showing an upward increase in grain size,
bed thickness, and higher energy sedimentary structures. Subtidal cycles are
not capped by intertidal lithofacies nor do the subtidal cycles exhibit exposure
features such as microkarsting or vadose dissolution/cementation. The cycles
form a continuum across the carbonate platforms and are genetically linked to

one another by shared lithofacies (Chapter 3) (Fig. 4).

Vertical and Lateral Consistency of Cycles: Late Cambrian meter-scale
cycles are extremely rhythmic vertically in outcrop with only minor variations in
the arrangement of component lithofacies (Aitken, 1978; Demicco, 1981;
Koerschner, 1983). Peritidal cycles of the Appalachians comprise successions

of hundreds of stacked cycles. Deeper subtidal cycles of the Utah Cordillera

13



Figure 4: Arrangement of Late Cambrian peritidal to deep subtidal cycle types
across a hypothetical platform. Note the location of fairweather and storm wave

base and their relation to cycle types.
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are repetitive over 15 to 40 successive cycles before gradually changing to a
ditferent cycle type. Cycle contacts are traceable over the length of the outcrop
in the Appalachians and in Oklahoma (tens of meters) and cycles can be
tracked as subparallel bands for many kilometers along the mountain flank in
the House Range of Utah.

Peritidal cycles are difficult to correlate laterally in the Appalachians
because of the distance between outcrops, the lack of marker beds and the
lack of precise biostratigraphic control. However, groups of similar cycles with
distinct stacking patterns (fourth- and third-order scale) can be correlated along
the Appalachians from Virginia to Pennsylvania using Fischer plots (Read and
Goldhammer, 1988). In the House Range of Utah, meter-scale deep subtidal
cycles can be correlated between outcrops greater than 45 kilometers apart

(Fig. 3 in Chapter 3) indicating that cycles are not local facies mosaics.

LITHOFACIES AND DEPOSITIONAL ENVIRONMENTS
Peritidal Cycles

Laminite-capped cycles (0.4-7.0 m) of the Appalachian Late Cambrian
are composed of a basal ooid-intraclast grainstone lag deposit overlain by
either ribbon carbonates or thrombolite boundstones capped by mudcracked
thick laminites and/or cryptalgal laminites (Table 1; Fig. 4). Quartz arenites or
carbonate clast breccias may cap some cycles, particularly during long-term
relative sea level fall. The cycles fine-upward and are asymmetric, with
generally abrupt upper and lower boundaries but with gradational internal
boundaries between lithofacies. Peritidal cycles extend over much of the

Appalachian reef-rimmed shelf (Reinhardt, 1977; Demicco, 1981; Read, 1985).
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TABLE 1:

PERITIDAL LITHOFACIES

Internal

Intraclast Breccia (5-20 cm)
Bedding Characteristics: Laterally
discontinuous veneers of angular to
elongate intraclasts in a calcrete matrix
within mudcracked laminite lithofacies;
often abundant quartz sand; intraclasts
often poorly sorted with no preferred
orientation or grading; irregular upper
surface usually overlain by oolitic
grainstone.

Internal Composition/Texture: Angular
clasts composed of LLH stromatolites and
cryptalgal laminites and have corroded
edges and dolomitic rinds; quartz sand
grains are moderately sorted, subrounded
and frosted; vuggy voids common.

(0.2-3.0 m)
Bedding Characteristics: Dolomite; mm-
scale planar and crinkly laminations;
mudcracks, deep prism cracks, tepees and
silicified evaporite nodules common; thin
flat pebble conglomerates and mud chip
intraclast layers; occasional 1-3 grain thick
quartz sand stringers; grades upward from
ribbon rock or more commonly thick
laminite; occasionally capped by irregular
cherty breccias but more typically overlain
by intraclastic transgressive lag of
overlying cycle; some cycles are reversing
with the cryptalgal laminite coarsening
upward into less mudcracked thick laminite.
Internal Composition/Texture: Laminar
couplets composed of basal silt-size
peloidal packstones grading up into
mudstone laminae; some low-angle cross-
lamination and micro-scoured bases in
peloidal silts; some laminoid fenestrae.

Thick Laminite (0.2-3.0 m)
Bedding Characteristics: Dolomite; cm-
scale laminations of silt and mud couplets;
laminations planar to wavy to
discontinuous; common cross-laminated
scour fills and current ripples; some short
mudcracks and silicified evaporite nodules;
commonly overlie ribbon rocks; usually
grade up into cryptalgal laminite but
sometimes wil cap incomplete cycles.
Composition/Texture:
Couplets consist of peloid-quartz silt
packstone that grades up into dolomitic
mudstone; some well-rounded quartz sand
laminae 1 or 2 grains thick; some laminoid
fenestrae.

internal

Bibbon Carbonate (0.5-4.0 m)

Bedding Characteristics: Alternating irregular

layers of peloidal limestone and dolomitic mud;
discrete burrowing; some gutter scours with cross-
laminated peloidal fill; shallow mudcracks become
more abundant upward; common flat pebble
conglomerate beds with internal scours, hardgrounds,
and mud drapes; often flank and overlie thrombolite
bioherms; fine upward into thick laminites.
Composition/Texture: Peloidal
packstones grade upward into argillaceous dolomite
caps; peloidal laminae contain minor quartz silt and
skeletal debris and show occasional scoured bases
and low-angle cross-lamination; fiat pebble beds
composed of imbricate discoidal clasts of laminated
peloidal packstone or dolomitic mudstone; matrix
between clasts consists of sand-size intraclasts,
trilobite and echinoderm debris, pellsts and minor
quartz silt.

Stromatolite Boundstone (0.5-2.5 m)

Bedding Characteristics: SH and LLH

stromatolites typically encrust tops of thrombolite
bioherms or basal grainstone lags; fingers often
coalesce into fan-like forms or crenulated sheets;
club shapes common toward the tops of bioherm
complexes; commonly surrounded laterally by
intraclast-peloidal packstones or ribbon rocks which
onlap and smother the stromatolites.

Internal Composltion/Texture: Alternating mm-

scale laminae of dolomitic peloidal silts and muds;
some irregular and laminoid fenestrae; some thin
quantz silt laminae and coarser laminae of intraclasts.

Thrombolite Boundstone (0.5-2.5 m)

Bedding Characteristics: Globose to upward-

widening flat-topped bioherms to coalescent
biostromes; individua! bioherms often stacked on top
of one another (up to 12m thick) without intervening
continuous bedded lithologies; digitate fingers (1-6 cm
high x 1-2 cm wide) have erosional edges, are grouped
in clusters and often overlie massive cores of
thrombolites; lime sand interhead fill flank and locally
onlap and blanket bioherms; bi-directiona! and high-
angle cross-bedding, scours and multiple
hardgrounds common in interhead fill; lime sands fine
upward into ribbon carbonates; thrombolites typically
nucleate on underlying intraclastic grainstone lag.

Internal Composition/Texture: Clotted micritic

textures; commonly grain-rich reflecting the
composition of the interhead fill; small intraclasts,
skeletal debris, ooids and peliets are dominant
components; fingers show traces of Girvanella , thin
stringers of micrite and microspar cements; Renalcis
recognized toward the base of many of the bioherms;
common irregular fenestrae with geopetal fillings.

L}
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These cycles are recognized within the Elbrook, Copper Ridge,
Conococheague and Allentown Formations of the Appalachians and they also
occur in the Fort Sill, Royer and basal Signal Mountain Formations of the
Wichita Mountains of Oklahoma (Fig. 2). Each cycle records rapid
transgression followed by the progradation of tidal flats over a shallow subtidal
sandy shelf with patchy thrombolitic bioherms (Koerschner and Read, 1989).

The basal ooid-intraclast sandy lag deposit of peritidal cycles migrated
onto the underlying tidal flat cap from shallow offshore wave-agitated shoals
during initial rapid transgression. Hardgrounds developed on the lag deposit
as the transgressive rise of sea level outpaced sediment production. As the rate
of relative sea level rise decreased, carbonate sedimentation was able to catch
up. Thrombolites locally established themselves on marine-cemented
grainstone lags and grew to sea level. Ribbon rocks began to accummulate
adjacent to bioherms in shallow subtidal to lower intertidal conditions. The
rippled peloidal silts/fine sands were laid down during storms with drapes of
lime mud settling out during the waning stages (Demicco, 1983).

Progressive shallowing and progradation is reflected in the upward
transition into increasingly mudcracked ribbon rocks, SH and LLH stromatolites
and thick laminites. Centimeter-scale thick laminites are mechanically-
deposited couplets of fine peloidal silts and mud drapes laid down on the
intertidal flats by storm and tidal currents (Hardie and Ginsburg, 1977). This
lithofacies often caps cycles or grades up into higher intertidal cryptalgal
laminites. Lack of burrowing, abundant mudcracks, silicified evaporite nodules
and windblown quartz sand within laminite lithofacies indicate hypersaline and

semiarid conditions. Cratonibally-derived quartz sands (Wilson, 1952;
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Koerschner and Read, 1989) are found in some cycles as thin laminae within
laminite beds, as discrete beds capping cycles or in the basal transgressive lag
of overlying cycles. The sands were probably brought in during long-term falls
in relative sea level and were incorporated into cycle caps during short-term
regression or reworked by the succeeding marine transgression into the basal
lag deposit of the succeeding cycle.

Some evidence of exposure, non-deposition and erosion is exhibited
within peritidal cycles. Most laminite caps are flat-topped and erosional,
suggesting deflation of the supratidal surface down to paleowater-tables. Fossil
molds and crystal silts that geopetally fill leach voids in subtidal limestones
indicate flushing by undersaturated meteoric waters (Koerschner and Read,
1989). lIrregular veneers of carbonate clast breccia that fill solution-enhanced
lows on exposed supratidal caps are thin regoliths that developed on the non-
vegetated Late Cambrian exposed flats. These features provide evidence that

relative sea level fell below the supratida! surface.

Shallow Subtidal Cycles
Shallow subtidal cycles are defined by the interpreted paleowater depth
of the cycle cap and include thrombolite-capped, ooid grainstone-capped and

skeletal packstone-capped cycles.

Thrombolite-capped cycles (1.5-12.0 m) of the Cordilleran Late

Cambrian passive margin consist of a basal dark gray peloidal packstone
overlain by stacked thrombolite-stromatolite bioherms and laterally equivalent
light gray cross-bedded peloidal-oncolitic grainstone (Fig. 4). These cycles

record progradation of peritidal biohermal patch reefs and associated high

19



energy grainstones over slightly deeper subtidal peloidal packstones of a
restricted shelf. More than thirty of these cycles are recognized within the upper
Helinmaria Member of the Notch Peak Formation throughout the House Range
of west central Utah. Similar cycles but at larger scales (>5 to 20 m) occur
within the Wilberns Formation of central Texas.

Thrombolite-capped cycles were initiated by onlap of peloida!
packstones/wackestones (Table 2) from the slightly deeper ramp onto
thrombolite-stromatolite bioherms. Horizontal to low angle cross-lamination,
lack of recognizable skeletal material, and dark gray bioturbated textures
suggest restricted, quiet water (but not necessarily deep) deposition. With
slowing of the rate of short-term relative sea level rise, thrombolitic bioherm
complexes were able to establish themselves on hardgrounds or other stable
substrates. The bioherms are laterally discontinuous suggesting development
as isolated, shallow subtidal patch reefs on top of the basal peloidal veneer.
Continued slow rates of relative sea level rise are indicated by the stacking of
individual bioherms up to 12 m thick without intervening bedded lithofacies.
Many of the thrombolitic bioherms have stromatolitic laminae outlining the outer
surface of the mound and some stromatolitic biohermal layers are interbedded
within the dominantly thrombolitic complex (Fig. 4). This implies either episodic
shallowing to intertidal depths or perhaps variations in salinity (and associated
grazing and boring epifauna) related to periodically restricted conditions on the
platform (Aitken, 1967; Kennard and James, 1986).

Shallow subtidal conditions for the thrombolites are supported by the
laterally equivalent light gray, crossbedded peloidal-oncolitic-oolitic-intraclastic

grainstones which resemble modern, high energy, non-skeletal grainstones
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enveloping growing stromatolitic bioherms in tidal channels in the Bahamas
(Dill et al., 1986). Irregularly laminated oncolites, coated peloids, and high-
angle tabular crossbeds that alternate with horizontally bedded packstones in
the Late Cambrian rocks reflect variable energy conditions created by the
biohermal complexes that effectively baffled current energy except during
storms. The lack of open marine fauna within the inter-bioherm grainstones
may reflect either elevated salinities on the restricted platform or intermittent
high wave or tidal energies on mobile sandy substrates that precluded the
establishment of grazing organisms (Pratt and James, 1982). Only the robust
mollusks Mathevia and Matherella are found associated with the bioherms,
supporting the case for high energy conditions.

Qoid grainstone-capped cycles (0.5-4.2 m) of the Cordilleran passive
margin consist of burrowed wackestone/packstone grading up into oncolite-
skeletal packstone/grainstone capped by oolitic grainstone (Table 2; Fig. 4).
The succession of lithofacies record progradation of oolitic shoals over deeper
ramp lithofacies. They occur in the Big Horse Member, Orr Formation of the
House Range of Utah (Lohmann, 1976).

Burrowed wackestone/packstones are subtidal facies deposited below
fairweather wave base under normal marine conditions (Wilson and Jordan,
1983). Pervasive bioturbation, bioclastic debris and clusters of pellets suggest
an active infauna. Laterally discontinuous skeletal packstone lenses with
erosional bases and burrowed tops are rapidly deposited storm beds that
escaped homogenization by burrowers. The abundant quartz silt was probably

transported from the craton across the inner detrital belt (Palmer, 1971) and
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onto the carbonate platform through a west-trending subtidal channel that
debouched near the House Range (Lohmann, 1977).

With shoaling, skeletal sand sheets migrated across the burrowed
wackestones and were reworked by storm and wave currents. Megarippled
units suggest emplacement as sand waves and shallow bars. The upward
transition from open marine skeletal packstones to oncolitic-peloidal
grainstones indicates increasingly shallow, restricted conditions (Enos, 1983),
perhaps peripheral to active ooid shoals (Hine, 1977).

The crossbedded oolitic grainstone cap resuited from progradation of
ooid shoal complexes as migrating spillover lobes that formed in response to
storm or tidal currents (Hine, 1977; Harris, 1979; Halley et al., 1983). Rounded
oolitic intraclasts indicate early marine cementation and the lack of leached
ooids or other vadose features suggests continual submergence.

Skeletal packstone-capped cycles (1.0-7.5 m) are composed of basal
nodular argillaceous wackestone overlain by burrowed, storm-deposited
wackestone/packstone coarsening upward into a skeletal packstone/grainstone
cap. (Table 2; Fig. 4). They occur in the lower Big Horse Member (Orr
Formation) of the House Range and in the Honey Creek and lower Fort Sill
Formations of the Wichita Mountains of Oklahoma where they form thick
successions composed of up to 25 cycles. These cycles in the House Range
developed on the mid-ramp at intermediate water depths above storm wave
base seaward of ooid grainstone-capped cycles. The succession of lithofacies

record gradually increasing storm influence as the platform shallowed to

skeletal shoal depths.
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The basal nodular, argillaceous wackestone is a distal storm facies
deposited on the middle ramp between burrowed wackestones and packstones
and deeper water siliciclastic muds. The low angle cross-laminated
micropeloidal and quartz silty layers within the nodular limestones were
probably transported offshore from the shallow ramp during periodic storms.
Nodules may have formed early by submarine lithification under weak bottom
currents (Mullins et al., 1980) or may be the result of late pressure solution and
compaction. Argillaceous muds fell out of suspension during waning storm
activity. The two sediment types were mixed by the burrowing infauna.

As the depositional surface shallowed, the argillaceous content of the
sediment decreased, grain size and skeletal content generally increased and
the abundance of storm beds with hummocky cross-stratification increased.
The storm-deposited units (5 - 20 cm) are laterally discontinuous, fine-upward
and consist of: 1) sharp-based skeletal packstones with peloids and mud
perched above shells and pendant bladed marine cements extending down
into now-occluded shelter porosity, 2) hummocky cross-stratified peloidal
packstones and 3) bioturbated calcisiltite caps. This allochthonous debris was
transported as entrained sediment by storm-generated currents and then
reworked by oscillatory shear currents (Kreisa, 1981). Upward within this
lithofacies, skeletal material becomes more abundant and storm deposits
appear amalgamated with numerous wavy beds of subtly graded skeletal
debris. The cycle cap of crossbedded skeletal-intraclast grainstones manifests
the development of storm-reworked skeletal sand sheets and migrating sand
shoals. Common platy girvanellid crusts are imbricated and suggest that the

grainstone cycle cap formed within the photic zone (Pfeil and Read, 1983).
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Deep Ramp / Intrashelf Basin Cycles
Deep subtidal cycles are defined by the recognition of sub-fairweather
wave base sedimentary structures within the lithofacies cap of the cycles and
include spiculitic wackestone-capped cycles, carbonate-capped shaly cycles
and flat pebble conglomerate-capped shaly cycles.
iti K - (0.7 - 3.1 m) are composed of basal
nodular argillaceous mudstone overlain by a burrowed spiculitic wackestone
with skeletal packstone lenses that become more abundant upward (Table 3;
Fig. 4 & 5). These cycles occur in the Sneakover Member (Orr Formation) and
in the basal Hellnmaria and Lava Dam Members (Notch Peak Formation) of
Utah. Very similar deep ramp cycles have been described in the Upper
Muschelkalk of the South-German Basin (Aigner, 1985) and the Catalan Basin
of Spain (Calvet and Tucker, 1988). Spiculitic wackestone-capped cycles of the
House Range developed on the deep ramp very near storm-wave base
seaward of the skeletal grainstone-capped cycles. The abundant bioturbation
and trilobite and echinoderm debris within storm beds attest to well-oxygenated,
normal marine conditions.
rbonate- les (2.5-15.0 m) consist of a thick basal
shale abruptly overlain by a coarsening-upward skeletal wackestone/packstone
(Table 4; Fig. 6). These cycles occur in the Candland Shale, Corset Spring
Shale and Steamboat Pass Members of the Orr Formation of Utah. They are
associated with long-term rises in relative sea level that juxtapose deep outer

ramp siliciclastic facies above shallow ramp carbonate facies.
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Figure 5: Photograph of spiculitic wackestone-capped cycles of the deep ramp.
Basal lithofacies is composed of argillaceous nodular wackestones and forms a
recessive weathering pattern. Overlying ledge-forming cap consists of spiculitic
wackestone with upward-increasing storm-deposited packstone lenses

composed of open marine skeletal debris.
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The thick basal shale units of these cycles formed below storm wave
base during short periods of relative sea level rise that brought deep water
siliciclastic clays up onto the carbonate platform. The fine clastics may have
been derived from the craton.and were transported across the carbonate belt
(perhaps through the House Range Embayment trough) and onto the deep
ramp as dilute clouds or bottom-hugging nepheloid layers (Boardman and
Neumann, 1984). Siliciclastic clays accumulated in a dysaerobic environment
as indicated by the olive green to dark gray color, mildly bioturbated lamination,
and sparse trilobite and phosphatic brachiopod fauna.

The thin carbonate caps of these shale-dominated cycles reflect rapid
shallowing from shale to bioturbated wackestones up into skeletal packstones.
A few of these cycles shallow up to large (1.5 x 1.5 m) thrombolitic bioherms that
nucleated on flat pebble conglomerate storm beds. The abrupt transition in
paleowater depths between the deep, quiet water shales (probable water
depths of >40 to 60 m) and the shallow, clear water carbonates (probable water
depths between 5 to 20 m) suggests that these cycles probably did not form by
simple aggradation, which would provide a maximum of only 15 meters of
shallowing, but rather experienced a relative sea level rise (shales) followed by
relative sea level fall (carbonates). No evidence of subaerial exposure of the
skeletal carbonates or the bioherms is recognized indicating that sea level
never fell below the platform. With renewed relative short-term sea level rise,
carbonate sedimentation ceased and the skeletal sands or bioherms were
abruptly covered with sub-storm wave base shales.

| [ nalomerate- hal , (0.8-5.5 m) consist of a

basal calcareous green-brown shale grading upward into micro-hummocky
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Figure 6: Late Cambrian shaly cycles of the Conasauga intrashelf basin of the
Appalachians and of the Cordilleran deep ramp of Utah. Siliciclastic shales are
abruptly overlain by "clear-water carbonates” with storm-deposited caps. Note
the possible shallower position of storm wave base in the protected intrashelf

basin.
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cross-laminated peloidal grainstones and quartz siltstones capped by
amalgamated flat pebble conglomerate beds (Table 4; Fig. 6). They have been
recognized in the Nolichucky Formation, Virginia and Tennessee (Markello and
Read, 1981; 1982) and in the Point Peak Member of the Wilberns Formation,
central Texas as well as in the Cambrian of Montana (Sepkoski, 1982) and the
southern Canadian Rockies (Aitken, 1978). Point Peak cycles are thinner than
Nolichucky cycles and lack basal shales; instead, basal lithofacies are parallel
laminated fine siltstones.

The Nolichucky cycles record deposition above and below a fluctuating
storm wave base in a relatively shallow intrashelf basin. The Conasauga basin
was adjacent to the craton and derived its siliciclastic sediment from distant
deltas that emptied into the basin (Hasson and Haase, 1988; Read, 1989).
Markello and Read (1982) estimated minimum water depths for the shales (and
therefore storm wave base) of a few tens of meters based on non-decompacted
stratigraphic thickness between the shales and peritidal caps of shallowing-
upward cycles. Storm wave base may have been shallow due to the barrier
effect of the peritidal platform to seaward (Markello and Read, 1981; 1982) that
protected the intrashelf basin from reworking by open ocean waves.
Progressive shallowing to above storm wave base is indicated by an increase
in grain size and in storm-generated sedimentary structures. The peloidal
grainstone/quartz siltstone was derived from upslope and transported as
entrained fines in storm-generated currents (Walker, 1984). They were
deposited under the influence of oscillatory shear currents as indicated by

parallel lamination and micro-hummocky cross-stratification. Cruziana
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ichnofossils reflect increased oxygenation of the intrashelf basin as it
shallowed.

The flat pebble conglomerate caps of the cycles were deposited above
storm wave base during severe storms when the underlying semi-lithified
peloidal grainstone was eroded and redeposited as tabular to lenticular beds of
rounded, elongate clasts. Early marine cementation of the peloidal grainstone
may have been facilitated by a lack of diverse burrowing infauna during the
Late Cambrian (Sepkoski, 1982). Multi-generational clasts and thin mud
drapes that separate conglomeratic beds within amalgamated units were
formed by multiple storm deposition. Diverse fauna within the matrix between

clasts reflects normal marine conditions.

SCALES OF CYCLICITY

Late Cambrian meter-scale cycles are grouped into shallowing-upward
successions at the fourth-order scale (0.1 - 1.0 m.y.; 10’s of meters) as well as at
the third-order scale (1.0 - 10.0 m.y.; 10’'s to 100’s of meters). For example, the
Big Horse Member of the Orr Formation of the House Range (Fig. 7) comprises
one long-term third-order shallowing-upward sequence (220 m thick;
approximately 4 m.y. duration) composed of deep ramp cycles gradually
shallowing up to oolite-capped shallow ramp cycles with large thrombolite
bioherms. This long-term sequence has superimposed within it 11 fourth-order
depositional cycles (average of 360 k.y.) that are characterized by gradual
shallowing from deeper ramp lithofacies to shallow ramp lithofacies over
stratigraphic thicknesses of 10’s of meters followed by rapid transition back into

thick, deeper ramp lithofacies. Characteristic meter-scale fifth-order cycles
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Figure 7: Scales of cyclicity within the Big Horse Member of the Orr Formation of
the House Range, Utah. Column on the left shows long-term third-order
shallowing evident from the storm-influenced mid-ramp cycles with open marine
faunas in the lower Big Horse that progressively give way to shallow subtidal
cycles characterized by restricted lithofacies upward in the Big Horse Member.
Dashes to the right of this column denote interpreted fourth-order cycles that are
expanded in the columns on the right. Dashes to right of columns denote fifth-
order cycles. Composition of the fourth-order cycles suggests rapid deepening

in the basal cycle followed by progressively shallower conditions toward the

upper cycles.
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systematically change upward within the third- and fourth-order sequences.
Cycle stacking patterns provide the crucial link between the meter-scale cycles

and the larger scale sequences and their component systems tracts.

Stacking Patterns of Meter-Scale Cycles using Fischer Plots: Fischer
plots (Fig. 8) are graphic displays of accommodation space, corrected for linear
subsidence, through time (Fischer, 1964; Goldhammer et al., 1987; 1990; Read
and Goldhammer, 1988). Each fifth-order cycle is assigned an average cycle
period by dividing the total estimated duration of the cyclic succession by the
number of meter-scale cycles. This average cycle period is merely a device for
assigning time per cycle and does not imply that each cycle was deposited over
the same duration. If the plot was constructed so that cycle thickness equaled
time, the resulting plot would define a horizontal line. Thus it is necessary to
assign a constant time of deposition to each cycle to generate relative rises and
falls on the plot.

Stacks of thick cycles plot as positive slopes and are presumed to have
formed under conditions of increased accommodation space provided by
relative sea level rise. Stacks of thin cycles plot as negative slopes and are
presumed to reflect reduced accommodation space during relative sea level
tall. The method seems to be best suited for tidal flat-capped cycles or subtidal
cycles that shallow to sea level, although good results have also been attained

using deeper subtidal cyclic successions.

Fischer Plots and Peritidal Successions: The relationship between cyclic

peritidal carbonates of the Conococheague Formation of southwestern Virginia
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Figure 8: Explanatory diagram of the Fischer plot technique. The horizontal
scale of the plot represents time and the vertical scale is the cumulative cycle
thickness in meters. For each cycle the amount of accommodation space
provided by linear subsidence is plotted over the duration of the average cycle

period. Cycle thickness is plotted vertically. The net difference defines the path

of relative sea level through time.
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Figure 9: Fischer plot of the Conococheague Formation constructed from the
Wytheville, Virginia section (from data in Koerschner and Read, 1989). Cycles
containing quartz sand are black. Stacking patterns of representative cycles
are shown pulled out from their position on the Fischer plot. Note the difference
in scales between the three columns of cycles and how the subtidal-dominated

cycles are considerably thicker than the tidal flat-dominated cycles.
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and long-term relative sea level cycles defined by its Fischer plot (Koerschner
and Read, 1989) is shown in Figure 9. The Conococheague Formation is
composed of hundreds of stacked peritidal cycles that record periodic, high
frequency fluctuations in relative sea level (Demicco, 1985; Koerschner and
Read, 1989). The Fischer plot defines a major relative sea level rise and fall
within this portion of the Conocheague Formation. Stacking of thick, subtidal-
dominated cycles with thin laminite caps occur during the rising portions of the
plot (Fig. 9, column A). Stacking of thin, laminite-dominated cycles occur during
long-term relative sea level fall (Fig. 9, column B). Brecciated cycle caps and
quartz sands become common toward the relative sea level lowstand (Fig. 9,
column C).

These cycle stacking patterns are also exhibited in the peritidal
Allentown Formation of eastern Pennsylvania (Fig. 10). During long-term rises
in relative sea level, cycles are thick with oolitic bases and thin stromatolitic
caps (Fig. 10, column B). Ooids have dropped cores and cycle caps are
brecciated indicating meteoric diagenesis during emergence of the meter-scale
cycles. During long-term relative sea level falls, cycles show thin oolitic
transgressive lags overlain by thrombolites that grade up into LLH stromatolites
and cryptalgal laminites (Fig. 10, columns A & C). The caps of many cycles are
marked by regolithic breccias developed on the emergent tidal flat. Toward the
long-term relative sea level lowstand (Fig. 10, column C), erosionally-capped
cycles contain quartz sand.

The Conococheague and Allentown Fischer plots illustrate the significant
difference in cycle thickness and lithofacies composition between stacks of

cycles on the rising and falling portions of the plots. Peritidal cycle thickness is
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Figure 10: Fischer plot of the lower Allentown Formation constructed from the
Easton, Pennsyivania section with cycle stacking patterns expanded from their
position on the plot. Note the variation in scales between the three sections and
the relative thickness of the component cycles. Oolitic grainstone bases of
cycles on the rising portions of the Fischer plot are considerably thicker than
those on the falling portions. Tidal flat caps are considerably thinner on cycles
that formed during the relative sea level rise but dominate in the cycles that

formed on the relative sea level fall.
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controlied by the total amount of accommodation space provided by subsidence
and eustacy. For these peritidal cycles, stacks of thicker cycles were formed
during relative sea level rise that generated accommodation space beyond that
provided by subsidence. Stacks of thinner cycles were formed during relative
sea level fall that reduced accommodation space provided by subsidence.
Quartz sands and brecciated laminite caps within peritidal cycles occured
during relative sea level lowstands that exposed craton interiors. Assuming
relatively constant subsidence, the control on the change in relative sea level is
believed to be eustacy on the basis of correlation of the Fischer plots above with
equivalent sections in other parts of the Appalachians, Utah, Texas and

Oklahoma (Chapter 2).

Fischer Plots and Subtidal Successions: Stacking patterns of dominantly
subtidal cyclic successions and their relationship to Fischer plots are shown on
Figure 11. The Fischer plot of the upper Big Horse and Candland Shale
Members of the Late Cambrian Orr Formation of the House Range shows stacks
of subtidal cycles on the rising segments of the relative sea level curve that are
characterized by storm-dominated carbonate cycles or thick, deep ramp, shale-
based cycles (Candland Shale). Falling portions of the Fischer plot are
characterized by thin, oolite grainstone-capped cycles (Big Horse Member).
Common lithofacies within these shallow ramp cycles are oncolitic packstones-
grainstones, ooid grainstones, thrombolite bioherms and SH and LLH
stromatolites, all indicative of shallow, restricted conditions.

Possible fourth-order cycles on the Fischer plot of the Big Horse Member

(Figs. 7 & 11) occur as groupings of one to three thick cycles followed by two to
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Figure 11: Fischer plot of the upper Big Horse and Candland Shale Members of
the Orr Formation, House Range, Utah. The scale is the same for all three
stacks of cycles; note the thin shallow subtidal restricted cycles versus the
substantially thicker deeper subtidal open marine carbonate and shaly cycles.
Subtle bundling of fourth-order cycles (labelled) can also be discerned along

the Fischer plot.
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seven thinner cycles that show no obvious internal bundling of fifth-order cycles.
Thicknesses for these fourth-order cycles range from 15 to 45 meters and their
corresponding periods likely range from ~300 to 900 k.y. It is arguable whether
the apparent fourth-order cycles on the Fischer plot are real or whether they are
artifacts of the technique. However, cycles on the fourth-order rises are
consistently composed of thick, deep subtidal-dominated cycles whereas fourth-
order falls are consistently composed of thin, shallow subtidal-dominated cycles
(Fig. 7). This is the same stacking pattern recognized within the third-order
sequence only repeated over shorter time increments and suggests that the
fourth-order cycles may be real.

The systematic arrangement of similar subtidal cycles on rising and
falling limbs of Fischer plots suggests that, like the peritidal cycles, they record
changes in accommodation space generated by third-order eustatic sea level
oscillations. This suggests that time-equivalent successions of meter-scale
cycles may be correlated with Fischer plots and used to define third-order, and

perhaps fourth-order, eustatic sea level events

Stacking Patterns of Deep Subtidal Cycles on Fischer Plots: Some
deeper subtidal successions of cyclic carbonates show Fischer plots whose
trend is opposite to that expected. Within the Notch Peak Formation of Utah, a
thick succession of very shallow subtidal thrombolite bioherm-capped cycles
grades up into a series of deeper water spiculitic wackestone-capped cycles
(Fig. 12). The thick thrombolitic cycles plot as a relative rise in sea level on the

Fischer plot whereas the thin spiculitic wackestone cycles produce a relative

fall.
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Figure 12: Vertically-oriented Fischer plot of the upper Notch Peak Formation,
House Range, Utah. Dashes to right of column indicate cycle tops. Groups of
like cycles are noted with arrows. Key horizons are connected to the Fischer
plots by the dashed lines; they are not perfectly horizontal because the
stratigraphic column is in thickness and the Fischer plot is in time. Relative

water depth curve to the right is shown for comparison.
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Using stacking patterns established from other similar cycle types, one
would expect the Fischer plot of the restricted thrombolitic cycles to be
associated with a long-term fall in sea level whereas the plot of the deep water
cycles would be expected to form a long-term rise in sea level. One reason for
this counterintuitive result may be due to the relative thicknesses of cycles being
controlled by sedimentation rate rather than by sea level-determined
accommodation space. Thick thrombolitic cycles accumulated rapidly within the
zone of optimal carbonate productivity, rapidly filling to sea level. In contrast,
the deep subtidal cycles accumulated slowly; their thickness may be strictly
controlled by slower, deeper-water sedimentation rates. The resulting trend on
the Fischer plot is an apparent long-term rise and fall in sea level generated by
water depth-dependent sedimentation rates of the cycles rather than sea level-
controlled accommodation space.

Alternatively, the Fischer plot may actually be reflecting a true relative
rise and fall in sea level. Shallowing-upward trends of lithofacies based on
paleowater depths do not necessarily record relative sea level events and
suggest that the composition of the lithofacies making up the stacked cycles is
not the only indicator of long-term sea level. The thickness of the stacks of
thrombolite bioherms may actually be recording a long-term increase in
accommodation space generated by a relative sea level rise. The globose tops
on the bioherms and the surrounding oncolitic interbioherm fill suggest that the
bioherms remained submergent throughout their deposition, supporting the
trend on the Fischer plot of a long-term relative sea level rise. The thinness of

the argillaceous deeper water cycles may be a reflection of reduced
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sedimentation rates caused by siliciclastic poisoning by clays brought in during
long-term eustatic sea level fall. Time-equivalent cycles in the Appalachians
contain abundant quartz sand derived from the craton during sea level
lowstands. Fischer piots of these time-equivalent cyclic successions in both the
Cordillera and the Appalachians can be correlated and show similar trends of
long-term sea level rise and fall toward the end of the Late Cambrian (Chapter
2).

A third option for explaining the apparent rise and fall on the Fischer plot
of the upper Notch Peak Formation produced by these cycles is the non-
recognition of cycle tops. The thrombolitic cycles can be very thick because
they commonly are composed of stacked thrombolite bioherms (3 to 5 levels
over 12 meters) that become more stromatolitic upward. The possibility exists
for internal cyclicity within these cycles but no unequivocal evidence for tidal flat
deposition, subaerial exposure or vadose diagenesis can be recognized
through the dolomitization. Without clear evidence for internal cyclicity within
the stacked bioherms, cycle caps must be placed at the base of the overlying
bedded peloidal packstones that manifest short-term drowning events and the
initiation of a new cycle. Dividing the thick thrombolitic cycles up into more
numerous thinner cycles would produce an entirely different form on the Fischer
plot.

On the basis of correlations with Fischer plots of equivalent strata in the
Appalachians, the trend on the Fischer plot of upper Notch Peak time may
actually be reflecting a long-term sea level rise and fall. However, the role of
sedimentation rate as well as the non-recognition of cycle boundaries may also

contribute to trends on Fischer plots of subtidal cycles, distorting the relative sea

52



level history. This example from the upper Notch Peak Formation illustrates the
caution that must be exercised when interpreting Fischer plots without looking

at the internal composition of the cyclic succession.

MECHANISMS CONTROLLING CYCLE STRATIGRAPHY

Mechanisms proposed to explain the genesis of meter-scale carbonate
cycles have focussed on tidal flat-capped cycles common throughout the rock
record. The recognition of shallow to deep subtidal cycles that formed
simultaneously with peritidal cycles requires some modification of the
mechanisms proposed for the peritidal cycles. Three models have been
suggested to explain the origin of shallowing-upward, meter-scale cycles: 1)
autocyclicity, 2) episodic subsidence, and 3) high frequency oscillations in
eustatic sea level. Each of the proposed mechanisms must explain the upward
shallowing of individual cycles, the repetitive stacking of similar cycles
throughout a vertical sequence, and the simultaneous development of tidal flat-

capped cycles and subtidal cycles across a carbonate platform.

Autocyclicity: The autocyclic model (Ginsburg, 1971; Wilkinson, 1982; James,
1984) depends upon the periodic progradation of tidal flats over the subtidal
carbonate factory to restrict the size of the carbonate source area, effectively
shutting down carbonate production until tectonic subsidence provides water
depths sufficient to resume production. Implicit in the model are the
assumptions of static sea level over geologically long periods of time, complete
shoaling to tidal levels and a lack of vadose diagenetic features within cycles.

Weaknesses in this model (Grotzinger, 1986; Read, 1989) have focussed on the
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inordinately long lag times (>20 k.y.) necessary for the creation of water depth
sufficient to resume carbonate production. Perhaps the biggest drawback to
autocyclic control is the simultaneous development of purely subtidal cycles
that, by definition, have no progradational tidal flat cap that could relate to
shrinking of the carbonate factory (Grotzinger, 1986). The inability of the
autocyclic model to explain incomplete shallowing of subtidal cycles that
develop seaward of peritidal cycles precludes it as a potential controlling
process on Late Cambrian cycle development. Autocyclic mechanisms may
only be viable as an explanation for stratigraphic "noise" within individual cycles
and do not control the development of repetitive stacks of cycles or the
synchronous development of peritidal and subtidal cycles thoughout the Late
Cambrian platforms.

A variation on the autocyclic model has been proposed (Cloyd et al.,
1990) that invokes the lateral migration of tidal channels to produce shallowing-
upward, tidal flat-capped cycles. As with the progradational model, variations in
sediment accumulation and redistribution may contribute to variability within
peritidal cycles but cannot explain the origin of regional subtidal cycles.
However, processes intrinsic to the subtidal platform (sediment redistribution by
storm and wave energy, hardground formation during non-depositional events
and oceanographic conditions) do occur and should not be neglected as

contributing to the internal composition of subtidal cycles (Chapter 3).

Episodic Tectonism: Repeated pulses of downfauiting have been proposed
(Hardie et al., 1986; Cisne, 1986) to generate the accommodation potential for

sediment aggradation. If the stress limits between faulting episodes were
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rhythmic based on some threshold value, then this model could conceivably
explain the coexistence of peritidal and subtidal cycles. However, the lateral
extent of such events would be extremely limited and could not explain the
widespread nature of carbonate cycles across entire platforms (Demicco, 1985;
Grotzinger, 1986, Hardie and Shinn, 1986). Additionally, modern examples of
tectonic pulsing (Yeats, 1978; Ota et al.,, 1984; Bull and Cooper, 1986) are
restricted to tectonically active settings such as Southern California and New
Zealand, poor analogs for ancient mature passive margins such as existed
during Late Cambrian time. Other tectonic mechanisms such as intraplate
stress mechanisms (Cloetingh, 1986) are much too slow (0.01 - 0.1 m/ky) and

non-periodic to produce high frequency meter-scale cycles.

Eustatic Sea Level Oscillations: High frequency oscillations in sea level,
probably controlled by fluctuations in glacial ice volume, provide the simplest
explanation for the origin of meter-scale peritidal and subtidal cycles (Fischer,
1964; Matthews, 1984; Goodwin and Anderson, 1985; Goldhammer et al., 1987,
Koerschner and Read, 1989; numerous others). Considering the evidence for
eustatic control on third-order sequence development (Chapter 2; Vail et al.,
1977; Haq et al., 1987; Ross and Ross, 1988), it seems likely that higher
frequency sea level fluctuations were superimposed on the longer-term sea
level events and, by association, were also eustatic in origin. Superimposed
orders of eustatic sea level oscillations provide the best explanation for the
upward shallowing of individual cycles, stacking patterns within cyclic
successions, and the simultaneous development of peritidal cycles and subtidal

cycles across a carbonate platform.
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Milankovitch-Controlled Glacio-Eustacy: Although it seems clear that sea
level had to have fluctuated eustatically to generate individual meter-scale
cycles as well as stacked cyclic successions, the forcing mechanism behind
high frequency sea level oscillations is far from certain. It has been proven that
Plio-Pleistocene sea levels fluctuated in response to variations in global ice
volume as a function of changes in solar insolation forced by Milankovitch
astronomical rhythms (Hays et al., 1976, Berger, 1977; Berger et al., 1984). By
association of having extensive continental glaciation and periods that cluster
around the long eccentricity cycle, the Permo-Carboniferous cyclothems have
been suggested to have been controlled by Milankovitch orbital modulation
(Wanless and Shepard, 1936; Heckel, 1986). However, proving Milankovitch
control on stratigraphic cyclicity in ancient rock sequences deposited during
times of more equable climates and no major glaciations has been elusive.
Olsen (1986) and Anderson (1986) used varve-calibrated sedimentation rates
to show Milankovitch periodicities for rocks of Triassic and Permian age,
respectively. Goldhammer and others (1987) used a 5:1 recurrence ratio of
meter-scale cycles within megacycles, representing the precession signal
modulated by the short eccentricity signal, to prove Milankovitch control of
Triassic cycles. However, other attempts at showing a Milankovitch influence
on ancient cyclic sequences have depended upon the average periodicities of
cycles that roughly coincide with one of the Milankovitch periods of 19 - 23 ky.,
41 k.y., 95 - 123 k.y. or 413 k.y. As cautioned by Hardie and Shinn (1986),

Algeo and Wilkinson (1986) and Kilein (1990), calculations of average cycle
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period are meaningless in terms of identifying a controlling mechanism on cycle
formation.

An objective way of determining cycle periods is by spectral analysis of
cyclic successions where dominant periodicities can be extracted and ratios
between the periods can be used to establish Milankovitch control
(Schwarzacher, 1975; Schwarzacher and Fischer, 1982; Arthur et al., 1984:
Herbert and Fischer 1986; Kominz and Bond, 1989). An inherent weakness of
the method, when used for ancient rocks with poor age control, is the difficulty of
calibrating peaks on the spectral plot using long-term accumulation rates that
are dependent upon the radiometric time scale with its large margins of error. In
addition, the assumption of constant sediment accumulation throughout the
duration of the cyclic sequence precludes the use of peritidal cycles, where
much of the cycle period is taken up by non-deposition (Read et al.,, 1986;
Goldhammer et al.,, 1987; 1990). However, stacks of deep subtidal cycles
provide a good data set for time series analysis since accumulation is probably

relatively constant.

Peritidal and Subtidal Cycle Durations: A rough estimate of the range of
cycle periods can be made from the histograms of cycle thickness per cycle type
(Fig. 13). Although no systematic trend between average cycle period and
cycle position on the platform is recognized, periods estimated from cycle
thickness range from roughly 40 to almost 150 k.y. (Table 5) Taking a
conservative margin of error into account, about 50%, this range of periods may
extend from about 20 to 225 k.y., the normal range expected for meter-scale

cycles (Algeo and Wilkinson, 1986).
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Figure 13: Histograms of the frequency of cycle thickness per cycle type. All
thicknesses are non-decompacted except for the intrashelf basin and deep
ramp shaly cycles which were decompacted by 50%. Histograms A through D
are from the Orr Formation, House Range, Utah and E is from the Nolichucky
Formation, Duffield, Virginia. A) Oolitic grainstone-capped shallow subtidal
cycles. B) Skeletal packstone-capped mid-ramp cycles. C) Spiculitic
wackestone-capped deep ramp cycles. D) Skeletal packstone-capped shaly

cycles deep ramp cycles. E) Flat pebble conglomerate-capped shaly intrashelf

basin cycles.
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Any estimate of cycle duration based on cycle thickness has broad
margins of error. First, calculations of long-term accumulation rate (Table 5) are
dependent upon absolute age dates of rocks that have wide error bars (+ 30
m.y. for the Late Cambrian using the DNAG scale; Palmer, 1983). Another
major source of error is the effect of compaction on estimations of time based
upon thickness. Additionally, using stratigraphic thickness to estimate cycle
period assumes constant sedimentation rate throughout the duration of a cyclic
succession (Algeo and Wilkinson, 1986; Read and Goldhammer, 1988). This
problem is probably more acute in cyclic successions of mixed cycle types that
formed within different depositional environments with different sedimentation

rates.

Spectral Analysis of Late Cambrian Cycles: Stacked deep subtidal
cycles from the Nolichucky Formation of the Tennessee-Virginia Appalachians
were converted into time series then subjected to spectral analysis using MESE
(Maximum Entropy Spectral Estimation) (Fig. 14). The advantages of the data
sets are that they are composed of stacks of similar subtidal cycle types
dominated by shales; problems with variable sedimentation rates or long
periods of non-deposition are minimalized. In addition, they comprise long
sections of greater than 20 cycles each, a sufficient number for reliable
determination of dominant periodicities (Schwarzacher, 1975).

Spectral analysis was done on time series constructed from two locations
in Virginia and Tennessee. The time series were created using relative water

depth ranks of component lithofacies (Olsen, 1986). Periods of the peaks on
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Figure 14: Time series and representative power spectra from two locations of
the Nolichucky Formation in Virginia and Tennessee. The Virginia section was

divided into lower and upper intervals and analyzed separately.
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the resultant power spectra were calculated using accumulation rates for that
locality; error ranges of 50%, largely related to the geologic time scale, were
used to calculate the probable range of periods.

All three power spectra record strong peaks near calculated periods of
around #40 k.y. (20 - 60 k.y. range). The two plots for the upper and lower
intervals at Duffield (C & D on Fig. 14) record subordinate periods around 62/66
K.y. and 110/170 k.y. (30 - 300 k.y. range) as well as a low frequency signal
around 1 m.y. The estimated periods derived from the spectral analysis are
corroborated by the histogram of cycle thickness (histogram E, Fig. 13) that
shows a strong clustering around mid-range values. The periods derived from
the spectral analysis of these subtidal cycles do not prove a Milankovitch control
on their origin but they do suggest that sea level fluctuations controlled by

dominant periodicities were influencing their deposition.

MODELLING OF CYCLE STACKING PATTERNS

One- and two-dimensional computer modelling are valuable techniques
for assessing the effects of the controlling variables on the generation of cyclic
sequences and for testing the feasibility of concepts related to the origin of
meter-scale cycles. One-dimensional models (Read et al., 1986) graphically
track the simultaneous interaction of eustatic sea level, the sediment surface,
and long-term subsidence to generate synthetic stratigraphic columns. Two-
dimensional models (Koerschner and Read, 1989; Read et al., in press)
integrate a more sophisticated set of parameters to produce synthetic geologic
cross-sections that simulate the vertical and lateral facies distribution of cycles

and the internal geometry of longer-term depositional sequences. Both models
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can be used to compliment each other by showing the simpler concepts with the
one-dimensional modelling and then reproducing a more detailed, more
realistic simulation of actual stratigraphic data using the two-dimensional
modelling.

The one-dimensional models (Read et al., 1986) incorporate linear long-
term subsidence, simplified sea level curves composed of high frequency in-
phase oscillations superimposed on a longer-term rise/fall, water depth-
dependent sedimentation rates of lithofacies and lag time after flooding to
produce synthetic stratigraphic columns (Figs. 15 & 16). The two-dimensional
models (Read et al., in press) (Fig. 17) incorporate many of the same variables
as the one-dimensional models but with significant refinements. Antecedant
topography and platform slope is digitized before the program runs and is
constrained by modern analogs of carbonate platform morphologies. The
model divides the platform into 200 localities whose increment width varies with
the pre-determined length of the platform. Tectonic subsidence is separated
into regional and rotational components and isostatic subsidence is calculated
for each time slice to account for sediment and water loading.

The form of the eustatic sea level curve can be generated by any
combination of high frequency, asymmetric or symmetric sine waves
superimposed on a long-term sine wave or digitized curve. The input values for
the sea level curve allow for any combination of cycle periods and amplitudes
that interfere to produce a complex sea level signal. Water depths of lithofacies
and their respective sedimentation rates are constrained by modern analogs
and vertical stratigraphic relations. Lag times are used in the model to simulate

nondeposition following flooding of a previously emergent carbonate platform.
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Figure 15: Explanatory diagram of the 1-D modeling. The sea level curve is
composed of in-phase, symmetrical 20 and 40 k.y. periods and asymmetrical
100 k.y. periods superimposed on a long-term sea level rise/fall. Any
combination of amplitudes of sea level cycles can be input and define the
vertical axis. Sloping lines to lower right represent linear subsidence of
deposited sediments through time. The lines sloping to the upper right
represent the aggrading sediment surface and changes in slope reflect differing
sedimentation rates of water depth-dependent lithofacies. The period of non-

deposition following drowning is a pre-determined lag time.
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The interaction of sea level, subsidence and sedimentation occurs on an elastic
beam that flexes in response to differential loading of sediment and water. The
program executes the calculations in user-specified (usually 100 to 1000 years)
time slices. Additional details about the sequence of steps per time slice, as
well as the specifics of parameter determination, can be found in Read and

others (in press).

MODEL PARAMETERS
Cycle Periods: The spectral analysis of Late Cambrian intrashelf basin shaly
cycles (Fig. 14) suggests strong mid-range values of periodicities (40 k.y. +50%).
The control on stratigraphic cyclicity by dominant periodicities is strengthened
by the histograms of cycle thickness per cycle type (Fig. 13) that show good
clustering around a narrow range of thicknesses. The evidence of dominant
periods of sea level fluctuations controlling the deposition of the various cycle
types is assumed to be Milankovitch-related and is therefore used in the
modelling. Cycle periods of sea level fluctuations of 19, 23, 41 and 100 k.y.
were used in the modelling, regardless of the range of potential error. In lieu of
more exacting methods of extracting time from stratigraphic thickness, at the
very least the estimation of ranges of potential cycle periods place constraints
on the modeling of cyclic sequences, which provides an independent test of
various controls on cycle formation.

It has been recognized that the periods of the precession and obliquity
signals have changed through geologic time due to changing earth - moon
relationships whereas the long and short eccentricity cycles probably have

remained constant through time since they are based on interplanetary
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gravitational forces (Walker and Zahnle, 1986; Berger et al., 1989). The ranges
of variance (the 21 k.y. precession signal may have approached 17 k.y. and the
41 k.y. obliquity signal may have approached 28 k.y.) are insignificant when
compared to the large errors associated with absolute age dates for rocks.
Additionally, individual Milankovitch periods are "quasi-periodic” in that they are
composed of a broad range of periodicities that interfere to produce a complex
signal through time (Berger, 1977). Therefore, the cycle periods will seldom be
in-phase and should vary between cycles within a cyclic succession. However,
for similar cycle types generated under relatively constant subtidal conditions, a

dominant range of periodicities should become apparent.

Amplitudes of Relative Sea Level Oscillations: Amplitudes of relative
sea level fluctuations that generated the Late Cambrian meter-scale cycles
must account for the simultaneous development of peritidal cycles as well as
deep ramp shaly cycles that formed on different parts of the Late Cambrian
platforms. For peritidal cycles where the uppermost datum is known to be tide
level, the average cycle thickness may be a minimum approximation of the total
amount of accommodation space created by the combined effects of
subsidence and sea level (Grotzinger, 1986; Goldhammer et al., 1987;
Koerschner and Read, 1989).

Stratigraphic thickness of subtidal cycles cannot be used to approximate
the amplitudes of relative sea level oscillations because no datum such as
intertidal facies are available. Furthermore, none of the subtidal cycles exhibits
evidence of exposure except near major unconformities, suggesting that the

cycles were submergent throughout the duration of their cycle period. Perhaps
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the only way to estimate the amplitudes of the high frequency relative sea level
oscillations that generated subtidal cycles is to use the difference in water
depths between estimated storm-deposited and fairweather-reworked
lithofacies. The best evidence for paleo-water depth is provided by lithofacies
that mark the base of wave reworking by storm-generated currents and the base
of constant sediment winnowing under fairweather conditions. Storm wave
base may be defined geologically by the first appearance of storm-deposited,
hummocky cross-stratified carbonate packstones and grainstones with
interbedded wackestones above suspension-settled carbonate mudstones and
siliciclastic shales. Fairweather wave base is defined geologically by the base
of winnowed carbonate sands above storm-intluenced sandy muds. Estimates
of fairweather- and storm wave base are speculative and must be based on
oceanographically-defined modern analogs.

Fairweather wave base has been estimated at 10 to 20 meters on the
Yucatan shelf (Logan et al., 1969), less than 10 meters on the northwest
Australian inner shelf (Dix,1989) and, based on the depth of the Great Pearl
Bank, at 8 to 20 meters in the Persian Gulf (Purser and Evans, 1973). Storm
wave base in semi-enclosed ocean basins that may have fronted the
Appalachian (Thomas, 1977) and Cordilleran passive margins (Stewart and
Suczek, 1977), may have been approximately 60 meters based upon the
Yucatan platform where Logan and others (1969) documented a wave base of
60 meters controlled by prevailing winds.

Potential amplitudes of short-term sea level oscillations can be estimated
using the ranges between fairweather- and storm wave base. Estimating the

maximum range to be about 50 meters (60 m storm wave base minus 10 m
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fairweather wave base) and the minimum range to be about 10 meters (30 m
storm wave base minus 20 m fairweather wave base), a reasonable mid-range
might be about 30 meters. Several reasons exist for even this mid-range value
of about 30 meters to be too high. One constraint on the total amplitude of the
high frequency sea level oscillations is provided by the composition of
Appalachian peritidal cycles. The duration of exposure of peritidal cycles has
been estimated to be up to 85% of the cycle period (Read et al., 1986) but the
depth of the vadose zone is dependent on the amplitude, and therefore the rate
of fall, of the sea level fluctuation. Rapid sea level falls would preclude the
development of thick tidal flat caps (Koerschner and Read, 1989) and result in
dominantly subtidal, disconformity-capped cycles similar to the Plio-Pleistocene
of the Bahama platform (Beach and Ginsburg, 1980) and the Quaternary of
south Florida (Perkins, 1977), suggesting that sea level amplitudes could not
have been too high. Sea level fall rates had to have been reasonably slow to
allow for the accumulation of tidal flat caps that average between 1 to 2 meters
in thickness. Koerschner and Read (1989) suggested total amplitudes of 10
meters for the high frequency sea level oscillations that formed Late Cambrian
peritidal cycles of the Appalachians. However, this value is too low to
simultaneously generate subtidal cycles where the range between storm and
fairweather wave base is probably greater than 10 meters. Perhaps the best
estimate for the amplitudes of the high frequency relative sea level oscillations
that formed both the peritidal and equivalent subtidal cycles is around 20 +5 m.
The key is to use the computer modeling to find the right combination of sea

level fall rate and sedimentation rates that allow for deposition of tidal flat facies
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and periodic exposure of the peritidal platform but also maintain submergence
of the subtidal platform and allow the generation of subtidal cycles.

Another factor that supports the low to moderate estimates of 20 +5 m
amplitudes is the warm overall climate of the Late Cambrian. If these high
frequency sea level fluctuations are glacio-eustatically controlled, then the high
sea levels, low latitude continents and lack of continental glaciation during the
Late Cambrian suggest that overall amplitudes may have been low in
comparison to times of widespread continental glaciation (e.g., Pennsylvanian,
Plio-Pleistocene) and their attendant high (>100 m) amplitude sea level

oscillations.

MODELLING RESULTS

One-Dimensional Modelling: The 1-D models show how peritidal (Fig.
16A) and subtidal (Fig. 16B) synthetic cycles develop under conditions of
oscillating sea level, linear subsidence and carbonate sedimentation rates. The
sea level curve for both runs is composed of in-phase 20, 40 and 100 k.y
periods with amplitudes of 4, 7 and 8 meters, respectively, superimposed on a
0.02 m/k.y. long-term rise. After tidal flat caps of cycles are resubmerged, a 3
k.y. lag in deposition occurs to permit drowning; this is necessary to generate
asymmetric synthetic cycles similar to actual cycles. Only the subsidence rates

and the starting water depths vary between the two runs.

Synthetic Peritidal Cycles: The synthetic peritidal cycles are shown in
Figure 16A. Starting the run within the shallow subtidal zone of optimal

carbonate productivity (<10 m) allows for the rapid aggradation of lithofacies
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Figure 16A: 1-D model of peritidal cycles with same initial starting parameters
as those for the synthetic subtidal cycles of Figure 16B except for a 0.04 m/ky
linear subsidence rate and a starting water depth of zero. To the right is a

stratigraphic column of synthetic peritidal cycles.
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Figure 16B: 1-D model of subtidal cycles with a 0.05 m/ky subsidence rate and
an 18 meter starting water depth. To the right is a stratigraphic column of

synthetic subtidal cycles.
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into peritidal water depths. When short-term pulses of sea level generate water
depths between 2 to 10 meters, sediment is deposited at input shallow subtidal
sedimentation rates (0.15 m/k.y.). When short-term sea level fall brings water
depths into the tidal zone (0-2 m), sediment is deposited at input tidal flat
sedimentation rates (0.25 m/k.y.). If sea level falls below the depositional
surface, sediments are exposed until a later sea level pulse rises high enough
to re-drown the sediment surtace. Following submergence, a specified 3 k.y.
lag time passes before sedimentation can resume and a new depositional cycle
is generated.

The stacking patterns of synthetic peritidal cycles produced in the 1-D
model are similar to stacking patterns of peritidal cycles seen in typical
Appalachian cyclic successions (compare Figs. 9 & 10 with Fig. 16A). During
long-term sea level rise, the 1-D model generates stacks of thicker cycles
dominated by shallow subtidal lithofacies with thin tidal flat caps, similar to the
Conococheague and Allentown Formations. During long-term sea level fall,
thinner cycles develop and consist of subequal thicknesses of subtidal and tidal
flat lithofacies. Durations of exposure at the tops of cycles are longer during the
long-term fall versus the long-term rise reflecting reduced accommodation
space associated with falling long-term sea level.

The model run shows the significant number of 20 k.y. “missed beats” of
sea level (Goldhammer et al., 1987; 1990) that oscillate below the depositional
surface. |If the depositional surface felt each 20 k.y signal then it would be
reflected in significantly thinner cycles and approximately 20 k.y. periods.
Peritidal cycles varying in thickness between 0.7 to 4.5 meters were deposited

during the 800 k.y. run. The thicknesses of the synthetic cycles and the gross
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lithologies are roughly correlatable with cycle thicknesses and lithologies of

typical Late Cambrian peritidal cycles of the Appalachians (Table 5)
(Koerschner and Read, 1989).

Synthetic Subtidal Cycles: Beginning the run (Fig. 16B) at initial water
depths of 18 meters allows for the depositional surface to remain submerged
throughout the duration of the run and, given the low sedimentation rates at
these depths, aggrade at a rate similar to the long-term sea level rise. To
maintain submergence, sedimentation rates used in the modeling must be
lower than most rates measured for Holocene subtidal depositional
environments (typically 0.1 to 1.0 m/k.y.). If slightly higher rates are used in the
modeling, the sediment surface rapidly aggrades into the zone of optimal
carbonate productivity (<10 m) and remains there, producing stacks of peritidal
cycles. Sedimentation rates have to be suppressed to values approximating
long-term accumulation rates (0.01 to 0.1 m/k.y.) in order to produce stacks of
subtidal cycles. Processes intrinsic to the platform such as storm- and wave
reworking and sediment redistribution, reduced productivity in turbid waters,
and depositional lags in sedimentation during rapidly rising sea level may have
acted to inhibit aggradation into the zone of optimal carbonate production
(Chapter 3).

As sea level rises and falls above the sediment surface throughout the
duration of the model run, storm wave base fluctuates in unison 30 meters
below. When the sediment surface is below 30 meters (estimated storm wave
base), near-storm wave base sediments are deposited at 0.05 m/k.y., simulating

deposition of nodular, argillaceous wackestones. With falling sea level, the
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sediment surface rises above storm wave base and storm-influenced sediment
is deposited. If sea level falls far enough so that the sediment surface rises
above 20 meter water depths, sediment is deposited representing lithofacies
such as skeletal packstone storm beds at the tops of cycles. During the most
rapid rate of long-term sea level rise (between 250 and 450 K.y.), the thickest
subtidal cycles are produced. As the long-term stillstand is reached and sea
level begins to fall, thinner overall cycles are produced with thicker shallow
subtidal caps.

The stacks of synthetic cycles produced by the model generally
reproduce cycle stacking patterns observed in Late Cambrian subtidal
successions of the Utah Cordillera. Subtidal cycles produced during the long-
term sea level rise are dominated by slightly deeper subtidal lithofacies. During
the long-term stillstand and subsequent fall, cycles develop thicker shallow
subtidal caps reflecting the progressively shallower water depths associated
with reduced accommodation space during falling sea level. However, in
contrast to the stacks of peritidal cycles whose thickness is controlled by the
amount of accommodation space determined by fluctuating sea level, subtidal
cycle thickness appears to be controlled by reduced deeper subtidal
sedimentation rates and long-term sea level rise and fall. Alternations of
lithofacies within deeper subtidal cycles are produced in response to a
fluctuating storm wave base whereas alternations of lithofacies in peritidal
cycles are produced in response to a fluctuating sea level. Similarly, shallow
subtidal cycles composed of lithofacies that reflect alternations of wave
reworked and storm-dominated lithofacies may reflect fluctuations of fairweather

wave base.
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The synthetic subtidal cycles range in thickness from 1 to 4 meters and
are composed of alternating lithofacies with estimated water depths ranging
from +30 meters to 10 meters. These cycles grossly simulate “typical” spiculitic
wackestone-capped subtidal cycles of the Utah Cordillera in that they remain
submergent throughout their depositional history and have similar ranges of
thicknesses. Howaever, the synthetic cycles are more symmetric than the actual
cycles seen in the field. This occurs due to the lack of a deep water lag time
after renewed drowning that would allow the sediment surface to subside into
deeper water depths before resuming sedimentation. Evidence of a lag in
sedimentation near cycle contacts in the field is supplied by hardgrounds in the
coarse-grained limestones and the abundant argillaceous content in the basal
lithotacies that may have inhibited carbonate accumulation. Asymmetry could
also be simulated by using an asymmetric sea level signal consisting of a rapid
relative sea level rise and subsequent graduai fall.

Even though these 1-D models are simplified and do not reproduce
accurate simulations of cyclic successions due to the simplified sea level curve
and lack of isostatic adjustment for sediment and water loading, they provide a
good introduction to the more sophisticated 2-D modelling. They help to
constrain some of the basic parameters of cycle formation such as likely
sedimentation rates and sea level amplitudes. The amplitudes of the high
frequency sea level oscillations (18 m total) and the range of sedimentation
rates (0.25 to 0.05 m/k.y.) appear to grossly simulate typical Late Cambrian

peritidal and subtidal cycles and were used in the 2-D modeling.
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Two-Dimensional Modelling: The 2-D model (Fig. 17) uses essentially the
same parameters as in the 1-D modelling above but with certain refinements.
Periods of sea level oscillations were input as 19, 23, 41 and 100 K.y. periods
and allowed to interfere to produce a complex sea level curve. The same
amplitudes of sea level used in the 1-D models were input in the 2-D run but act
on variable initial water depths on the antecedent depositional topography. The
apparent abrupt break in slope around 550 kilometers on Figure 17 is an artifact
of the vertical exaggeration and translates to 0.2 m/km or a fraction of a degree.
The slope was created to compare the peritidal portion of this hypothetical
platform with the simultaneously developing subtidal portion of the platform.
The synthetic cross-section and the columns of synthetic cycles expanded from
the plot allow for a visual comparison of the different characteristics of the
various cycle types that form synchronously across a carbonate platform.

On the inner peritidal platform (Fig. 17, column A), thin peritidal
cycles are generated that reflect numerous “missed beats” of sea level. Cycles
are composed of thin subtidal bases with thicker tidal flat facies and significant
disconformabie caps reflecting long episodes of exposure on the slowly
subsiding inner platform (0.020 m/k.y.). Thickness of these cycles is controlled
by the amount of accommodation space made available by the high frequency
sea level oscillations coupled with the low subsidence rates of the inner
platform and long periods of emergence. During long-term sea level rise, only
the occasional pulse of sea level rose high enough to drown the inner platform
and allow for sediment accumulation. During the short-term falls superimposed
on the long-term rise, the inner platform was exposed for as long as 80 to 100

k.y, forming the disconformable caps to the cycles. During long-term sea level
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Figure 17A: 2-D model of a peritidal to subtidal transition across a hypothetical
platform. Amplitudes of the sea level oscillations and the water depth-
dependent sedimentation rates are the same as in the 1-D models but the
periods have been input as 19, 23, 41 and 100 k.y. and allowed to interfere to
produce the complex sea level curve in the inset. Initial depositional slopes on
the peritidal platform are < 0.01 m/km and are ~0.04 m/km on the subtidal
platorm. Rotational subsidence at the outer edge of the platform is 0.015 m/k.y.

Duration of the run is 800 k.y.
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Figure 17B: Columns of stacked synthetic cycles generated in the 2-D model of
17A. Column A is from the inner peritidal platform; column B is from the outer
peritidal platform; column C is from the inner subtidal platform; column D is from
the outer subtidal platform. Actual stacked cycles of Late Cambrian cyclic

successions are aligned below the synthetic cycles for comparison.
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fall, even fewer sea level events flooded the inner platform, generating
significant disconformable caps as the inner platform became progressively
more emergent.

The outer peritidal platform (Fig. 17, column B) is in the optimum
location to feel the effects of most major sea level oscillations in that the number
of cycles generated at this locality reflects the strong 41 and 100 k.y. input
signals on the sea level curve. The range of cycle thicknesses (1.5 to 7.0 m),
number of cycles deposited (17) and the total thickness of the synthetic
succession (47 m) generally simulate peritidal cycles in the Allentown
Formation of eastern Pennsylvania (Fig. 17). Stacking patterns of the synthetic
peritidal cycles show subtidal-dominated cycles forming on the long-term sea
level rise and tidal flat-dominated cycles forming on the long-term fall. The time
of maximum deepening on the sea level curve (~400 k.y.) is marked by the
development of thick, subtidal-dominated cycles.

A problem with the synthetic peritidal cycles developed on the 2-D model
is that the thickness of the tidal flat caps are too thin (1.2 m) compared to actual
laminite caps (1.5 to 2 m) of outer platform peritidal cycles seen throughout the
Appalachian passive margin. It is difficult to aggrade thick tidal flat caps using
the relatively high amplitudes necessary for simultaneously generating the
subtidal cycles (~18 m) since the rate of sea level fall is too rapid for tidal flat
facies to accumulate to any substantial thickness (Koerschner and Read, 1989).
Lowering the high frequency amplitudes would allow for slower fall rates and
therefore more time for the tidal flats to aggrade. The problem with lowering the
amplitudes of the high frequency signals is that it would require an

unreasonably short distance between storm and fairweather wave base (~10 m)
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1o generate the subtidal cycles. Factors not recognizable in the rocks may have
been interacting to influence depositional environments. Storm wave base may
have shallowed toward the inner platform by frictional dissipation along the
depositional slope, narrowing the distance between fairweather- and storm
wave base. This may have had the effect of simultaneously creating deep
subtidal cycles toward the outer platform that appear to reflect high amplitudes
of sea level fluctuations and shallow subtidal and peritidal cycles toward the
inner platform that appear to reflect lower amplitudes of sea level fluctuations.

A related problem is the extensive development of disconformable caps
on most of the peritidal cycles on the model. It has been argued that relatively
few vadose diagenetic caps have been observed in peritidal cycles of the
Appalachians and that autocyclic mechanisms provide an attractive alternative
explanation for their absence (Hardie and Shinn, 1986). In Late Cambrian
cycles of the Appalachians, the only evidence for sea level falling below the
platform is provided by brecciated regoliths filling solution-enhanced
depressions along the upper surface of some tidal flat caps and some subtidal
lithofacies that exhibit leached aragonitic fossils locally containing crystal silt
(Koerschner and Read, 1989; Read, 1989). However, other features of
subaerial exposure and vadose diagenesis may have been removed by post-
depositional processes or have been masked by dolomitization of tidal flat caps.

The absence of evaporites (other than isolated silicified nodules), the
relative scarcity of dissolution breccias and the lack of much erosional relief
along the top of laminite caps may indicate their partial removal during the
formation of a deflation surface atop the exposed flat. Supratidal evaporites

may have been dissolved during the occasional rains that occurred in the semi-
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arid climate. Lack of land plants would have not favored caliche development
and the prevailing desiccating conditions might have inhibited cementation,
making erosional removal of supratidal sediment by eolian action a tenable
mechanism for forming the planar surface at the tops of many laminite caps.

The subtidal platform (Fig. 17, column C) shows good development of
subtidal cycles that are composed of thin, very deep subtidal bases (>30 m
water depths) shallowing up into thicker subtidal caps deposited in intermediate
water depth ranges (20 - 30 m). Nineteen subtidal cycles were developed
during the 800 k.y. run (42 k.y./cycle) reflecting the higher amplitudes of the 41
and 100 Kk.y. signals on the input sea level curve and the relatively suppressed
19 and 23 k.y. signals. The range of cycle thicknesses (1.4 to 5.0 m), number of
cycles deposited (19) and the total thickness of the synthetic succession (50 m)
generally simulate subtidal cycles in the Sneakover Member of the Orr
Formation of the House Range (Fig. 17).

Stacking patterns of the synthetic subtidal cycles show thick cycles
toward the base reflecting the increased accommodation space generated
during initial long-term sea level rise. These cycles grade up into two thick
cycles dominated by the deepest subtidal lithofacies and are associated with
maximum flooding by high frequency pulses of sea level superimposed on the
highest rates of long-term sea level rise. A few of the uppermost synthetic
cycles show shallow subtidal lithofacies capping the cycles, reflecting
progradation during long-term falling sea level. The thickness of these subtidal
cycles appears to be a function of the slower sedimentation rates of the deep
subtidal platform. This is in contrast to the synchronously developed peritidal

cycles (Fig. 17, column B) whose disconformable cycle caps suggest that their
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thickness is controlled by accommodation space made available by oscillating
sea level coupled with subsidence.

The outer deep subtidal platform (Fig. 17, column D) is composed
of subtidal cycles that are substantially thicker than those to landward. The
cycles are dominated by the deepest water lithofacies overlain by very thin
tongues of slightly shallower water facies. As sea level oscillated above the
platform, storm wave base (>30 m in the model) oscillated in phase but only fell
below the sediment surface during major sea level lows, allowing for the
deposition of storm-influenced lithofacies (20-30 m). Fewer cycles are
developed and the thickness of the cycles (up to 17 m) reflect the significant
number of higher frequency sea level beats evident in the sea level curve that
were “missed” on the deep ramp. The synthetic cycles generated on the outer
subtidal ramp generally simulate deep water cycles of the Candland Shale
Member of the Orr Formation of the House Range where thick sub-storm wave
base shales are periodically capped by storm-deposited carbonates (Fig. 17).
Cycle thickness on the deep outer ramp appears to be a function of sediment
accumulation at relatively constant rates below storm wave base, episodically
interupted by sea level falls that force storm wave base below the sediment
surface, depositing storm-influenced cycle caps.

The synthetic cross-section generated by 2-D modelling illustrates how
peritidal and subtidal cycles may simultaneously be generated by the same
input sea level signal. The peritidal portion of the hypothetical platform may be
a good representation of the Appalachian flat-topped, aggraded platform
whereas the subtidal portion of the hypothetical platform may reflect the

generalized conditions across the Cordilleran distally steepened ramp.
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Disconformably-capped peritidal cycles are generated as a function of
accommodation space provided by the high frequency sea level oscillations
superimposed on long-term sea level rise and fall in conjunction with slow rates
of subsidence. Conformably-capped subtidal cycles that remain submergent
throughout their depositional history are generated as a function of slower,
deeper water sedimentation rates in conjunction with slightly higher rates of
subsidence. Successions of subtidal cycles may occur as a response to
fluctuating storm- or fairweather wave base that oscillate in phase with sea

level.

DISCUSSION
Origin of Non-Cyclic Intervals: Certain intervals of the Late Cambrian of
the Llano uplift of central Texas are characterized by non-cyclic successions of
stacked carbonate grainstone beds with little variation in composition over 10 to
50 meters. These intervals are composed of amalgamated, wavy beds of well-
sorted, coarse-grained, oolitic, skeletal, intraclastic packstones and grainstones
with some intermixed quartz sand grains. They show common uni- and bi-
directional crossbedding along with numerous stacked hardgrounds. These
carbonate sands suggest deposition in high energy, open marine, shallow
subtidal to possibly intertidal environments. Some interbedded thrombolitic
.bioherms with elongate orientations and coarse skeletal sands filling
interbioherm channels also support high tidal or wave current energies. Rapid
lateral facies changes of the grainstones reflect deposition in a complex mosaic
of migrating barrier bars, tidal inlets and sandy beaches (King and Chafetz,

1975). The lack of cryptalgal laminites or terrigenous clays suggests that low
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energy environments were absent on this part of the central Texas cratonic
embayment, although they may have been present toward the Transcontinental
Arch to the northwest.

The non-cyclic carbonate sands were deposited simultaneously with
peritidal and subtidal meter-scale cycles on the Appalachian and Cordilleran
passive margins and in the southern Oklahoma aulacogen 400 kilometers to
the north. This rules out static sea level as an explanation for the apparent non-
cyclicity on the Texas craton since sea level had to have been fluctuating to
generate meter-scale cycles at the other Late Cambrian localities. The high
elevations and low subsidence rates on the Texas craton probably permitted
only the highest amplitude sea level oscillations to extend up onto the platform.
Accommodation space for sediment accumulation was provided by long-term
rises in sea level and by the occasional short-term sea level pulse. If sediment
was accumulating during short-term sea level rises, the effects of the
subsequent rapid sea level fall should be evident as vadose diagenetic features
(similar to diagenetic caps of Goldhammer et al., 1987). However, rather than
exhibiting evidence of periodic exposure, the coarse-grained carbonate sands
show abundant evidence of marine cementation. Turbid, inclusion-rich
syntaxial cements surrounding echinoderm grains, bladed pendant cements
extending down into shelter voids of storm beds and abundant rip-up intraclasts
and hardgrounds all indicate sea floor cementation. The only evidence of
vadose dissolution is provided by leached gastropod shells and even this may
be a burial event.

A possible explanation for the apparent contradiction is that the

grainstones actually may been deposited in deeper water than previously
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interpreted. They may have responded to fluctuating sea levels by sediment
reworking and redistribution rather than aggradation up to sea level. The
cratonic embayment near central Texas may have been a relatively deep, open
marine shelf exposed to large swells generated in the deeper ocean. A modern
analog may be the northwest Australian inner shelf where Dix (1989) has
documented accumulation of skeletal sand sheets in less than 10 meters of
water that are kept submergent by constant sediment reworking by tidal currents
and a strong storm-generated wave regime.

The abundant crossbedding and coarse textures within the amalgamated
grainstones suggest mobile substrates that may have inhibited the
establishment of carbonate producers and suppressed aggradation into
shallower subtidal water depths. The rapid lateral shifts in facies and the
common stacked hardgrounds also support the possibility of sediment
cementation and redistribution under high current energies. The constant
turbulent conditions may have precluded the deposition of lower energy
lithofacies that would have permited easier recognition of cyclicity within these
intervals. Meter-scale cyclicity may exist within these amalgamated grainstones
but may be cryptic due to insufficient differentiation of lithofacies that would
enable the definition of depositional cycles.

A lack of identifiable meter-scale cycles also characterizes the Signal
Mountain Formation in the Wichita Mountains of Oklahoma. Cryptalgal
laminites at the base of the Signal Mountain culminate a long-term shallowing-
upward sequence recognized within cyclic strata of the underlying rocks. With
long-term upward deepening in the Signal Mountain, the meter-scale cycles are

succeeded by randomly arranged muddy skeletal wackestones and packstones
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of an open marine platform. However, even in the absence of fifth-order
cyclicity, several longer-term, coarsening- and shallowing-upward successions
can be identified over 15 to 30 meter intervals (third- and fourth-order scale).
Meter-scale cyclicity developed in time-equivalent strata of the
Appalachian and Cordilleran passive margins suggests that cycle development
in the Late Cambrian portion of the Signal Mountain Formation may have been
masked by local tectonism associated with episodic movement along boundary
faults of the southern Oklahoma aulacogen. Subsidence analysis of the Wichita
Mountains section shows rapid sediment accumulation a few million years
before the end of the Late Cambrian (Chapter 2). Feinstein (1981) has
documented the same pulse of subsidence during an 8 m.y. period coincident
with deposition of the Signal Mountain Formation which he ascribed to
reactivation of locked boundary faults separating the aulacogen from the
adjacent cratonic platform. Episodic movement along these faults may have
supplied extra accommodation space beyond that provided by eustacy,
masking the recognition of meter-scale cycles. However, some of the longer-
term, third-order cycles can be correlated with equivalent strata in the Utah,
Texas and Appalachian sections suggesting a eustatic control on their

development.

Glacio-Eustacy During the *“Non-Glacial” Late Cambrian: The
connection between Milankovitch orbital variations, the shrinkage and growth of
continental ice sheets and eustacy has been well-documented (Hays et al.,
1976; Fischer, 1986; Berger et al.,, 1984). However, a direct link between

changes in solar insolation related to Milankovitch astronomical rhythms and
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changes in sea level and sedimentation during globally warm periods of Earth
history has yet to be found (Barron et al., 1985). To account for the 10 to 20
meter sea level oscillations proposed to simultaneously generate Late
Cambrian peritidal and subtidal cycles, a sink for the storage of moderate
volumes of seawater needs to be identified.

Paleogeographic reconstructions for the Late Cambrian place most
continental land masses between 60°N and S latitudes (Scotese and
McKerrow, 1990). Only Baltica and the southern margin of Gondwana extend
into higher southern latitudes where climates may have been significantly
cooler than the generally warm global climate. Ziegler and others (1981) have
suggested that the paleogeographic configuration of the continents during the
Cambrian facilitated a latitudinal zonation of prevailing winds and ocean
currents within the high latitudes that may have reduced the absorbtion of solar
radiation, enhancing the possibility of cooler Cambrian climates than previously
believed. Additionally, climate modelling of presumably warm periods of Earth
history suggest that the interiors of mid- to high latitude continents may have
had subfreezing temperatures and that no global climate is truly “equable”
(Sloan and Barron, 1990). Even though no major large-scale continental
glaciers existed during the Late Cambrian, alpine glaciers may have been
present in ancestral mountain belts of continental interiors of major land
masses. Diamictites and striated cobbles have been reported in lower
Tremadocian strata of Argentina and Bolivia (Erdtmann and Miller, 1981) which
were located in a part of Gondwana believed to have experienced cool climates
during the Late Cambrian-Early Ordovician (Scotese and McKerrow, 1990).

Perhaps the most tenable explanation for the connection between Milankovitch-
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controlled solar insolation and the low to moderate amplitude sea level

fluctuations that produced the stratigraphic cyclicity is alpine glaciation.

SUMMARY AND CONCLUSIONS
1) A spectrum of peritidal to deep subtidal cycle types can be recognized in Late
Cambrian carbonate platform sequences of the Appalachian and Cordilleran
passive margins, the Texas craton and the southern Oklahoma aulacogen.
Cycle types, defined on the basis of the capping lithofacies, extend from shallow
to deep as follows: a) peritidal, laminite-capped cycles, b) shallow subtidal,
thrombolite bioherm-capped cycles, c) shallow subtidal, ooid grainstone-
capped cycles, d) intermediate subtidal, skeletal packstone-capped cycles, e)
deep subtidal, spiculitic wackestone-capped cycles, f) intrashelf basin, flat
pebble conglomerate-capped shaly cycles, and g) deep ramp, carbonate-

capped shaly cycles.

2) Asymmetric meter-scale Late Cambrian cycles record abrupt deepening of
relative sea level followed by gradual upward shallowing over periods of 20 to
200 k.y. Subtidal cycles that remain submerged throughout their deposition
provide evidence against autocyclic controls on meter-scale cycle development.
The simultaneous development of peritidal and subtidal cycles on different
carbonate platforms supports a eustatic control on the origin of the meter-scale
cyclicity. High frequency eustatic oscillations may be controlled by Milankovitch
astronomical rhythms based on spectral analysis that show strong clustering of
periods around a narrow range of values. Alpine glaciation may have supplied

a reservoir large enough to control the relatively low volumes of ocean water
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required for the 10 to 20 meter sea level oscillations necessary for the

simultaneous generation of peritidal and subtidal cycles.

3) Within cyclic successions of Late Cambrian strata (and presumably for other
ancient cyclic successions as well), systematic stacking patterns of meter-scale
cycles may be used in conjunction with Fischer plots to predict third-order, and
perhaps fourth-order, eustatic sea level events. The Fischer plot technique is
based upon changes in accommodation space and seems to be best suited for
peritidal cycles whose thicknesses are largely controlled by sea level.
However, stacking patterns of subtidal carbonates and their resultant Fischer
plots need to be further tested since they can give inconsistent trends of
apparent rise and fall of relative sea level as a function of sedimentation rate

rather than accommodation space.

4) One- and two-dimensional computer modelling provide constraints on the
parameters that control the development of cyclic successions. Stacking
patterns of synthetic meter-scale cycles can be compared to actual cyclic
successions to assess the possible combination of sea level amplitudes and
periods that may have generated the long-term depositional sequence. The
synthetic stratigraphic columns and cross-sections do not provide unique
solutions but help to clarify the interacting effects of eustacy, subsidence and
sedimentation.

Two-dimensional models of peritidal to subtidal transitions across a
hypothetical platform indicate that peritidal cycle thickness is primarily

controlled by accommodation space and deeper subtidal cycle thickness is
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primarily controlled by sedimentation rate. Subtidal cycle development may be
related to fluctuations in fairweather and storm wave base that oscillate in
harmony with sea level fluctuations. Stratigraphic variability not predicted by
the modelling both within carbonate cycles and /aterally across carbonate
platforms may be influenced by factors not recognized in the rocks such as

depositional topography and oceanographic dynamics.

5) Simultaneous development of peritidal to subtidal meter-scale cycles is
probably a more common phenomenon on many carbonate platforms than
previously believed. Subtidal cycles are equal in importance to peritidal cycles
as fundamental components of cyclic carbonate platforms. They provide critical
information about the relative roles of eustacy, subsidence and sedimentation
beyond that provided by peritidal cycles alone.

Interbasinal comparisons of time-equivalent cyclic successions of strata
may provide insight into global mechanisms that may have controlled cycle

deposition that otherwise may be missed within single depositionai basins.
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CHAPTER 2

COMPARATIVE ANALYSIS OF METHODS USED
TO DEFINE EUSTACY IN OUTCROP: LATE CAMBRIAN
INTERBASINAL SEQUENCE DEVELOPMENT
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ABSTRACT

Interbasinal correlation of Late Cambrian cyclic carbonates from the
Appalachian and Cordilleran passive margins, the Texas craton and the
southern Oklahoma aulacogen allows definition of six major third-order
depositional sequences that may be eustatic in origin. Graphic correlation of
biostratigraphically-constrained strata was used to establish equivalency of
stratigraphic cycles (tens to hundreds of meters thick) between the individual
sections. The time-equivalent intervals determined from graphic correlation
were correlated lithostratigraphically using isochronous biomere boundaries as
time datums. Even though the individual sections are composed of different
cycle types and component lithofacies that reflect the various environmental
settings of the localities, the overall shallowing-upward character of the
sequences is evident. The sequences were named on the basis of their relative
time ranges according to the trilobite biostratigraphy and are: 1) late Cedaria, 2)
mid-Crepicephalus, 3) late Crepicephalus, 4) Aphelaspis to earliest Elvinia, 5)
Elvinia to early Saukia, and 6) Saukia to the Cambrian-Ordovician boundary.

Interbasinal correlation of third-order sequences permits an evaluation of
quantitative techniques for determining eustatic sea level history. Fischer plots
of meter-scale cycles define changes in relative sea level based on the amount
of extra accommodation space produced by eustacy beyond that provided by
subsidence. Correlated Fischer plots of cyclic successions from different
localities support a eustatic control on Late Cambrian sequence development.
Residual eustatic curves derived from subsidence analysis are useful for
correlating the longer-term Late Cambrian sea level events and changes in the

rate of sea level rise and fall can be used to define shorter-term events.
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Combining the sea level curves defined by Fischer piots and subsidence
analysis with paleobathymetric curves of Late Cambrian cyclic strata suggests
that the curves may approximate the form of the eustatic sea level curve. A
composite "eustatic” sea level curve for the Late Cambrian was created by
qualitatively combining the sea level curves defined by the different techniques
for each of the four localities.

"Eustatic" sea level curves defined by Fischer plots and subsidence
analysis may be used to apply sequence stratigraphic concepts to outcrop
sections. Combined with systematic changes in the stacking patterns of meter-
scale cycles, they can be used to define the internal composition of systems
tracts, sequence boundaries, and flooding surfaces of third-order depositional
sequences. However, relatively conformable sequence boundaries and
maximum flooding surfaces are difficult to document in outcrop sections since
they are complicated by repeated high frequency sea level oscillations that
generated meter-scale cycles. Consequently, systems tract boundaries
commonly are transitional zones of stacked cycles that may include parts of the

underlying and overlying systems tracts.
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INTRODUCTION

Numerous workers have shown through interbasinal correlation that
many stratigraphic sequences are synchronous and genetically related. Sloss
(1963) and Vail et al. (1977) recognized synchroneity at the second-order scale
(10-100 m.y.) and subsequently, correlations at the third-order scale (1-10 m.y.)
have been proposed throughout the Phanerozoic (Vail et al., 1977: Hallam,
1984; Hancock and Kaufmann, 1979; Cisne et al., 1984; House, 1985; Johnson
et al, 1985; Haq et al, 1987; Ross and Ross, 1988; Johnson et al., 1989).
However, the degree of synchroneity and the recognition of specific
depositional sequences in some basins but not in others are major problems in
establishing a eustatic versus tectonic control on sequence development
(Hallam, 1984; 1988; Miall, 1984). A detailed, interbasinal study of Late
Cambrian pericratonic carbonates was performed to evaluate the degree of
resolution and correlatability of meter-scale cycles and larger scale sequences
to determine whether the sequences likely reflect global eustatic events or
relative sea level fluctuations intrinsic to individual basins responding to local or
regional tectonism.

Well-exposed and biostratigraphically-constrained Late Cambrian
sections within the Appalachian and Cordilleran passive margins, the Texas
cratonic embayment, and the southern Oklahoma aulacogen were used to
evaluate synchroneity of long- and short-term sequence development. The
differing subsidence histories, lithofacies, and paleoenvironmental conditions of
each locale provide differing insights into how each platform responded to
relative sea level fluctuations through time. This study integrates detailed

lithostratigraphic analysis of Late Cambrian pericratonic sections with good
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biostratigraphic control to develop a refined chronostratigraphic correlation
between geographically and tectonically distinct settings. The results of this
study suggest a dominant eustatic control on major sequence development with

subordinate local tectonic input contributing to variability between locations.

STRUCTURAL AND STRATIGRAPHIC SETTING

Location and Tectonic Setting of Sections: Complete sections of Late
Cambrian strata were measured and logged bed-for-bed in the House Range of
west central Utah, the Appalachian Mountains in Tennessee, Virginia and
eastern Pennsylvania, the Llano uplift of central Texas, and the Wichita
Mountains of Oklahoma (Figs.18 & 19). These localities represent Late
Cambrian tectonic settings in the Cordilleran and Appalachian passive margins,
the Texas cratonic embayment and the southern Oklahoma aulacogen. Field
locations were chosen on the basis of: 1) quality of exposure and absence of
structural complications; 2) availability of biostratigraphic data (especially
biomere boundaries); and 3) platform location along the transition between
shallow-water carbonates and deeper-water fine-grained siliciclastics where
intertongueing relations define excursions in sea level. A total of 2200 meters
of section were logged and numerous other sections previously described in
the Appalachians (Markello, 1979; Koerschner, 1983) were field-checked.
Hand samples of individua! lithofacies were collected for slabbing and thin
section analysis to provide additional detail for paleoenvironmental
interpretations.

The Appalachian and Cordilleran passive margins and the Texas

cratonic embayment originated in response to breakup of a Late Proterozoic
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Figure 18: Location map of sections measured in the study. Late Cambrian
base map modified from Lochman-Balk (1971) and Palmer (1974) to show the
inner and outer detrital belts, the middle carbonate belt and the southern

Oklahoma aulacogen.
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Figure 19: Biostratigraphic chart of Late Cambrian strata in this study. Note the
three biomere boundaries in the Late Cambrian that separate the trilobite

zones.
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supercontinent around 625 to 555 Ma (Bond et al., 1984; Stewart and Suczek,
1977). Both the Appalachian and Cordilleran passive margins developed
wedge-shaped prisms of post-rift subtidal and peritidal carbonates and
interlayered siliciclastics (Fig. 20) over thick accumulations of syn-rift, Upper
Proterozoic/Lower Cambrian, terrigenous siliciclastics derived from both the
craton and uplifted rift blocks. The Appalachian passive margin contains up to
1.6 km of Middle to Late Cambrian shallow water carbonates and intrashelf
basin shale and siltstone. Passive margin sedimentation was influenced by
depocenters in Tennessee and Pennsylvania and arches in central Virginia and
New Jersey (Palmer, 1971; Read, 1989). The passive margin was deformed
during the early Middle Ordovician with the development of a foreland basin by
Taconic thrust loading.

The Cordilleran passive margin of the Great Basin accumulated
approximately 2 km of post-rift Middle and Late Cambrian subtidal to peritidal
carbonates and fine siliciclastics above almost 6 km of Late Proterozoic-Early
Cambrian syn-rift terrigenous and shallow marine siliciclastics (Stewart and
Poole, 1974; Levy and Christie-Blick, 1983). Sedimentation patterns on the
platform were affected by the east-west trending Uinta-Tooele arch of northern
Utah, which separated the Great Basin platform into two depocenters: the Ibex
basin of western Utah - eastern Nevada and the Tristate basin of northwestern
Utah, northeastern Nevada and southern Idaho (Stewart and Poole, 1974).
Thermally-controlled subsidence continued into Late Devonian time when a
change to foreland basin conditions occurred in response to Antler thrust

loading (Stewart and Suczek, 1977; Bond et al., 1989).
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Figure 20: Late Cambrian platform morphologies of the Appalachian and
Cordilleran passive margins, the Texas craton and the southern Oklahoma

aulacogen. Formation and group names superimposed on lithologic symbols.
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The Llano uplift area of central Texas was part of the slowly subsiding
North American craton during the Cambrian. Terrigenous siliciclastic facies
were deposited in the north and northwest near the Transcontinental Arch
provenance area, whereas open marine carbonates dominated toward the
south and southeast on a deeper water shelf, now obscured by Pennsylvanian
Ouachita deformation (Barnes and Bell, 1977).

The southern Oklahoma aulacogen trends northwestward for 700 km
from the Quachita fold belt into the Mid-Continent (Fig. 18). Rifting began in the
Late Proterozoic with continued intrusive igneous activity and graben formation
throughout the Early to Middle Cambrian (Ham et al, 1964). Sediment
accumulation began during the Late Cambrian based on a 525 Ma + 25 m.y.
age for the youngest intrusives (Ham et al., 1964) and biostratigraphic ages of
515 to 520 Ma for the oldest sediments (Stitt, 1971, 1977). The bounding fauits
along the aulacogen were repeatedly reactivated throughout the Late Cambrian
to Devonian (Ham et al., 1964, Stitt, 1977; Feinstein, 1981). During the Late
Cambrian, subsidence rates in the aulacogen (3 to 6 cm/ky) were two to three

times those of the Texas craton (Fig. 20).

Paleogeographic Settings: The Appalachian passive margin extended
roughly NW-SE at about 15 to 25° S latitude whereas the Cordilleran passive
margin extended essentially E-W at about 10 to 15° N latitude (Scotese and
McKerrow, 1990). The Texas cratonic embayment and southern Oklahoma

aulacogen were located between 4° to 6° N of the equator (van der Voo, 1988).

110



Biostratigraphy and Absolute Ages: Biostratigraphic control for Late
Cambrian strata consists of 10 major trilobite zones, a few subzones and
conodont zonation toward the later stages of the period (Fig. 19). This relative
time control is enhanced by the occurrence of three biomere boundaries,
narrow intervals of abrupt changes in trilobite faunas (Palmer, 1965; 1984).
Generally agreed to be isochronous time markers, biomere boundaries provide
excellent datums for chronostratigraphic correlation. Relative age assignments
were determined from published biostratigraphic data (Palmer, 1954; 1965;
1971; Robison, 1964; Derby, 1965; Rassetti, 1965; Longacre, 1970, Hintze,
1974; Hintze and Palmer, 1976; Barnes and Bell, 1977; Stitt, 1971, 1977, Hintze
et al, 1980; Eby, 1981; Taylor and Miller, 1981, Stitt et al, 1981, Miller et al,
1982; Orndortf, 1988; Sundberg, 1990). Upper and lower age limits of 525 Ma
to 505 Ma were used for the Late Cambrian based on the DNAG time scale
(Palmer, 1983). Dividing the 20 m.y. of Late Cambrian time by the ten trilobite
zones equates to an average of +2 million years per zone, relatively good

resolution for the Early Paleozoic.

Late Cambrian Depositional Sequences and Grand Cycles: Two
major second-order sequences separated by a cratonwide unconformity at the
Dresbachian-Franconian boundary have long been recognized within Late
Cambrian strata (Lochman-Balk, 1971; Palmer, 1971; 1981b) (Fig. 19).
Subaerial erosion associated with unconformity development has removed the
Dunderbergia and part of the Aphelaspis zones from localities on the North

American craton and on the craton margin.
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Shorter-term (1-10 m.y. duration) depositional sequences, including
grand cycles of the southern Canadian Rockies, have also been defined in the
Late Cambrian (Aitken, 1978; 1981; King and Chafetz, 1975; Stitt, 1977;
Palmer, 1981a; Chow and James, 1987; James et al., 1989; Koerschner and
Read, 1989; Read, 1989). Grand cycles, consisting of a lower shaly half-cycle
and an upper carbonate half-cycle spanning two or more trilobite zones over 90
to 720 meters (Aitken, 1981), appear to be synonymous with large-scale third-
order sequences of Vail and others (1977).

Attempts at interbasinal correlation of Late Cambrian grand cycles
(Aitken, 1981; Chow and James, 1987) have focused on the isochroneity of
grand cycle boundaries as datums for correlation with limited success. Other
attempts at interbasinal correlation of Late Cambrian sequences (Palmer,
1981a) have been hampered by a lack of bio- and lithostratigraphic resolution.
However, Aitken (1981) and Bond and others (1989) used detailed
lithostratigraphic correlation of biostratigraphically well-constrained sections of
Late Cambrian strata to recognize numerous third-order shallowing-upward
sequences both within grand cycles and within dominantly carbonate
successions elsewhere on the continent. In the following section, the degree of
time equivalence of Late Cambrian depositional sequences and the relative

sea level fluctuations that generated them are examined.

DEFINITION OF LATE CAMBRIAN SEA LEVEL CURVES
Graphic correlation of biostratigraphically well-constrained strata was
used to establish equivalency between stratigraphic cycles (tens to hundreds of

meters thick) between the individual sections. Third-order sequences and the
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sea level cycles that generated them can be defined qualitatively and semi-
quantitatively by the following techniques.

1) Baleobathymetric curves distinguish deepening-upward and shallowing-
upward successions of genetically-related stratigraphic intervals.

2) Eischer plots of meter-scale cycles define changes in relative sea level based
on the amount of extra accommodation space produced by eustacy beyond that
provided by subsidence.

3) Subsidence analysis is useful in determining the net eustatic component of
total subsidence after the effects of tectonic subsidence, sediment loading,
compaction and water depths of lithofacies have been removed from the
observed cumulative subsidence curve.

All of these techniques can be combined and crosschecked to evaluate the
degree of synchroneity between equivalent sections in the various locations

and to establish a composite Late Cambrian sea level curve.

GRAPHIC CORRELATION

Graphic correlation (Shaw, 1964; Miller, 1977; Edwards, 1984) was used
in this study to determine whether the sequences are recognized interbasinally
and to establish the relative degree of synchroneity. The Utah section was
chosen as the standard reference section due to its good biostratigraphic
control, its completeness of section with no visible major erosional
unconformities and its excellent exposure. It also has the advantage of having
three biomere boundaries each defined to within less than one meter which
provide excellent isochronous datums useful for establishing a reliable line of

correlation.
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Only the first occurrence of each faunal zone is plotted (Fig. 22); this has
been justified by Kauffman (1988) who considered the first appearance of a
fossil to be "near-isochronous", whereas last appearances are notably
diachronous. Trilobite zones define most of the control points with conodont
zonation incorporated throughout the Trempealeauan stage. The line of
correlation was determined from least squares regression and implies a
constant ratio between the average accumulation rates of the two sections
(Miller, 1977). The effects of differential compaction on the slope of the line of
correlation were not investigated, but Nemec (1988) recognized, in a series of
experiments between compacted and decompacted sections, that the slopes
remained essentially the same regardless of the heterogeneity of the sections
being compared.

A significant problem that was encountered was tying together
biostratigraphically well-constrained sections in Utah, Texas and Oklahoma
with poorly fossiliferous sections of the Appalachians. Biostratigraphic control is
reasonable in the Conasauga Basin shaly sections but is poor within the
peritidal Elbrook, Copper Ridge, Conococheague and Allentown sections due
to the restricted environments under which they were deposited. Correlation
was accomplished by using relative subsidence rates of the sections to
establish a slope of the line of correlation. The line of correlation was anchored
to a common biostratigraphic pick between the two sections (e.g., the Cambrian
- Ordovician boundary) and the first occurrences of the trilobite zones from the
fossiliferous section were located along the line of correlation.

Depositional sequences were defined on the basis of deepening- and

shallowing-upward trends and were considered to be essentially coeval if their

114



points of intersection fell within reasonable proximity to the line of correlation.
One example of how depositional sequences were correlated between sections
in Utah and Texas is shown in Figure 22 (see Fig. 21 for a key to symbols and
Appendix | for the other graphic correlation plots). These sections span the
entire Late Cambrian interval and show the correlations of the tops of six
shallowing-upward sequences. The flat line offsetting the two segments of the
line of correlation corresponds to a major unconformity that separates
Dresbachian from Franconian strata in central Texas. The equivalent interval in
Utah is a well-defined shallowing-upward sequence in the Johns Wash
Member of the Orr Formation (Rees et al., 1976). This unconformity appears to
represent about 1.5 m.y. of erosion and/or non-deposition by estimating time
from the 180 meters or so of section in the continually subsiding Utah locality.

Tops of other major shallowing-upward depositional sequences occur
near the end of Cedaria time and the end of Crepicephalus time as well as
throughout the Elvinia to Saukia trilobite zones. A major depositional
sequence contact can also be recognized in the two sections near the
Cambrian - Ordovician boundary.

Superimposed smaller-scale depositional sequences, recognized within
the six events correlated on the plot in Figure 22, can also be correlated
between sections. To refine the resolution of sequence correlation, the slopes
of the line of correlation were used for shorter stratigraphic intervals where more
lithologic detail could be integrated into the method. The projected time-
equivalent intervals determined from the graphic correlation were correlated

lithostratigraphically using isochronous biomere boundaries as time datums.
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Figure 21: Key to depositional lithofacies for subsequent figures.
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Figure 22: Graphic correlation plot of the Utah (horizontal) and Texas (vertical)
sections. Black dots are the first occurrences of trilobite and conodont zones
and were used to establish the line of correlation between the sections.
Biomere boundaries have a cross through the black dot. Trilobite zones noted
along the line of correlation between zone boundaries. The flat trend on the
line of correlation marks the location of a major unconformity in the Texas
section and its equivalent strata in the continuously subsiding Utah section.
Vertical and horizontal tie lines mark the tops of major transgressive-regressive
successions that can be correlated between the two sections. Note the good
alignment of the correlated sequences with the line of correlation. All other

graphic correlation plots can be found in Appendix I.
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An example of a smaller-scale shallowing-upward sequence that
terminates near the end of Crepicephalus time is shown in Figure 23 (other
lithostratigraphic correlations are in Appendix Il). This sequence represents
roughly 0.9 to 1.4 m.y. as estimated from subsidence rates of the various
correlated sections. Good meter-scale cycle development is evident in the
Utah, Virginia, Tennessee, and Pennsylvania sections but cycles are not
recognizable within the Texas section (Table 6; see Chapter 1 for a complete
discussion of lithofacies, cycle types and the poor cycle development within the
Texas section).

Even though the individual sections are composed of different cycle
types and component lithofacies, an overall shallowing-upward trend of the
sequences is evident. In the Utah section, meter-scale cycles dominated by
deep ramp lithofacies eventually give way to cycles dominated by shallow ramp
lithofacies. The interpreted top of the shallowing-upward sequence is marked
by thrombolitic bioherms abruptly overlain by deeper ramp shaly cycles. In the
Texas section, open marine wackestones/packstones overlying tidal ftat
siliciclastics (King and Chafetz, 1975) record the transgressive phase of the
shallowing-upward sequence and gradually give way to coarse, well-sorted
grainstones and quartz sands toward the top. A return to open marine muddy
carbonates signifies the beginning of a new phase of deepening. In the
Tennessee and Virginia Appalachians, intrashelf basin shales with distal storm
deposits gradually change upward into cycles with thin shale bases and
proximal storm deposits. The top of the upward-shallowing sequence is marked
by the appearance of coarse skeletal and oolitic grainstones (Tennessee) and

thrombolitic bioherms (Virginia) overlain by a return to thick deeper water
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Figure 23: Lithostratigraphic chart of correlated sequence at the end of
Crepicephalus time between Utah, Texas, Tennessee, Virginia and
Pennsylvania as determined from graphic correlation. The upper datum is a
biomere boundary that is picked to an individual surface in Utah and Texas and
a 10 meter zone in Tennessee and Virginia. The boundary is not recognized in
Pennsylvania but the section was tied in to the others on the basis of known
Crepicephalus faunas. Lower correlation line is the top of an earlier
shallowing-upward sequence determined from graphic correlation. Short
dashes to left of columns are individual meter-scale cycle tops. Field measured

thicknesses in meters.
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shales. Biostratigraphic control in the Pennsylvania section is lacking but the
lower Allentown Formation does contain isolated Cedaria and Crepicephalus
faunas (Zadnik, 1960). The transgressive phase of the shallowing-upward
sequence is marked by thick oolitic grainstones whereas the regressive phase
is characterized by a dominance of tidal flat facies with desiccation breccias and
quartz sand increasing toward the top of the sequence. Since the biomere
boundary used as an upper datum in this correlation is considered isochronous,
the correlated upper sequence boundary may be roughly synchronous in its
development. However, the lower correlation line marking the base of the
shallowing-upward sequences was established from the graphic correlation
and may be significantly diachronous.

Graphic/lithostratigraphic correlations like the examples in Figures 22 &
23 were carried out on all of the shallowing-upward sequences recognized in
each of the stratigraphic sections. Correlations were made to the finest
resolution possible within the limits of the biostratigraphic control. Detailed

plots of the correlations can be found in Appendices | & Il

Cordilleran Chronostratigraphy: To illustrate that the relative sea level
changes that affected the House Range section also was expressed basinwide,
a chronostratigraphic cross-section (Fig. 24) was constructed for Late Cambrian
strata from the hinge line near the East Tintics of central Utah to the distally
steepened ramp edge of the Hot Creek Range of central Nevada (Cook and
Taylor, 1977). The cross-section was constructed as a check on the lateral
traceability of major long-term relative sea level events defined from vertical

sections in the House Range and extends along the axis of the House Range

124



Figure 24: Chronostratigraphic chart for Late Cambrian strata of Utah - Nevada.
Trend of cross-section is down the axis of the House Range Embayment from
the hinge line in central Utah to the distally-steepened ramp edge in central
Nevada. Distances between ranges were estimated using the palinspastic
base map of Levy and Christie-Blick (1989). Data for the plot was derived from
detailed logs of the House Range section, field checks of published sections,

isopach trends, paleogeographic maps and pinch-out directions.
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embayment, avoiding all peritidal areas along the southern flank. The House
Range Embayment existed from the middle Mid-Cambrian through
Crepicephalus time and is marked by an abrupt bathymetric transition near the
House Range (Palmer, 1971; Rees, 1986). The chronostratigraphic cross-
section should not be interpreted to imply continuous sedimentation across the
platform. Certainly episodes of non-deposition occurred but the dominantly
deep to shallow subtidal lithofacies suggest generally submergent conditions
throughout the Late Cambrian of the Utah - Nevada Cordilleran passive margin.
Throughout the following discussion of the major sea level events that can be
correlated between the four localities, reference will be made to Figure 24 to
illustrate the effects of the sea level events across the Cordilleran platform in

Utah and Nevada.

PALEOBATHYMETRIC CURVES

Paleobathymetric curves were constructed for four stratigraphic sections
in the Cordillera, the Appalachians, the Llano uplift and the Wichita Mountains
(Fig. 25). The curves define long-term changes in relative water depths of
lithofacies and so define long-term deepening- and shallowing-upward
sequences. Relative fluctuations in water depth were determined from
interpreted changes in depositional environments of lithofacies and associated
changes in meter-scale cycle types (Table 6, summarized from Chapter 1).
Relative water depths of lithofacies were estimated from Holocene analogs
(Purser and Evans, 1973; Logan et al., 1974; Neumann and Land, 1975; Enos
and Perkins, 1977; Hine and Steinmetz, 1984; Harris, 1979; Demicco, 1983; Dill

et al., 1986), stratigraphic distance of lithofacies below tidal flat caps of pentidal
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cycles (Grotzinger, 1986, Koerschner and Read, 1989), and by the relative
ordering of facies successions in cycles. Two scales of long-term cyclicity are
evident on Fig. 25. The third-order shallowing-upward curves were drawn on
the basis of the dominant water depth range represented by stacks of meter-
scale cycles that make up the depositional sequences. The two longer-term
events separated by the cratonwide unconformity at the Dresbachian -
Franconian (Dunderbergia/Elvinia) boundary (roughly 9 and 11 m.y.,

respectively) are noted by the thick horizontal to wavy line crossing the diagram.

Interbasinal Third-Order Shallowing-Upward Events

Dresbachian stage (Cedaria - Dunderbergia): Four distinct
transgressive-regressive sequences can be recognized within the long-term
event that spans the Dresbachian stage (Fig. 25). Using stratigraphic
thicknesses and accumulation rates to estimate durations of these events, they

range from about 1.5 to 3.0 m.y. (+50%) in duration.

Late Cedaria: The earliest correlatable shallowing-upward event occurs
toward the end of the Cedaria biozone and is recognized in the Utah,
Appalachian and Texas sections (Fig. 25). in Utah, upward shallowing of deep
ramp lithofacies in the basal Big Horse Member of the Orr Formation culminates
in a thick interval of stacked thrombolite bioherms that occur near the Cedaria -
Crepicephalus contact (Eby, 1981). In the Conasauga intrashelf basin strata of
the Virginia-Tennessee Appalachians, upward shallowing toward the end of
Cedaria time (Sundburg, 1990) is suggested by an upward transition from deep

intrashelf basin shales into quartzose peloidal packstones and flat pebble
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Figure 25: Plots of relative interpreted paleo-water depths of lithofacies for
stratigraphic sections in the House Range of Utah, the Virginia-Tennessee
Appalachians, Threadgill Creek in the Llano uplift of central Texas and
Kindeblade Ranch, Wichita Mountains, Oklahoma. Lithofacies on the diagrams
are generalized with the shaded rectangles identifying tidal flat-dominated
lithofacies (TF) from shallow subtidal- (SS), deep subtidal- (DS) and shaly deep
subtidal-dominated lithofacies (SH). The sections have been expanded for
ease of correlation; notice the difference in thickness between each of the
sections. The Cambrian-Ordovician boundary establishes the upper datum.
Trilobite zonation noted to the right of each relative water depth curve. The two
long-term shallowing-upward events of the Late Cambrian are separated by the
heavy dark horizontal line crossing the middle of the diagram (wavy near
unconformities). Other major shallowing-upward events are correlated by thin
horizontal tie lines. The Appalachian column is a composite of three sections

from the Conasauga intrashelf basin and the peritidal platform.
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conglomerates of the lower limestone member of the Nolichucky Formation.
Shallowing in the Texas section occurs within flaser-bedded quartz siltstones of
the Cap Mountain Member of the Riley Formation previously interpreted as tidal
flat facies (King and Chafetz, 1975) and correlated with a disconformity in the
Mid-continent by Palmer (1954). These shallowing-upward sequences in all
three localities are abruptly overlain by deeper water cycles that mark the initial

transgression of the overlying event.

Mid-Crepicephalus: Deepening followed by distinct shallowing occurs in the
Big Horse Member of Utah within a transition from open marine, deep ramp
cycles into shallow ramp oolitic-oncolitic cycles that indicate increasingly
restricted conditions. Graphic correlation suggests that this same event in the
Appalachians is represented by intrashelf basin shales that grade up into
interbedded oolitic grainstones and thrombolitic bioherms of the middle
limestone member of the Nolichucky Formation. This event is not recognized
within the Texas section due to the monotonously stacked skeletal packstones

and grainstones that comprise the upper Cap Mountain Member.

Late Crepicephalus: This upward-deepening followed by upward-
shallowing event is comprised of two smaller-scale events (not shown on Fig.
25), the upper one of which is shown on the lithostratigraphic correlation
diagram (Fig. 23). In Utah, upward shallowing culminates in a transition trom
shallow subtidal oolitic grainstone-capped cycles into large thrombolitic
bioherms capped by club-shaped stromatolites (Lohmann, 1976). A

transgressive oolitic grainstone blankets the bioherms and is immediately
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overlain by deep ramp shaly cycles of the Candland Shale Member. This
shallowing event is evident on the chronostratigraphic diagram (Fig. 24) by
seaward progradation of shallow subtidal facies that mark the termination of the
House Range embayment at the end of Crepicephalus time (Rees, 1986).

Graphic correlation with Appalachian sections of the Nolichucky
Formation suggests that this event is manifested by upward shallowing from
distal to proximal storm deposits capped by amalgamated flat pebble
conglomerate storm beds, oolitic grainstones and thrombolitic bioherms (Fig.
23). In peritidal sections of the Appalachians such as the Allentown Formation
of eastern Pennsylvania, this event may be represented by upward transitions
from subtidal-dominated peritidal cycles into tidal flat-dominated cycles with
brecciated regolithic caps and quartz sands reworked into laminite facies (Fig.
23).

A major influx of quartz sands interbedded with coarse skeletal
grainstones occurs near the end of Crepicephalus time in the Cap Mountain
Member of Texas suggesting proximity of a siliciclastic shoreline associated
with regressive conditions. However, the superimposed smaller-scale
shallowing within this interval recognized in the other localities is not evident

within the homogeneous skeletal grainstones of the Cap Mountain Member.

Aphelaspis to earliest Elvinia: Abrupt deepening during early Aphelaspis
time is evident in Utah by deep ramp shaly cycles of the Candland Shale
Member. These grade upward into burrowed wackestones/packstones of the
Johns Wash Member that ultimately shallow up into oolitic grainstones and

fenestral mudstones (Rees et al., 1976) of earliest Elvinia age (Hintze and
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Palmer, 1976). The chronostratigraphy of the Utah-Nevada passive margin
(Fig. 24) shows this event as major onlapping of outer detrital belt shales onto
the platform followed by subsequent offlap of shallow subtidal and peritidal
lithotacies, and development of an unconformity near the Cordilleran hinge line
(East Tintic region).

Aphelaspis time in the Conasauga basin of the Appalachians is marked
by widespread expansion of upper Nolichucky shales onto the surrounding
peritidal platform. These deep intrashelf basin shales grade up into deep ramp
ribbon rocks and overlying cryptalgal laminites of the Maynardville Formation.
The Dresbachian/Franconian unconformity on the craton is represented in the
Tennessee - Virginia Appalachians as a very thin interval in the basal Copper
Ridge Formation (earliest Elvinia; Palmer, 1971, pers. comm.) characterized by
an influx of quartz sand, thin, tidal flat-dominated peritidal cycles, an absence of
Dunderbergia taunas and subtle erosional truncation to some cycle tops
(Appendix Il). However, the biostratigraphic control in the Appalachians is
insufficient to estimate a duration of exposure, and unequivocal evidence for a
major exposure surface is lacking.

In the Texas cratonic section, the long-term lowstand at the Dresbachian-
Franconian boundary is manifested as an unconformity (Lochman-Balk, 1971;
Palmer, 1981a) that has cut out the Dunderbergia and part of the underlying
Aphelaspis trilobite zones. The initial deepening during early Aphelaspis time
is not recognized within stacked skeletal grainstones of the Lion Mountain
Member but may have been removed by erosion associated with unconformity
development. Graphic correlation with the constantly subsiding House Range

section suggests that subaerial erosion persisted for about 1.5 m.y.
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Franconian-Trempealeauan Stages (Elvinia - Saukia): The long-term
event that spans the Franconian-Trempealeauan stages culminates in a major
lowstand near the Cambrian-Ordovician boundary. Two third-order
transgressive-regressive sequences can be recognized within the long-term
event. The shallowing event that separates these two third-order sequences is
subtle in some localities where no major differences in relative water depth of
lithofacies occur, but is clearly evident in other sections. From stratigraphic
thicknesses and accumulation rates in each of the sections, the older event is
estimated to span approximately 7 m.y. and the younger event about 4 m.y.

(£50%).

Elvinia to early Saukia: In Utah, the transgressive base of the long-term
Franconian-Trempealeauan second-order event is represented by shaly cycles
of the inner detrital belt Corset Spring Member. These shales grade up into
argillaceous carbonates of the Sneakover Pass Member "subtidal blanket" of
Brady and Rowell (1976) which they recognized to extend across the entire
Cordilleran passive margin during middle-late Elvinia time (Fig. 24). This
drowning event shallows within the basal Hellnmaria Member of the Notch
Peak Formation before grading into shallow subtidal/peritidal carbonates with
extensive stromatolite-thrombolite bioherm development within the upper
Hellnmaria Member. This shallowing is recognized on the chronostratigraphic
cross-section (Fig. 24) as a widespread expansion of aggraded, shallow
subtidal lithofacies (Hales, Whipple Cave and Windfall Formations) with no

direct evidence of detrital siliciclastics recognized anywhere on the platform.
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The top of this transgressive-regressive sequence in the House Range is
marked by dolomitized fenestral mudstones featuring scalloped erosion
surfaces overlain by coarse oncolitic lag deposits. By graphic correlation with
the Texas section, this shallowing occurs during earliest Saukia time (Appendix
). Deepening above the fenestral mudstones is indicated by thick stacks of
globose thrombolitic bioherms.

The predominance of peritidal lithofacies in the Copper Ridge-
Conococheague Formations of the Appalachians make the qualitative
recognition of long-term transgressive-regressive sequences difficult but
systematic changes in stacking patterns of peritidal cycles appear to define
long-term fluctuations in relative sea level (Chapter 1). Relative deepening
above the basal sands of the Copper Ridge-Conococheague is subtle and may
be recognized by the appearance of stacks of thick cycles dominated by
thrombolitic bioherms. Upward shallowing is suggested by a change in cycle
stacking pattern to thin, tidal flat-dominated cycles. Graphic correlation with the
top of this depositional sequence in the other sections where it is better defined
suggests that relative shallowing is terminated by the abrupt appearance of
thick, slightly deeper water, thrombolitic peritidal cycles.

In Texas, the basal unconformity is overlain by transgressive marine
sandstones (Welge Member of the Wilberns Formation) and open marine
skeletal packstones and grainstones (Morgan Creek Member). Maximum
deepening occurs within cyclic fine siltstones and flat pebble conglomerates of
the Point Peak Member. Relative water depths progressively shoal into
crossbedded skeletal grainstones (San Saba Member) and graphic correlation

with the Utah section suggests that maximum shallowing in early Saukia time
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corresponds to stromatolitic bioherms that exhibit elongate orientations with
intervening troughs filled with coarse tidal-deposited skeletal-pelletal
grainstones. This entire transgressive-regressive interval is punctuated by
episodic shallowing to stacked thrombolitic bioherms over intervals of 10 to 20
meters (fourth-order scale). These intervals cannot be correlated with
equivalent strata in the Cordilleran and Appalachian sections.

In the Wichita Mountains of Oklahoma, initial drowning of the southern
Oklahoma aulacogen (Fig. 25) began in Elvinia time (Stitt, 1971, 1977) with the
deposition of the Reagan Sandstone over the rhyolitic basement. Deepening is
indicated by cyclic deposition of the open marine skeletal limestones of the
Honey Creek and lower Fort Sill Formations. Major shallowing occurs during
early Saukia time when open marine lithofacies below give way to highly
restricted tidal flat facies within the Royer and lower Signal Mountain
Formations (cryptalgal laminites and stacked thrombolite bioherms). Coarsely-
crystalline dolomite within the Royer contains remnants of fenestral mudstone
and oncolitic packstone and probably represents a tongue of peritidal facies
that prograded out into the center of the aulacogen from the cratonic margins
(Stitt, 1971; 1977). Cryptalgal laminites in the lower Signal Mountain Formation
are overlain by open marine wackestones/packstones featuring stacked

hardgrounds and glauconite that signal a return to transgressive conditions.

Saukia to Cambrian-Ordovician Boundary: The beginning of theSaukia
event in the Utah section is marked by subtle deepening into thick stacks of
thrombolitic bioherms above the fenestral facies of the previous event. After a

brief shoaling into shallow subtidal coarse grainstones and thrombolitic
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bioherms (Red Tops Member) a return to deeper subtidal conditions is
suggested by the argillaceous wackestone cycles of the Lava Dam Member.
However, water depths of this lithofacies may not have been very deep because
equivalent age thrombolite bioherms exist in other sections in the House Range
and nearby Wah Wah Mountains.

The third-order shallowing evident throughout Saukia time culminates at
the Cambrian-Ordovician boundary and has been recognized in many sections
worldwide (Lange Ranch Eustatic Event of Miller, 1984). Abrupt shallowing
from the Lava Dam argillaceous wackestones is manifested by the abrupt
appearance of oncolitic packstones and club-shaped stromatolites that are
overlain by earliest Ordovician mudstones/wackestones of the upper Lava Dam
Member and House Limestone. This lowstand at the end of the Cambrian is
recognizable cratonward by a major influx of quartz sand (Wilson, 1952,
Palmer, 1971) and is exhibited toward the Cordilleran hinge line in the East
Tintic Range by 2 to 6 meters of quartzite (Opahanga Formation; Fig. 24) that
are reworked along the Cambrian-Ordovician boundary (Palmer, 1971).

The sea level lowstand at the end of the Cambrian in the Copper Ridge-
Conococheague Formations of the Appalachians is marked by thin tidal flat-
dominated cycles that contain abundant quartz sand derived from the craton
(Wilson, 1952; Palmer, 1971; Orndorff, 1988). In the Tennessee section, the
Cambrian-Ordovician boundary is marked by quartz-filled tidal channels cut into
laminite facies (Walker, 1985).

In the upper San Saba Member of Texas, coarse skeletal grainstones
and interbedded thin dolomitic silty units grade into wave-rippled oolitic

grainstones and fenestral mudstones at the Cambrian-Ordovician boundary.
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Craton-derived quartz sands are recognized near the end of the Cambrian in
Texas toward their northwest provenance (Barnes and Bell, 1977).

Saukia time in Oklahoma is characterized by abrupt deepening into
peloidal-skeletal wackestones and packstones of the Signal Mountain
Formation followed by gradual shaliowing to nonfossiliferous mudstones,
peloidal grainstones and flat pebble conglomerates deposited under restricted
peritidal conditions at the end of Cambrian time (Taylor, 1984). Four
coarsening-upward, short-term third-order cycles are recognized within the
lower Signal Mountain Formation but correlation with equivalent intervals in the
other localities are equivocal.

The Cambrian-Ordovician boundary appears to have been marked by a
faunal crisis among both trilobites and conodonts (top of the Ptychaspid
Biomere) (Stitt, 1977; Miller et al., 1982; Miller, 1984). In the Virginia
Appalachians, Orndorff (1988) showed that two conodont subzones may be
missing or are represented by only 2 meters of strata along the boundary.
Taylor (1984) documented a missing trilobite subzone along the boundary in
the Texas cratonic section whereas it spanned a 5 meter interval in the

Oklahoma section suggesting a significant hiatus in more cratonward sections.

FISCHER PLOTS

Fischer plots (Fig. 26A) are graphic displays of accommodation space,
corrected for linear subsidence, through time (Fischer, 1964; Goldhammer et al.,
1987; 1990; Read and Goldhammer, 1988; Read, 1989). Each fifth-order,
meter-scale cycle is assigned an average cycle period by dividing the total

estimated duration of the cyclic succession by the number of meter-scale cycles.
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Figure 26A: Explanatory diagram of the Fischer plot technique. Vertical line on
each triangle represents the thickness of an individual meter-scale cycle.
Sloping line to lower right is the path of linear subsidence. Cycle is assigned
an average cycle period over which it is allowed to subside. Line connecting

the tops of cycles represents the path of relative sea level through time.
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The average cycle period is merely a device for assigning time per cycle and
does not imply that each cycle had the same duration. If the plot was
constructed so that cycle thickness equaled time, the resulting plot would define
a horizontal line. Thus it is necessary to assign a constant time of deposition to
each cycle to generate relative rises and falls on the plot.

Stacks of thick cycles plot as positive slopes and are presumed to have
tormed under conditions of increased accommodation space provided by
relative sea level rise. Stacks of thin cycles plot as negative slopes and are
presumed to reflect reduced accommodation space during relative sea level
fall. The method is evaluated in the following section to test its validity as a
quantitative means of defining sea level cycles from correlated stacks of

peritidal and subtidal cycles.

Sea Level Cycles from Fischer Plots

The correlated Fischer plots (Figs. 26B & C) were constructed from
meter-scale cycles defined for each measured stratigraphic section (Table 7;
Chapter 1). Relative time lines and correlation lines on Figures 26B and 26C
are based on available biostratigraphy, the presence of regional quartz sands
and similarities between patterns of relative sea level rise and fall on the curves.

The House Range biostratigraphy is very well defined; the biomere
boundary between the Crepicephalus and Aphelaspis zones is determined to
within one centimeter (Palmer, 1984). The biostratigraphy of the Wright Branch,
Duffield and Thorn Hill sections are resolved to within a few tens of meters. The
biostratigraphy of the Allentown Formation is poorly defined but the lower part is

considered to be Dresbachian in age as determined from sections elswhere
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(Wilson, 1952; Zadnik, 1960; Palmer, 1971). The curves are plotted along
relative time axes but the total time equates to 20 m.y. as estimated from the
DNAG time scale (Palmer, 1983).

Calculations of average cycle period and total subsidence rate for each
section are shown in Table 7. Shale-based cycles of the Conasauga basin
sections (Nolichucky Fm.) were decompacted before plotting (although non-
decompacted Fischer plots show the same relative sea level rises and falls but
of a lower magnitude). All other sections are limestones and dolomites with
minor quartz sandstones and were not decompacted before plotting. The few
minor covered intervals were plotted as straight lines and are shown as gaps
within the plots.

Several sea level events can be correlated between widely-separated
localities using the Fischer plots. The plot for Dresbachian time (Fig. 26B)
illustrates generally falling sea level toward the end of Cedaria time in both
peritidal and subtidal cyclic successions. This gradually falling trend on the
Fischer plots correspond to the late Cedaria regression recognized on the
paleobathymetric curves. A superimposed shorter-term event is also evident
during Cedaria time within the Allentown, Elbrook and Nolichucky Formations.

A well-defined rise in relative sea level at the beginning of Crepicephalus
time followed by a relative sea level fall toward the Crepicephalus /Aphelaspis
biomere boundary is evident on the subtidal cyclic sections of the Nolichucky in
Virginia and Tennessee and of the Big Horse Member in Utah. The long-term
Crepicephalus event is not evident within the peritidal Allentown and Elbrook

localities although covered intervals in the Elbrook may mask the event.
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Figure 26B: Correlation of Fischer plots for Dresbachian time. Trilobite zonation
along the horizontal axis and cumulative thickness in meters, corrected for
linear subsidence, along the vertical axis. Upper two Fischer plots (and the
latest portion of the Tennessee Fischer plot) are from peritidal cyclic sections
whereas the lower three Fischer plots are from shallow to deep subtidal cyclic
sections. Quartz sands denoted by black-filled triangles. Covered intervals
have been left blank. Vertical dashed lines mark possible correlations of sea
level events. Vertical wavy lines indicate the position of the Dresbachian-
Franconian unconformity recognized from graphic correlation with other

sections.
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All five localities show the rapid sea level rise at the beginning of
Aphelaspis time that also was recognized on the paleobathymetric curves. The
Fischer plot for the Thorn Hill section of Tennessee shows a complete rise and
fall of relative sea level that culminates in thin, disconformity-capped, restricted
tidal flat cycles of the basal Copper Ridge Formation that correspond to the
cratonwide unconformity between Dresbachian and Franconian strata.

The plot for Franconian-Trempealeauan time (Fig. 26C) illustrates a long-
term relative sea level rise and fall in all five sections that appears to
correspond to the second-order event recognized on the paleobathymetric
curves. Quartz sands in the base of the Copper Ridge Formation at Lebanon,
Virginia connect Figure 9¢ to the basal Copper Ridge in the Tennessee section
on Figure 26B and mark the relative sea level lowstand at the end of the
Dresbachian stage. Generally rising sea level is evident during Taenicephalus
time before culminating at a relative highstand during early Saukia time. The
Saratogia - Saukia boundary is not well-defined in any of the Fischer-plotted
locations but graphic correlation with the Texas and Oklahoma sections
suggests the possible location of the boundary (Fig. 26C).

The superimposed upward-shallowing event defined by the
paleobathymetric curves during earliest Saukia time to the Cambrian-
Ordovician boundary, can be recognized on the correlated Fischer plots (Fig.
26C). The abrupt rise occuring just into Saukia time is identified on the plot by
the dashed vertical tie line. A second, smaller-scale event toward the very end
of the Cambrian may be evident on the Wytheville and Radford sections of the
Conococheague. The appearance of quartz sand in peritidal cycles of the

Virginia and Pennsylvania Appalachians corresponds with the major sea level
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Figure 26C: Correlated Fischer plots for Franconian-Trempealeauan time. Note
position of Cambrian-Ordovician boundary and the appearance of quartz sandy
cycles during the sea level lowstand at the end of the Late Cambrian. Plots
from the Appalachian sections are peritidal whereas the Utah section is

composed of shallow to deep subtidal cycles.

147



‘AN S0S VINNVS YI¥NYS 40 3sva

(W) SSINNIIHL
JAILLYINWND

ANWIL JAILYI3H NVNVYITVIdWIHL - NVINOONVHA
j03sve |
03193roHd SNITVHd3OINI VL VINIATI

w o

ST+

HEW VIHWINTIIH 40 S0V dWVYH d330 D11DAD NON

R

HVLN 'IJONVH ISNOH
‘N4 ¥v3d HOLON

‘VA 'NONVE3IT
‘N4 39014 H3d4d0D

‘N4 3NOV3IHO0J0N0D

NVIOIAOQHO
NVIHEWVO

‘VA ‘0HO4avH )

VA 'ITNAIHLAM
‘N4 INDVIHOO0J0NOD

TN ‘ITNASHIINIJHYD
T4 NMOLNITTY

148



lowstand near the Cambrian-Ordovician boundary. This event may also explain
the appearance of shallow water shales and argillaceous carbonates in

equivalent strata of the Utah Cordillera.

EUSTATIC SEA LEVEL CURVES FROM SUBSIDENCE ANALYSIS
Subsidence analysis techniques (Steckler and Watts, 1978; van Hinte,
1978, Bond et al., 1988, Bond et al.,, 1989) are useful in determining the net
eustatic component of total subsidence after the effects of tectonic subsidence,
sediment loading, compaction, and water depths of lithofacies have been
removed from the observed cumulative subsidence curve. The method also
provides a direct comparison of subsidence histories between different
geographic and tectonic settings. The subsidence analysis was done using
software provided by M. Kominz and G. Bond and follows techniques outlined in

Bond and Kominz (1984), Bond et al. (1988) and Bond et al. (1989).

Decompaction: Lithified measured sections were decompacted by computer
using two options that are based upon empirically-derived porosity vs. depth
curves for six clastic and carbonate lithofacies (Bond and Kominz, 1984).
Option 1 defines the maximum and minimum limits of decompaction (Fig. 27).
Minimum decompaction (Min Delith in Fig. 27) is established under the
assumption of early cementation and no burial compaction for all lithologies
other than siliciclastic shales. Porosity in lithofacies other than shales is
presumed to have been reduced by externally-derived cement. Maximum
decompaction (Max Delith in Fig. 27) is established under the assumption that

all lithologies lost porosity strictly as a result of burial compaction. Actual
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Figure 27: Diagram illustrating the basic elements of subsidence analysis.
Observed sediment thickness is delithified according to Option 1 to establish the
probable range of delithified thicknesses (Min and Max Delith). Max Diff refers
to delithification of observed sediment thicknesses using Option 2 that
emphasizes the differential compaction of fine versus coarse sediments. R1
Min, R1 Max and R1 Max Diff are the backstripped residual curves of the
delithified subsidence curves. The Best Fit curve represents the exponential
decrease in driving subsidence and is subtracted from the R1 Max Diff curve to
derive the amount of subsidence likely due to eustacy (the residual eustatic

curves of subsequent plots).
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delithitied thicknesses probably lie within the range of thicknesses defined by
this first option.

Option 2 (Max. Diff. in Fig. 27) emphasizes maximum decompaction of
fine-grained lithofacies (shales and muddy carbonates) but assumes that
coarser-grained lithofacies decompact minimally. Shales and micritic
carbonates are assumed to have been lithified by purely mechanical
compaction during progressive burial and are delithified using the maximum
values of the porosity vs. depth curves. This assumption is corroborated by
abundant evidence of compaction during burial such as stylolites, nodular
bedded mudstones surrounded by argillaceous seams, fluid escape structures,
contorted sandstone dikes within shales, and sutured grains. Terrigenous
sandstones and carbonate sands are assumed to have undergone minimal
burial compaction as a result of early lithification by externally-derived cements
and are delithified using the minimum values of the porosity vs. depth curves.
These lithofacies commonly exhibit open packing and abundant marine

cements suggesting rapid cementation within the depositional environment..

Comparison of Delithified Subsidence Curves: The delithification
procedure added about 10 to 25% to the observed thicknesses of the sections
from the House Range, southwestern Virginia, Texas and Oklahoma and about
20 to 50% to the observed thicknesses of the shale-rich Conasauga basin.
Delithified subsidence curves defined by mid-point values between minimum
and maximum estimates for all five regions are plotted in Figure 28 and

illustrate the differences in tectonic setting between the localities. The
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Figure 28: Comparative subsidence curves for the Utah, Virginia, Tennessee,
Texas and Oklahoma localities. Late Cambrian subsidence rates (in

parentheses) were calculated from the mid-point values between minimum and

maximum delithification estimates.

153



(S3LVH NVIHEWYD 31V1)

(950°0) HVLN JON3AIS9NS
‘IONVH ISNOH d3idIHLI73a JAILVYHVYdNOD -G
(s£0°0)
SNVIHOV1VddY
VAMS - 14
-€
(€200)° NISVE" .= = O © Tt
VONVYSVYNOD |
(z50°0) | -C
VWOHVINO 'S |
(2100) _
1417dN ONVT /_ | |
_ _
_ | I
- & = 4 / — 0
09¢ 08t 00S 0cs ovs 09S
(0]} o3 ‘ a1 _ N o3

154

(wy) H1Ld3a



calculated delithified subsidence rates for just the Late Cambrian are shown on
Figure 28 in parentheses and in Table 8 for comparison.

The Appalachian and Cordilleran curves begin around 550 Ma, within
the drift stage of passive margin growth (Armin and Meyer, 1983; Bond et al.,
1984). The southwestern Virginia and Conasauga basin sections exhibit
thermally-controlled, exponentially-decreasing subsidence until the Middle
Ordovician when the margin underwent rapid flexural subsidence due to the
Taconic orogeny. The Utah section shows high exponentially-decreasing
subsidence throughout the Cambro-Ordovician, relative to the Appalachian
sections. Slow subsidence continued until the Late Devonian when the
Cordilleran passive margin was deformed during the Antler Orogeny.

The subsidence curve for the Texas section shows the Middle Cambrian
inundation of the Llano region and slow steady subsidence rates typical of the
stable cratonic setting. The Oklahoma curve shows slow subsidence after Late
Cambrian flooding but an abrupt increase in subsidence rates following rifting
of the southern Okiahoma aulacogen (cf. Feinstein, 1981). The comparative
curves reveal the slow subsidence typical of cratonic settings, the rapid
subsidence of active aulacogens and the thermally-controlled subsidence

typical of passive margins.

Deriving the Eustatic Component of Subsidence: Backstripping the
total delithified subsidence curves removes the effects of sediment loading,
leaving only subsidence due to thermal effects, eustatic changes in sea level
and, potentially, local tectonic events (R1 curve of Fig. 27). The etfects of

changes in water depth have been ignored for the long-term (Cambro-
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Ordovician) analysis since most of the carbonate and siliciclastic lithofacies
were probably deposited in less than a few tens of meters of water.
Additionally, even the deeper water shaly lithofacies exhibit relatively rapid
shallowing-upward trends that are capped by shallow water carbonate
lithofacies. The net effect of the water depth changes on the long-term analysis
is relatively small, compared to the overall form of the backstripped subsidence
curve. Water depth changes become much more important when modeling the
Late Cambrian sections in detail.

To calculate the eustatic (and local tectonic) component of the
backstripped curve, a best-fit model cooling curve was subtracted from the
backstripped curve to remove the component of driving subsidence (Fig. 27).
Except for the southern Oklahoma aulacogen, all of the backstripped curves
closely resemble the form of exponentially-decreasing thermal cooling curves
suggesting thermal control of driving subsidence, a safe assumption for the
Appalachian and Cordilleran passive margins (Bond et al.,, 1988). All of the
post-rift cooling curves were calculated using the one-layer instantaneous
stretching mode! of McKenzie (1978) and procedures outlined in Angevine and
others (1988). Potential errors in the technique include absolute age
determinations, delithification procedures, the blanketing effect of sediment and
uncertainties in the thermal decay constant as well as in other model
parameters for constructing the exponential cooling curves (Bond et al., 1988,
1989). Bond and others (1988, 1389) concluded that all of the above problems
may affect the magnitude of the backstripped curve and residual eustatic curve,

but the form of the curves remains essentially intact.
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Comparative Long-Term Eustacy: After delithifying, backstripping and
removing the component of driving subsidence, the net subsidence due to
eustacy (and perhaps local tectonism) remains. The eustatic component of total
subsidence from the beginning of the drift stage during the early Middle
Cambrian through the Early Ordovician for the House Range, Conasauga
basin, and southwestern Virginia Appalachians is shown on Figure 29.
Magnitudes of sea level fluctuations are not absolute due to the various
assumptions implicit in the method and is noted on the vertical axis of the plot.
Generally rising sea level characterizes the Middle and early Late Cambrian, a
sea level highstand occurs during the early to middle Late Cambrian, and
generally falling sea levels mark the latest Late Cambrian through Early
Ordovician. The eustatic curves generated for the three sections correspond
well with similar curves defined from different locations by Bond et al. (1988) for
the southern Canadian Rockies, the Great Basin, and the south-central
Appalachians. The superimposed curves, together with the Bond et al. (1988)
curves, essentially define the Sauk second-order "supersequence” and
suggests a eustatic control on its development. Using the magnitudes of the
curves and reasonable estimates of error, approximate long-term sea level rise
and fall rates for the Sauk "supersequence” were calculated to be between 0.01

(£0.005) m/ky and 0.004 (£0.002) m/ky, respectively (Table 8).

Comparative Late Cambrian Eustatic Curves: Superimposed shorter-
term (third-order) departures in sea level are evident on the long-term second-
order curves of Fig. 29. To better distinguish these third-order events, detailed

measured sections of meter-scale cycles in the Late Cambrian strata were
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Figure 29: Long-term residual eustatic curves determined from stratigraphic
sections in the House Range (Utah), Conasauga intrashelf basin (Tennessee)
and the peritidal platform in the Virginia Appalachians. Note the
correspondence between long-term second-order eustatic rise and fall among

the three locations. Magnitudes of the eustatic change are not absolute.
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delithified and backstripped with estimated water depth changes incorporated
into the calculation. These water depth estimates for the various lithofacies
essentially agree with those defined by Bond and others (1988) with minor
variations (Table 6). The absolute boundary ages of the Late Cambrian were
picked at 525 Ma and 505 Ma, respectively, and relative ages were established
within this range by using subsidence rates to estimate durations of trilobite
zones. (Appendix )

The eustatic departure from driving subsidence for four different locations
around the periphery of the Late Cambrian craton are shown on Figure 30A-E.
The stratigraphic column for each location is plotted horizontally and, due to
variations in the long-term sedimentation rate as well as the imprecision of the
biostratigraphy, represents relative (rather than absolute) time during the Late
Cambrian (Cedaria through Saukia trilobite zones). This also makes both the
magnitudes and the rates of sea-level rise/fall relative. However, only the form
of the curves and changes in rate of sea level rise/fall are important in defining
third-order events since even subtle changes in the rate of sea level fall can
produce shifts in onlap (Pitman, 1978; Christie-Blick and Mountain, 1989).
Removing the modulating effects of the superimposed long-term eustatic signal
would make these subtle changes in rate appear as distinct rises and falls of
sea level (G. Bond, pers. comm.).

The Late Cambrian eustatic curves for the four localities are
superimposed on Figure 30E to show the degree of correlatability of major
departures in sea level. Note the difference in apparent magnitudes of the
eustatic curves between the two passive margins and the aulacogen versus the

cratonic section. It should be noted that the backstripped subsidence curve for
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Figure 30A-B: Comparative Late Cambrian residual eustatic curves for the
House Range, Utah and the Virginia-Tennessee Appalachian sections as
determined from subsidence analysis. The stratigraphic column for each
locality is oriented horizontally with Late Cambrian relative time marked by
trilobite zones. Solid vertical lines connecting troughs on the curve mark tops of
major shallowing-upward events evident on the stratigraphic columns. Dashed
vertical lines denote smaller-scale events and are located at changes in the rate

of sea level rise or fall.
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Figure 30C-D: Comparative Late Cambrian residual eustatic curves for the
Threadgill Creek, Texas and Kindeblade Ranch, Oklahoma sections as
determined from subsidence analysis. The stratigraphic column for each
locality is oriented horizontally with Late Cambrian relative time marked by
trilobite zones. Solid vertical lines connecting troughs on the curve mark tops of
major shallowing-upward events evident on the stratigraphic columns. Dashed
vertical lines denote smaller-scale events and are located at changes in the rate

of sea level rise or fall.
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the Wichita Mountains region of Oklahoma does not approximate theoretical
cooling curves generated for passive margins but rather reflects the rapid
subsidence characteristic of aulacogenic settings (see Fig. 28). A residual
"eustatic” curve was calculated however (Fig. 30D), but must be interpreted with
caution since the effects of local tectonism are undoubtedly superimposed upon
the "eustatic” curve.

The earliest third-order sea level cycle that can be recognized on the
curves occurs during Cedaria-Crepicephalus time. Long-term sea level
appears to rise throughout Cedaria time in the Utah, Tennessee and Texas
sections. The subsequent fall, however, appears to be out of phase between
the Tennessee section and the Utah and Texas sections and is probably a
result of the dominantly shaly lithofacies in the intrashelf basin of Tennessee
versus the dominantly carbonate sections in Utah and Texas. The sea level
lowstand at the end of Crepicephalus time is marked by troughs in the Utah and
Tennesses curves but is expressed in the Texas curve by a very subtle change
in slope. The late Cedaria regressive event recognized on the
paleobathymetric curves and on the Fischer plots is defined on the Tennessee
curve but is not well-defined on the Utah and Texas curves.

A second sea level event occurs during middle Late Cambrian time and
ends with the major Dresbachian-Franconian (Dunderbergia/Elvinia)
unconformity (Fig. 30E). The rapid Aphelaspis rise evident on the
paleobathymetric curves and the Fischer plots is evident on both the Utah and
Tennessee curves but the opposite trend is seen on the Texas curve. The
lowstand at the unconformity is well-defined in the Texas and Utah sections but

only a very subtle change in the rate of fall is evident in the Tennessee curve
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Figure 30E: Comparative Late Cambrian residual eustatic curves for all four

localities overlain for ease of comparison.
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near the base of the Copper Ridge dolomites (arrow on plot). Any subsequent
rise during later Elvinia time is masked by the monotonous cyclic peritidal
lithofacies of the Copper Ridge Formation; the thrombolitic bioherms, ooid
grainstones and peritidal laminites that comprise the Copper Ridge all tend to
decompact similarly so no variability in the eustatic curve is created.

The latest long-term sea level event spans the Franconian-
Trempealeauan (Elvinia-Saukia) stages. The peak highstand in the Utah
section apparently occurs during Elvinia time but is out of phase with the Texas
section where sea level appears to reach its highstand position sometime within
Taenicephalus-Saratogia time. The Oklahoma region was inundated during
early Elvinia time and was synchronous with the peak second-order highstand
attained during the middle Late Cambrian (see Fig. 28). A eustatic sea level
rise is not seen on the Oklahoma curve and appears to reflect the low
compactability of the coarse transgressive basal sandstones. However, falling
sea level throughout the remainder of the Late Cambrian curve for Oklahoma

approximates the trend evident in the other four sections.

COMPARISON OF SEA LEVEL CURVES DERIVED FROM VARIOUS
TECHNIQUES

The relationship between relative water depth curves, Fischer plots and
residual eustatic curves derived from subsidence analysis are illustrated in
Figure 31A-B for a portion of the Utah and Appalachian stratigraphic columns.
Correlation lines connecting key horizons on the different plots are not perfectly
horizontal since the stratigraphic column and its water depth curve are plotted

as thickness whereas the other two curves are plotted as time. Solid lines
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Figure 31A: Direct comparison of the techniques used to derive sea level curves
for the Big Horse, Candland Shale and Johns Wash Members of the Orr
Formation, House Range, Utah. Stratigraphic column on the left has a vertical
axis in meters as does the adjacent, interpreted relative water depth curve
based on lithofacies. The Fischer plot curve and the residual eustatic curve
from subsidence analysis are plotted as relative time. The residual eustatic
curve is decompacted relative to the other curves. Sequence stratigraphic

interpretation is included for direct comparison with each of the curves.
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Figure 31B: Direct comparison of the techniques used to derive sea level curves
for the Nolichucky, Maynardville and lower Copper Ridge Formations in the
Tennessee Appalachians. Stratigraphic column on the left has a vertical axis in
meters as does the adjacent, interpreted relative water depth curve based on
lithotacies. The Fischer plot curve and the residual eustatic curve from
subsidence analysis are plotted as relative time. The residual eustatic curve is
decompacted relative to the other curves. Sequence stratigraphic interpretation

is included for direct comparison with each of the curves.
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denote major boundary zones between upward-shallowing cyclic successions
and dashed lines separate key intervals within the shallowing-upward
sequences. It is evident that, for these examples, the various curves
corroborate each other in general form and appear to define internal
components of shallowing-upward sequences.

The shallowest water lithofacies on the relative water depth curves (top of
the Big Horse and Johns Wash Members; basal Copper Ridge Formation)
correspond to falling portions of the Fischer plots and subsidence analysis
curves. The interpreted deepest water lithofacies on the relative water depth
curves (thick shaly cycles and deep ramp carbonate cycles) generally
correspond to the rising portions of the Fischer plots and subsidence analysis
curves. Trends on the curves and their relation to sequence stratigraphic
terminology will be discussed in detail below.

For these examples, combined plots of changes in relative water depth of
lithofacies, Fischer plots and residual eustatic curves from subsidence analysis
appear to be useful for qualitatively and semi-quantitatively defining relative sea
level fluctuations. When combined with graphic correlation, they provide a
useful crosscheck to recognize the degree of synchroneity of relative sea level
fluctuations between basins. However, they do not clearly differentiate the
interacting effects of subsidence, eustacy and sedimentation rate. Additionally,
the sea level curves defined by Fischer plotting and subsidence analysis have
different magnitudes. The Fischer plots tend to have greater distances between
peaks and troughs whereas the subsidence analysis curves generally are of

lower magnitude. This is most likely an artifact of the assumptions inherent in
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each technique and suggests that each of the various methods have limitations

that need to be established before interpreting their combined trends.

Limitations of Fischer Plots: In the Fischer plots, individual meter-scale
cycles are plotted using an average cycle period although it is realized that they
do not represent the same duration of deposition but likely form within a 20 to
200 k.y. range (Read and Goldhammer, 1988): This variability of cycle period
suggests that absolute magnitudes and rates derived from the Fischer plots are
inherently inaccurate since changing cycle period will have the effect of
skewing the peaks and troughs and also modifying their magnitudes.
Additionally, the method may produce trends opposite to those predicted by
stacking patterns of cycle types when plotting cycles composed of deep water
lithofacies where sedimentation rate appears to control the thickness of the
cycles (Chapter 1). Fischer plots seem to be best-suited for peritidal and
shallow subtidal cycles whose thickness is accommodation space-dependent.
The stacking patterns of cycles (cycle thickness and component facies) can then
be compared to the Fischer plots to verify the trends of relative rises and falls of
sea level.

Another drawback of the Fischer plots is the inability of the technique to
plot non-cyclic sections. Plots could not be generated in the Texas cratonic
section where random or poor cycle development precludes their use. They
also could not be used for the shallowing-upward, non-cyclic Johns Wash
Member (Fig. 31A). Despite the inherent inconsistencies, the reasonable
correlation between Fischer plots (Fig. 26) suggests that they may be useful for

recognizing eustatic events even though their magnitudes may not be accurate,
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and the peaks may be slightly shifted relative to each other (Read and

Goldhammer, 1988; Koerschner and Read, 1989).

Limitations of Subsidence Analysis: Assumptions inherent in subsidence
analysis (time scales, decompaction, choice of model parameters, two-
dimensional effects) indicate that the magnitudes and rates of the residual
eustatic curve are not absolute. Error analysis by Bond and others (1988; 1989)
showed that the various potential errors affect the magnitude and rates of the
backstripped and eustatic curves but their form remained essentially
unchanged. They suggested that to prove a eustatic connection between
equivalent intervals of Early Paleozoic rocks the number of events should be
used rather than absolute amounts in change of sea level.

The eustatic curves derived from subsidence analysis of the Late
Cambrian sections provide clues to interbasinal correlatability of second-order
and long-term third-order sea level changes but are far from conclusive in
illustrating a eustatic control on shorter-term third-order sequence development.
Smaller-scale depositional sequences are not well-defined, except as
deviations in the rate of sea level rise or fall, and certain critical boundaries
between major shallowing-upward sequences are not evident on each of the
plots (Fig. 30). However, modest changes in the rate of sea level rise and fall
(dashed vertical lines) suggest short-term events that can be identified and
correlated with other locations by graphic correlation.

Problems of resolution also arise in sections that have relatively
homogeneous lithologies that show no major difference in degree of

compaction. An example is the peritidal carbonates of the Maynardville to
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Copper Ridge transition in the Appalachians that do not define the major sea
level lowstand at the Dresbachian-Franconian boundary that is recognized on
the Utah and Texas residual eustatic curves as well as on the basis of field
evidence, graphic correlation with localities where the unconformity is known to
exist and on certain Fischer plots. This transitional interval is marked by
uniformly peritidal lithofacies that all show evidence of dominantly
syndepositional compaction. Their signature on the Appalachian residual
eustatic curve is that of generally falling sea level across this important contact
between major eustatic events (Fig. 30B). The relatively consistent skeletal
grainstones of the San Saba Member of the Texas section (Fig. 30C) provide
another example. The curves that best define eustatic events are those that
have distinct differences in relative grain size and therefore decompact
differently.

Another problem is the relative timing of presumably equivalent sea level
events. They are frequently out of phase on the plot of the superimposed
eustatic curves (Fig. 30E). This may be a consequence of the limited
biostratigraphic control or it may be a true response of a eustatic event on
different platforms. For example, the relative timing of the highstand during the
Franconian-Trempealeauan occurs at distinctly different times in the Utah and
Texas sections. This may simply reflect diachroneity of the peak highstand
conditions related to the slow driving subsidence and elevated cratonic position
of the central Texas locality or it could be an artifact of the subsidence analysis
technique since the graphic correlation suggests roughly synchronous peak

highstand conditions between the two locations.
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Finally, there is really no way to separate out local tectonic pulses
superimposed on the residual eustatic curves. The Oklahoma region was
experiencing rapid subsidence during the end of the Late Cambrian (Fig. 28)
associated with the development of the southern Oklahoma aulocogen. The
residual eustatic curve for Oklahoma appears to have a significantly higher rate
of fall than the Conasauga or Llano sections suggesting increased
accommodation space that was generated by fault movement along the flanks
of the aulacogen. However, the synchroneity with falling long-term sea levels in
the other regions may imply an overall eustatic control superseding the local
tectonic component In summary, eustatic curves derived from subsidence
analysis of Late Cambrian strata are most valuable when combined with the

other techniques to derive a composite Late Cambrian sea level curve.

Composite Late Cambrian Sea Level Curve: Acknowledging the
limitations of the different techniques used to determine sea level history, the
various sea level curves for each section were qualitatively combined and a
composite “eustatic” sea level curve was derived for the Late Cambrian (Fig.
32). Magnitudes of sea level fluctuations and rates of sea level rise and fall on
the curves are strictly relative. Only depositional sequences recognized by a
combination of techniques and correlatable with the other three localities are
included on the composite curve. Non-correlatable events or fourth-order
events only correlatable between two localities are considered regional in
origin and are not included. The long-term second-order event, on which all of

the other curves are superimposed, was defined from residual eustatic curves
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Figure 32: Chronostratigraphic comparison of the “eustatic” sea level curves
defined for the Utah Cordillera, the Virginia-Tennessee Appalachians, the
Texas craton and the southern Oklahoma aulacogen. Composite Late
Cambrian “eustatic” sea level curve was derived by qualitatively combining the

different curves from the various locations.
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generated from the subsidence analysis of the entire Cambrian-Ordovician (Fig.
29).

Determining the magnitude of a “eustatic” sea level curve from individual
stratigraphic sections is not really possible given the complicated interactions of
subsidence, sedimentation and eustacy (Burton et al., 1987; Kendall and
Lerche, 1988). This is illustrated by the differences in calculated magnitudes of
sea level oscillations by direct comparison of the Fischer plots and the residual
eustatic curves derived from subsidence analysis (Fig. 31). Magnitudes
determined from Fischer plots tend to be substantially larger than those on the
residual eustatic curves. This trend may be related to the Fischer plots not
being corrected for isostatic response to sediment and water loading (i.e.,
backstripped). However, any of a number of the various assumptions implicit in
each method could be the source of differences in apparent magnitude of
equivalent sea level events. Since the relative effects of these factors cannot be
separated to make the curves come into better agreement, the composite curve
must be considered “eustatic” only in the sense of the curves being correlatable
between widely separated localities and not in the sense of any measurable
change in elevation from a stationary datum.

The composite “eustatic” curve for the Late Cambrian is intended to be
used as a template for the correlation of Late Cambrian depositional sequences
recognized elsewhere. The curve was generated without the preconceived
bias associated with the shale/carbonate alternations of the grand cycles of the
southern Canadian Rockies. Grand cycles would provide an ideal test for the
validity of the “eustatic” curve defined by Late Cambrian sections around the

pericratonic platform of the United States.
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SEA LEVEL CURVES AND DEFINITION OF SYSTEMS TRACTS
AND SEQUENCE BOUNDARIES IN OUTCROP

In this section, the systematic changes in stacking patterns of meter-scale
cycle types and their component lithofacies (Chapter 1) are examined to
determine if they can be used to define different systems tracts that make up the
Late Cambrian sequences. This is done by comparing the stacking patterns
with their relative position on “eustatic” sea level curves for specific Late
Cambrian sequences (Figs. 31). For this discussion, sequences are defined as
“a relatively conformable succession of genetically related strata bounded by
unconformities and their correlative conformities" (Mitchum, 1977).

Compared to the traditional methods of defining sequences and their
component systems tracts by geometric relations of reflection contacts on
seismic sections, distinct problems are encountered when translating sequence
stratigraphic concepts to the outcrop. Seismic stratigraphy depends on tracing
regional reflections that approximate time lines across a platform to basin
transition (Vail et al., 1977). Individual sections are subject to the limitations of
the biostratigraphic control that is necessary to accurately correlate updip and
downdip between sections. Graphic correlation using isochronous biomere
boundaries as datums has been used in this study to compensate for this
problem of imprecise time control. Additionally, Fischer plots of numerous
sections along a platform (and between platforms as in Figure 26B-C) may aid

in correlation and also help to define systems tracts.
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Sequence Boundaries: The majority of sequence boundaries within Late
Cambrian strata are Type 2 (Van Wagoner et al., 1987). That is, they are not
major unconformity surfaces with long-term subaerial exposure (Type 1) but
rather are expressed as transitional zones of maximum regressive lithofacies
and intermittent exposure features generated by high frequency sea level
fluctuations. They are the “correlative conformities” equivalent to the more
extensive erosional unconformities on the craton and reflect third-order sea
level fall rates that are less than subsidence rates on the pericratonic platform.
The only true Type 1 sequence boundary in Late Cambrian strata occurs in the
Texas section where the unconformity separating Dresbachian from Franconian
strata has been recognized biostratigraphically by the absence of the
Dunderbergia trilobite zone and by correlation with cratonic sections of the Mid-
continent (Lochman-Balk, 1971; Barnes and Bell, 1977).

Type 2 sequence boundaries are difficult to define in vertical outcrop
sections since they are complicated by the repeated pulses of high frequency
sea level oscillations that generated the meter-scale cycles. Instead of a single
recognizable horizon, cyclic sections merely may show a transitional zone of
stacked cycles with features indicating emergence of the zone relative to
underlying and overlying beds. Sequence boundary zones may include parts
of the upper highstand systems tract or the shelf margin wedge and will be
discussed within their respective sections below. Sequence boundary zones
appear to correspond with falling segments of Fischer plots and residual
eustatic curves from subsidence analysis (Fig. 31).

In peritidal sections, thin tidal flat-dominated cycles containing brecciated

regoliths and quartz sand units appear to characterize sequence boundaries
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(Koerschner and Read, 1989). The sea level lowstand during earliest Elvinia
time within the disconformably-capped peritidal cycles of the basal Copper
Ridge Formation (Fig. 31B) is represented by falling segments of the Fischer
plot and residual eustatic curve. This same sea level lowstand in the Johns
Wash fenestral mudstones of the House Range section (Fig. 31A) also plots
along the sea level fall near the trough on the residual eustatic curve.

In the peritidal Allentown Formation of eastern Pennsylvania, angular
desiccation breccias often overlie laminite caps and fill vertical dissolution pipes
that extend down into the caps. These features are usually stacked within
successive cycles and are not just isolated, randomly exposed cycle tops.
Examples of quartz sands and brecciated regoliths associated with sequence
boundary zones can be seen in peritidal Fischer plots (Fig. 26B & 26C) and
appear to correspond to falling segments and troughs on the plots.

Influxes of quartz sand brought in from the craton during rapid falls in sea
level are important criteria for recognizing sequence boundaries in the Late
Cambrian Texas cratonic embayment. For example, the Cap Mountain siltstone
marks the top of the late Cedaria sea level event and corresponds to a
depositional hiatus on the craton (Palmer, 1954).

In shallow to deep subtidal carbonate successions, sequence boundary
zones are defined by the transition from the shallowest water cycles into
overlying deeper water cycles. The late Cedaria event in the lower Big Horse
Member of the House Range is marked by stacked thrombolitic bioherms
overlain by deep subtidal cycles characterized by thick argillaceous nodular
wackestone bases (bottom of Fig. 31A). The upper sequence boundary zone of

the Elvinia through early Saukia event in the House Range (Fig. 25) is
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composed of stromatolitic bioherms shallowing up into fenestral mudstones
featuring stacks of scalloped erosion surfaces. The microkarstic surfaces
provide evidence of episodic subaerial erosion developed during times of
maximum decreases in accommodation space generated by high frequency
sea level falls superimposed on long-term falling sea level. This transitional
zone is overlain by thick cycles of globose thrombolite bioherms that record the
subsequent sea level rise.

On the outer deep ramp, sequence boundaries can be recognized by the
abrupt appearance of stacked, deep water shaly cycles above thin peritidal or
very shallow subtidal carbonate cycles at the top of a shallowing-upward
sequence. The sequence boundary zone at the end of Crepicephalus time in
the Utah section (top of Big Horse Member in Fig. 31A) is represented by
relatively thin cycles composed of restricted lithofacies (oolitic/oncolitic
grainstones and thrombolite/stromatolite bioherms) overlain by deeper water
shaly cycles (Candland Shale Member). The basal thin shaly cycles are
characterized by numerous stacked hardgrounds within carbonate caps and
manifest incipient drowning. The zone plots toward the bottom of the sea level
fall on the Fischer plot and the residual eustatic curve.

In intrashelf basin sections of the Appalachians, the late Crepicephalus
sequence boundary zone (Fig. 31B) corresponds to cycles composed of thin
shales capped by proximal storm deposits and ooid grainstones. These cycles
are abruptly overlain by thick shales capped by distal storm deposits. The
stacking patterns of these cycles generate a relative sea level fall followed by a
relative sea level rise with the interpreted sequence boundary zone located

toward the trough on the Fischer plot.
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Shelf Margin Wedge: Since the majority of Late Cambrian sequence
boundaries are Type 2, only shelf margin wedges are included in this
discussion and lowstand systems tracts are not considered. Shelf margin
wedges are the first systems tract above Type 2 sequence boundaries and are
characterized by slightly progradational to aggradational facies developed
during the later phases of a eustatic sea level fall (Van Wagoner et al., 1987).
They are very difficult to recognize in outcrop without several downdip sections
that extend out onto the platform slope. With individual sections, it is difficult to
determine whether the shoal water facies near a sequence boundary
represents the platformwide upper highstand systems tract or the shelf margin
wedge with no updip facies equivalents. A differentiation between the older
sequence boundary and the younger shelf margin wedge is typically beyond
the resolution of biostratigraphy. For most Late Cambrian sequences
determined from geographically-separated vertical outcrops, the interpreted
sequence boundary zone may represent either the upper highstand systems
tract or the shelf margin wedge. Therefore, sequence boundary zones
interpreted from the tops of shallowing-upward sequences and their position on
sea level curves defined by Fischer plots and residual subsidence analysis

curves (Fig. 31) are defined as Sequence Boundaries/Shelf Margin Wedges.

Transgressive Systems Tract: The transgressive systems tract is
expressed across platforms by a retrogradational geometry that develops
during a rapid eustatic rise in sea level (Van Wagoner et al.,, 1987). In outcrop

sections, the transgressive systems tract is characterized by an upward-
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deepening of relative water depths of lithofacies as well as successions of thick
cycles that reflect the increased accommodation space generated by rapidly
rising sea level. They may be recognized as relative long-term rises on Fischer
plots and on residual eustatic curves.

In vertical outcrop of peritidal sequences, the transgressive systems tract
may be a subtle feature recognized by the appearance of thick cycles
dominated by subtidal lithofacies (oolitic grainstones, thrombolitic bioherms and
shaly ribbon rocks) with thin tidal flat caps overlying thin, tidal flat-dominated
cycles. This systems tract can be defined within the Allentown and
Conococheague Formations by stacks of thick oolitic grainstones with thin
stromatolitic caps directly above thin laminite-capped cycles (Figs. 10 & 11 in
Chapter 1). The abrupt rise during early Aphalaspis time on the Fischer plot for
Dresbachian time for all of the peritidal sections (Fig. 26B) is a good example
and reflects the increase in accommodation space provided by rising sea level.

In vertical sections of deep ramp, open marine sequences, deepening-
upward trends of the transgressive systems tract can be recognized by the
appearance of deep water shaly cycles or argillaceous carbonate cycles
overlying the uppermost facies of shallowing-upward sequences. Examples
from the Utah section can be seen as rising segments of the sea level curves
defined by Fischer plots and subsidence analysis (Fig. 31A). Other evidence for
recognizing the transgressive systems tract within deeper water carbonates can
be seen within the lower Signal Mountain Formation of Oklahoma. Immediately
overlying stacked thrombolitic bioherms and cryptalgal laminites of the
sequence boundary zone at the end of the Elvinia to early Saukia event,

burrowed spiculitic wackestones featuring glauconite and numerous
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hardgrounds indicate stalled sedimentation during rapidly rising sea level and
represent the transgressive systems tract of the overlying Saukia sequence.
Additional evidence for slow deposition associated with rapid sea level
rise rates is exhibited in ntrashelf basin facies of the Appalachians at the top of
the mid-Crepicephalus sea level event. In the Lebanon, Virginia section, thin,
peritidal thrombolitic cycles representing maximum regressive conditions within
the sequence boundary zone are overfain by a transgressive oolitic grainstone
(6 m thick) in turn overlain by deeper water shaly cycles. The upper half meter
of the ooid shoals exhibit stacked hardgrounds and glauconite and have a
reworked megarippled upper surface with a mud drape, suggesting a
depositional hiatus before complete drowning by the overlying shaly cycles.
Transgressive systems tracts in the Texas cratonic section are
characterized by thick subtidal cycles composed of open marine skeletal
carbonates (lower Cap Mountain Member, Riley Formation) and deeper water
siliciclastic siltstones (Point Peak Member, Wilberns Formation) (Fig. 25). As
opposed to the Appalachian and Cordilleran passive margins where meter-
scale cycle development is relatively continuous throughout the section, the
Texas section exhibits cyclicity only within the transgressive systems tract and
lower highstand systems tract. Thus, the cycles that characterize the
transgressive systems tract in these regions are thick relative to the poorly-
developed "condensed cycles" that distinguish the upper highstand systems

tract of the Texas cratonic section.

Maximum flooding surface: The surface that defines the change from

retrogradational to aggradational stacks of cycles and separates the
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transgressive systems tract from the highstand systems tract (Van Wagoner et
al., 1987) is difficult to recognize in outcrop sections. It is defined seismically by
the marine-flooding surface onto which progradational fronts of the overlying
highstand systems tracts downlap. Since downlap surfaces and their
equivalent deeper water condensed sections evident on seismic sections are
difficult if not impossible to unequivocally identify in the field, the maximum
flooding surtace is probably best defined as a transitional zone separating thick
cycles reflecting a deepening-upward trend from thinner cycles exhibiting a
slight shallowing-upward trend. The definition of the maximum flooding surface
is also complicated by the multiple, high frequency fluctuations in sea level that
generate the meter-scale cycles. For example, stacks of thick cycles composed
of basal deeper water lithofacies that grade up into shallow subtidal caps may
represent periodic pulses of flooding followed by gradual shallowing. Actually
defining anything more than a transitional zone separating long-term
deepening-upward trends from long-term shallowing-upward trends may be the
best that can be done when applying sequence stratigraphic concepts to cyclic
field sections. A potential method to estimate the position of the maximum
flooding surface is to define the thickest cycles developed just before the apex
of the sea level highstand on Fischer plots.

Within peritidal sections, the location of the maximum flooding surface is
arbitrarily determined because no great differences in cycle types and
component lithofacies exist. Perhaps the best location may be estimated at the
change from thick to thinner cycles just betfore the crest of sea level highstands

on Fischer plots.
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Within shaly deep ramp sections, the maximum flooding surface may
coincide with one to three thick cycles that mark the break between rapid sea
level rise and the slower rise rates (and more carbonate-rich cycles) of the sea
level highstand. Thick cycles characterized by siliciclastic shales with thin
carbonate storm-deposited caps represent the deepest water interval in the
Candland Shale of the Utah section (Fig. 31A) and correspond to the
uppermost part of the sea level rise on its Fischer plot. It also corresponds to
the rising portion of the residual eustatic curve although it appears to be lower
on the rise than on the Fischer plot.

In intrashelf basin sections, the maximum flooding surface may be
recognized in thick shaly cycles such as those in the upper Nolichucky Shale of
the Appalachians (Fig. 31B). The trend is similar to that exhibited for shaly deep
ramp sections; the thickest shaly cycles tend to plot along the uppermost
portions of the sea level rise defined by Fischer plots and residual eustatic

curves.

Highstand Systems Tract: The highstand systems tract is composed of
aggradational cycles overlain by progradational cycles that extend across the
platform (Van Wagoner et al., 1987). It forms during the late eustatic rise and
throughout the highstand and early eustatic fall (Vail, 1987, Hag et al., 1987).
The highstand systems tract may be distinguished in vertical field sections as
stacks of open marine subtidal cycles shallowing up into stacks of progressively
more restricted cycles, reflecting progradation under conditions of reduced

accommodation space during falling sea level.
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On Fischer plots of peritidal sections, the highstand systems tract plots as
either a stillstand or as generally falling sea level defined by intervals of
progressively thinner cycles that become more tidal flat-dominated upward.
These trends are shown on the Fischer plot and residual eustatic curve for the
Maynardbville to lower Copper Ridge transition (Fig. 31B). Peritidal cycles within
the upper highstand systems tract may show abundant evidence of diagenetic
modification such as brecciation, leaching of aragonitic components of subtidal
lithofacies, and dolomitization (Koerschner and Read, 1989). Distinguishing the
upper portions of the highstand systems tract from the sequence boundary zone
(and even from the overlying shelf margin wedge for outer platform settings) is
probably arbitrary in outcrop sections.

In deep ramp cycles of the Utah section, the highstand systems tract may
be recognized by a progressive upward shallowing from storm-dominated,
open marine carbonate cycles into thin, restricted oolitic grainstone-capped
cycles (upper Big Horse Member, Fig. 31A). The signature of this trend on the
Fischer plots and residual eustatic curves is of stillstand conditions followed by

generally long-term falling sea level.

Summary of Sequence Stratigraphy Applied to Outcrop Sections:
The major problems associated with defining systems tracts and sequence
boundaries in vertical sections are:

1) Updip and downdip correlations of outcrop sections across a platform are
subject to the limitations of the biostratigraphic control, in contrast to seismic

stratigraphy where reflectors manifest time lines.
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2) Boundaries between systems tracts are complicated by meter-scale cycles
that were generated by repeated pulses of high frequency sea level oscillations.
Many systems tract boundaries may best be defined as transitional zones rather
than single recognizable horizons. For example, type 2 sequence boundaries
may include parts of the upper highstand systems tract or the shelf margin
wedge, depending on position on the platform.

3) Shelf margin wedges may be difficult to recognize without several downdip
sections that extend out onto the platform slope.

4) Transitions between systems tracts may be subtle in shallow to deep subtidal
successions where major shallowing or deepening events may not be
manifested by distinct lithofacies (e.g., exposure features, condensed sections,
etc.) but rather may show gradual changes in cycle stacking patterns. Similarly,
dominantly peritidal sections may not show major differentiation of lithofacies
that represent distinct shallowing or deepening events.

Despite these problems, certain benefits can be gained by applying
sequence stratigraphic concepts to the outcrop. Because systems tracts and
sequence boundaries are defined by their position on a theoretical eustatic sea
level curve (Van Wagoner et al., 1987), it appears possible that Fischer plots
and residual eustatic curves may approximate the form of a eustatic signal. The
good correspondence between relative water depths of lithofacies, their
interpretation as components of sequences, and their expression on Fischer
plots and residual eustatic curves, supports the use of the techniques tO define
third-order eustatic sea level events. Additionally, the correlation of Fischer
plots and residual eustatic curves of cyclic successions between different

basins helps to verify third-order eustatic sea level cycles.
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The recognition of high frequency cycles in outcrop provides important
details about the internal architecture of larger-scale sequences and their
component systems tracts that otherwise may be missed seismically.
Systematic changes in stacking patterns of meter-scale cycle types and their
component lithotacies characterize the different systems tracts that make up
sequences (Chapter 1). However, it must be emphasized that systems tracts
and sequence boundaries defined in outcrop are often subjectively assigned to

transitional zones between gradually changing lithofacies and cycle types.

DISCUSSION

Synchroneity of Sequences: A number of factors contribute to the relative
timing of the initiation and termination of sequences in different depositional
basins. First, the degree of synchroneity of events is difficult to determine due
to the inherent errors in biostratigraphy. Biomere boundaries are considered
isochronous (Palmer, 1984) making correlation based on biomere boundaries
the only true measure of the relative degree of synchroneity between sections.
Correlated intervals between biomere boundaries can be considered
chronostratigraphic equivalents whereas sequences defined within a biomere
and correlated interbasinally may be diachronous since the zonal boundaries
are subject to the origin, dispersal and extinction of the trilobite populations.

Another major limitation to determining whether correlated sequences
are synchronous or not is the difference in sedimentologic response between
individual platforms to rising or falling relative sea level. It has long been
recognized that the initiation of transgressive-regressive sequences on a

platform are dependent upon the relative rate of sea level rise/fall versus the
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subsidence rate, assuming that sedimentation rates remains constant (Pitman,
1978, Parkinson and Summerhayes, 1985). If the individual sections of the
various depositional basins being correlated were subsiding at different rates,
then their sedimentologic response to changes in the rate of sea level rise or fall
will differ. Additional reasons for apparent diachroneity between correlated
sequences were suggested by Pitman and Golovchenko (1988) which relate to
differences in platform morphology as well as differential subsidence rates
between basins. They maintained that differences in depositional slope and
platform width affect the lateral migration of facies; steep and narrow platforms
will show a different timing of depositional events than broad, flat platforms.

All of the different factors for diachroneity between “equivalent”
sequences - limits of biostratigraphy, differential subsidence rates between
basins and difterent platform morphologies - imply that sequences correlated
between basins are probably never exactly synchronous. Broad ranges of
“synchroneity” of up to one-fourth the duration of the long-term event (Angevine
et al., 1988) may be expected between correlated sequences. Perhaps a better
approach than trying to establish a synchronous development of sequences
between basins is to simply define the absolute number of events that can be

interbasinally correlated within a given time interval (Bond et al., 1988, 1989).

Eustatic vs. Tectonic Control of Third-Order Sequences: Second-
order cycles (equivalent to Sloss's "sequences” (1963) and Vail and others
"supercycles” (1977)) are generally agreed to have been caused by volume
changes in global mid-oceanic spreading ridge systems (Pitman, 1978; Kominz,

1984). However, the relative roles of tectonism versus eustacy as dominant
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controlling mechanisms on third-order sequence development have yet to be
fully agreed upon since an unequivocal cause for their origin has not been
identified. Numerous 1-10 m.y. sea level events have been correlated
throughout the Phanerozoic as being roughly synchronous within the limits of
the bio- and magnetostratigraphy and this is presumed to be evidence for
eustatic control of sequence development (Vail et al., 1977; Hallam, 1984; Vail
et al, 1984, Haqg et al., 1987). However, proponents of eustatic control of third-
order sequences are forced to resort to some combination of variations in
spreading rates and glacio-eustacy, especially during times of major continental
glaciations, to explain the controlling mechanisms of third-order eustacy.

Proponents of tectonic control suggest that sub-crustal thermal activity
(Sloss and Speed, 1974), or major periods of plate tectonic reorganization
(Bally, 1980) explain synchronous sequence development and consider
eustacy to be a subordinate response. Others, (Parkinson and Summerhayes,
1985; Heidlauf et al., 1986; Cloetingh, 1986; ; Watso and Klein, 1989), while not
denying possible global sea level fluctuations, suggest that local and regional
tectonism cannot be neglected as potential controls on certain stratigraphic
sequences. Cloetingh (1986) has proposed intraplate stress mechanisms that
generate regional stress adjustments at passive margins to explain recognized
deviations from global sea level curves but it seems unlikely that this
mechanism would exert the overall control on widely separated basins.

Since the Late Cambrian was a time of dominantly low latitude
continents and open polar oceans (Scotese and McKerrow, 1990), changes in
polar ice volume are not a viable controlling factor behind third-order sea level

fluctuations. Alpine glaciation and perhaps polar pack ice may have supplied a
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reservoir large enough to store the necessary volumes of ocean water to control
the shorter third-order events but more likely were a subsidiary factor to some

as yet unrecognized control.

SUMMARY AND CONCLUSIONS
1) Interbasinal correlation of Late Cambrian cyclic carbonates in the
Appalachian and Cordilleran passive margins, the Texas cratonic embayment
and the southern Oklahoma aulacogen suggests that third-order depositional
sequences are eustatic in origin. Graphic correlation of biostratigraphically-
constrained strata was used to establish equivalency between shallowing-
upward successions (tens to hundreds of meters thick) between individual
sections. Six major third-order depositional sequences can be correlated
interbasinally. Numerous smaller-scale stratigraphic cycles also were
recognized but correlations were less conclusive. Depositional sequences
were named on the basis of their relative time ranges according to the trilobite
biostratigraphy and are: 1) late Cedaria, 2) mid-Crepicephalus, 3) late
Crepicephalus, 4) Aphelaspis to earliest Elvinia, 5) Elvinia to early Saukia, and

6) Saukia to the Cambrian-Ordovician boundary.

2) Interbasinal correlation of depositional sequences atlows for an evaluation of
various methods of determining eustatic sea level history. Fischer plots define
the path of relative sea level based on the amount of extra accommodation
space produced by eustacy beyond that provided by subsidence. Interbasinal
correlation of Fischer plots for Late Cambrian cyclic successions adds support

for a eustatic control on their development. They also show how stacking
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patterns of meter-scale cycles relate to longer-term sea level events. Besidual
eustatic curves derived from subsidence analysis also were used for
interbasinal correlation because they are corrected for isostatic and tectonic
subsidence. The residual eustatic curves for Late Cambrian relative time
support a eustatic control on the long-term sea level events but the method is

less sensitive for correlating smaller-scale (< 2 m.y.) sequences.

3) Direct comparison of both the Fischer plots and time-equivalent residual
eustatic curves with paleobathymetric curves of Late Cambrian cyclic strata
point out the limitations to the techniques but also suggest that the semi-
quatitative sea level curves may approximate the form of the eustatic sea level
curve. By qualitatively combining the correlated sea level curves for each of the
four localities, a composite "eustatic” sea level curve for the Late Cambrian was
generated. The composite curve is considered "eustatic” on the basis of the
interbasinal correlatability of depositional sequences. It is not possible to define

absolute magnitudes of sea level departures without a known datum.

4) The application of sequence stratigraphic concepts to outcrop sections of
depositional sequences is done by comparing the stacking patterns of meter-
scale cycles with their relative position on “eustatic” sea level curves for specific
Late Cambrian sequences to define sequence boundaries, systems tracts and
flooding surfaces. Type 2 sequence boundaries are difficult to define in vertical
outcrop sections since they are complicated by repeated pulses of high
frequency sea level oscillations that generated meter-scale cycles. Instead of a

single recognizable horizon, cyclic sections may merely show a transitional
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zone of stacked cycles with features indicating emergence of the zone relative
to underlying and overlying beds. Maximum flooding events also may best be
recognized by a transitional zone of stacks of thick cycles reflecting a
deepening-upward trend from stacks of thinner cycles exhibiting a slight
shallowing-upward trend. The meter-scale cycles observed in outcrop provide
important information about the internal composition of third-order sequences

and component systems tracts.
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CHAPTER 3

SUBTIDAL CYCLES: IMPLICATIONS FOR ALLOCYCLIC
VS. AUTOCYCLIC CONTROLS
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ABSTRACT

Thick successions of repetitive meter-scale subtidal cycles require
suppressed sedimentation rates to maintain submergence below peritidal
depths. Intrinsic processes such as storm and wave reworking and
redistribution, reduced productivity within turbid waters, and lags in
sedimentation during rapidly rising sea level may act to inhibit aggradation into
the zone of optimal carbonate production. These processes may be a function
of energy regime that in turn may relate to platform morphology. The ultimate
control on stacked subtidal cycles appears to be eustacy with internal variability

being controlled by subordinate sedimentary processes.

INTRODUCTION

Meter-scale cycles composed of purely subtidal carbonate lithofacies
have increasingly been recognized throughout the geologic record (Lohmann,
1976; Markello and Read, 1982; Harwood and Moore, 1984; Aigner, 1985;
Bova and Read, 1987; Calvet and Tucker, 1988; Yose and Heller, 1989).
Subtidal cycles are distinct from classic tidal flat-capped peritidal cycles, the
basic genetic unit of many carbonate platforms (Wilson, 1975, James, 1984), in
that they do not shoal to tidal levels but remain submergent. Given the relatively
rapid sedimentation rates of many modern shallow carbonate environments,
subtidal cycles should, upon aggradation into the zone of maximum carbonate
productivity, rapidly shallow up into the tidal zone. However, subtidal cycles
remain within shallow to deep subtidal water depths suggesting that other
factors must be operating to preclude complete shoaling. This paper proposes

mechanisms by which shallowing-upward trends terminate within subtidal
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depths and assesses the implications of subtidal cycles with regard to allocyclic

versus autocyclic controls.

SUBTIDAL CYCLE CHARACTERISTICS: LATE CAMBRIAN
EXAMPLES

A spectrum of shallow to deep subtidal cycles in the Late Cambrian of the
House Range of west central Utah (Fig. 33) have many of the characteristics of
subtidal cycles recognized elsewhere in the geologic record. As opposed to the
fining-upward, thinning-upward trend that characterizes peritidal cycles (James,
1984; Demicco, 1985; Hardie and Shinn, 1986; Koerschner and Read, 1989),
subtidal cycles are distinguished by an upward increase in grain size, bed
thickness, crossbedding and other high energy sedimentary structures. Cycles
are not capped by intertidal lithofacies nor do any of the subtidal cycles exhibit
exposure features such as microkarsting or vadose dissolution/cementation.
These cycles all fall within the range of average periods (20 - 400 ky) and
thicknesses (0.4 - 12.0 m) expected for shallowing-upward, meter-scale cycles
(Algeo and Wilkinson, 1989). Shallow to deep subtidal cycles form a continuum
across carbonate platforms and are genetically linked to one another by shared
lithofacies (Fig. 33).

Shallow subtidal cycles (0.7-5.2 m) of the Cordilleran Late Cambrian
passive margin consist of a lower burrowed skeletal wackestone grading up
into an oncolite-skeletal packstone/grainstone (characterized by numerous
stacked hardgrounds) capped by a clean oolitic grainstone (Fig. 33). No
evidence of intertidal exposure is recognized although the cross-bedded oolitic

caps likely reached up into less than 2 meters of water (Hine, 1977; Harris,
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Fig. 33: Shallow to deep ramp cycles of the House Range, Utah. Dashes off to
the right denote cycle boundaries. Numbers off to the left are field-measured

thicknesses in meters.
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1979; Halley et al.,, 1983). These cycles formed on the shallow ramp by
migration of skeletal sand sheets across the burrowed wackestones followed by
widespread progradation of ooid shoals in response to storm- and wind-
generated currents.

Mid-ramp subtidal cycles (2.0-12.0 m) consist of basal nodular,
argillaceous wackestone overlain by burrowed packstone coarsening upward
into a skeletal packstone/grainstone cap (Fig. 33). Scoured surfaces, skeletal
lag deposits with abundant shelter porosity and perched mud, hummocky cross-
stratification and rippled laminae attest to active storm sedimentation. These
cycles developed on the mid-ramp at intermediate water depths above storm
wave base seaward of the ooid grainstone-capped cycles. The succession of
lithofacies record gradually increasing storm influence as the platform
shallowed into broad skeletal sand sheets.

Deep ramp cycles (0.6-3.1 m) are characterized by basal nodular
argillaceous mudstone overlain by burrowed spiculitic wackestone with
upward-increasing skeletal packstone lenses (Fig. 33). These cycles
developed on the deep ramp near maximum storm wave-base seaward of the
skeletal grainstone-capped cycles. The similarity in lithofacies to the skeletal
grainstone-capped cycles suggests that they are incomplete cycles deposited at

greater depths on the deep ramp.

MODELING RELATIVE ACCUMULATION RATES
Once carbonate sediments have aggraded into the zone of high
productivity potential within warm, shallow waters, rapid shoaling to peritidal

depths should occur within a geologically short period of time. The simplest
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explanation for why subtidal cycles do not rapidly aggrade to sea level is that
they are a product of reduced deeper water sedimentation rates. This concept
can be illustrated with one-dimensional computer modeling (Read et al., 1986;
Read, 1989) that graphically shows the interaction of subsidence, sediment
accumulation and fluctuating sea level over time (Fig. 34). Figure 34A shows
the major components of the modeling (details can be found in Read et al.,
1986). All parameters in figures34B and 34C have been held equal except for
sedimentation rates of the water depth-dependent lithofacies. The first run (Fig.
34B) uses sedimentation rates roughly approximating measured high rates from
modern carbonate environments (Logan et al., 1974; Neumann and Land,
1975; Enos, 1977; Shinn et al., 1982; Bosence, 1989). Beginning in 20 meter
water depths, the sediment surface remains submerged for about 150 ky
producing two purely subtidal cycles. When the aggrading sediment surface
reaches above 10 meter water depths however, the rapid shallow subtidal
sedimentation rates become active and force the platform to abruptly shallow to
peritidal depths producing a stack of tidal flat-capped cycles.

The second run (34C) uses sedimentation rates that roughly approximate
net long-term accumulation rates for passive margins (0.01 - 0.1 m/ky). The
aggrading sediment surface remains submergent throughout the entire 500 ky
run producing a stack of purely subtidal cycles similar to those recognized in
outcrop (compare with Figure 33 deep ramp cycles). To keep subtidal cycles
from completely shallowing to sea level, some mechanism (or combination of
mechanisms) had to have acted within the subtidal zone to suppress
sedimentation rates relative to the high rates of modern shallow water settings

(<20 m). Changing other parameters in the model such as short-term sea level
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Fig. 34: 1-D models of interacting subsidence, fluctuating sea level and
sedimentation. 34A) Explanatory diagram of model components. 34B) Model
of rapidly aggrading stacked peritidal cycles generated using Holocene
shallow-water (<20 m) sedimentation rates. Water depth ranks: tidal flat = 0-2
m, shallow subtidal = 2-10 m; deep subtidal = 10-20 m; very deep subtidal =
>20 m. Simplified sea level curve consists of in-phase 20, 40, and 100 ky sine

waves superimposed upon a 5 m/500 ky sea level rise.
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Figure 34C: Model of stacked subtidal cycles generated using the same water
depth ranks as 34B but with sedimentation rates that roughly approximate long-
term accumulation rates. Note the similarities to the deep subtidal cycles of Fig.

33.
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amplitude, total subsidence rate and long-term rise rate will change the
appearance of the synthetic stratigraphic columns. However, holding the
changed variables equal and just varying the sedimentation rates will still
produce vertical successions that show a dominance of peritidal cycles versus a

dominance of subtidal cycles.

HOLOCENE SEDIMENTATION RATES

Most sedimentation rates measured in modern carbonate environments
are determined from shallow subtidal to intertidal localities well within the photic
zone where active production, redistribution and accumulation is occurring
(Logan et al., 1974; Neumann and Land, 1975; Enos, 1977; Shinn et al., 1982;
Bosence, 1989). These shallow-water (generally < 20m), short-term
sedimentation rates are variable but generally relatively rapid and range from
0.1 to 10.0 m/ky. The few deeper water (> 20 m, excepting periplatform areas)
rates that can be measured come from mixed carbonate-siliciclastic systems
such as the Sunda-shelf (Milliman, 1974; 0.08 m/ky for the post-Miocene) and
the deeper Persian Gulf ramp (Seibold et al., 1973; 0.07 m/ky) or from deep
water lagoons such as Khor al Bazm along the Trucial Coast (Purser and
Seibold, 1973; 0.02 - 0.06 m/ky). All of the deeper water rates fall within the
range of long-term accumulation rates for passive margins (0.01 - 0.1 m/ky) and
may provide an analog for ancient argillaceous deeper subtidal lithofacies.

Given the scarcity of data from modern deep shelf carbonate
environments, we can only assume exponentially decreasing sedimentation
rates for ancient deeper subtidal carbonates based on relative productivity

curves such as the one proposed by Schlager (1981). However, short-term
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sedimentation rates reflect the residual of production after redistribution of
sediment occurs and may not necessarily decrease exponentially with depth.
The characteristic wedge-shape of individual depositional units, partially
reflecting slope and the higher subsidence rates of the outer platform, requires
that accumulation rates increase toward the outer ramp. This thickening is
accounted for by: 1) redistribution of sediment produced on the shallow subtidal
ramp out onto the more rapidly subsiding deeper ramp, and 2) intermittent
deposition within the peritidal zone versus more continuous deposition in
deeper subtidal environments. To maintain deposition within the subtidal zone
without shallowing to peritidal depths, sedimentation rates active over the
average duration of a typical shallowing-upward cycle (20-200 ky) must
approach accumulation rates characteristic of longer periods of time (Sadler,

1981).

MECHANISMS FOR CONTINUED SUBMERGENCE
Time could be lost within subtidal cycles, thereby reducing net

sedimentation rates, as a result of four processes.

Suppression of carbonate accumulation by wave sweeping: Net
sedimentation rates could be suppressed by reworking and redistribution of
sediment once accumulation has shallowed up to an energy barrier such as
normal fairweather or storm wave base. On the mid-ramp, storm-dominated
cycles may have aggraded into the zone of active storm current winnowing
where their accumulation slowed down due to submarine erosion of sediment

and subsequent redistribution out into lower energy, deeper subtidal
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environments. Numerous actualistic models exist. Aigner (1985) has
documented siliciclastic sediment transport from shallow to deep water within
German Bay (North Sea) by offshore flowing "gradient" currents that develop in
response to barometrically-induced coastal set-up. Sandy sediments are
stirred up into suspension and carried offshore as dilute bottom-hugging density
currents. The extensive blanket of coral-algal sands of the Great Pearl Bank of
the Persian Gulf lie within water depths of 8 to 20 meters suggesting little
aggradation above fairweather wave base (about 20 m; Purser and Seibold,
1973). Sediments are either carried out into the deeper Gulf where muddy
sands predominate in water depths of 20 to 40 meters or are swept back toward
the lagoon where they build up as steep accretion slopes (Purser and Evans,
1973). Also in the deeper Persian Gulf, Seibold and others (1973) have
recognized a "widespread, vertically restricted zone of maximum sedimentation
of echinoid and ophiuran skeletons that can also be related to the base of wave
action”. Along the northwest Australian inner shelf a thin (< 50 cm) semi-
continuous sand sheet marks the upward termination of carbonate
accumulation caused by constant sediment reworking by tidal currents and a
strong storm-generated wave regime (Dix, 1989). Similarly, ancient storm-
influenced subtidal cycles may have been unable to build above the zone of
active wave sweeping due to the high energy conditions suppressing

aggradation into the zone of optimal carbonate productivity.

Lack of low energy nucleation sites for tidal flats: The clean ooid
grainstone caps of shallow ramp subtidal cycles probably aggraded to low tide

under agitated conditions. However, energy levels may have been high
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enough to preclude the nucleation of tidal flats, thereby maintaining shallow
subtidal conditions. The shoal would have expanded laterally, filling in lows

and forming an extensive sand sheet.

Turbidity: Carbonate productivity could be suppressed (but not necessarily
shut down) by constant influx of fine siliciclastics that reduce the depth of light
penetration as suggested by Schlager (1981) to explain the drowning of
carbonate platforms. An actualistic model can be found in the Belize southern
shelf lagoon where Purdy and others (1975) made a qualitative estimate of light
penetration of 3-5 meters as opposed to effective photic depths of 30-40 meters
for the Belize outer reef tract and >100 meters for the open ocean. Reduced
biogenic productivity of filter feeders in concert with diminished light penetration
and photosynthetic activity may interact to suppress sedimentation rates on the
deep ramp where significant amounts of time could be represented by
argillaceous limestones. The thinness of deep ramp cycles in the House Range
(Fig. 33) versus thicker shallow and mid-ramp cycles may reflect reduced

sedimentation rates due to turbidity.

Non-deposition during hardground formation: Hardgrounds are a
common feature near the top of many subtidal cycles (Dravis, 1979; Moore,
1989) and may represent significant amounts of time. An actualistic analog is
the grapestone facies of the Great Bahama Bank (4 - 10 m water depths) where
very slow deposition and marine cementation of peloids and ooids is occuring
as a result of active wave energy redistributing carbonate muds off the leeward

flank of the platform (Winland and Matthews, 1974). Similar slow sedimentation
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may be reflected in Late Cambrian shallow subtidal lithofacies by stacked

hardgrounds within high energy oncolitic-skeletal grainstones.

CYCLE TYPE AND PLATFORM MORPHOLOGY

Subtidal cycles seem to be more common on carbonate ramps than on
flat-topped rimmed shelves. They have been recognized on ramps in the U.S.
Cordilleran Late Cambrian (Lohmann, 1976; Cook and Taylor, 1977); Mid- to
Late Cambrian of Virginia-Tennessee (Markello and Read, 1982); Early
Ordovician of the Appalachians (Bova and Read, 1987; Montanez, 1989); Early
Mississippian of Wyoming-Montana (Elrick and Read, 1989); Pennsylvanian of
southeastern California (Yose and Heller, 1989); Triassic of South Germany
(Aigner, 1985; Calvet and Tucker, 1988); and the Jurassic Smackover
Formation (Harwood and Moore, 1984).

Peritidal cycles may be more common on flat-topped, rimmed shelves
such as the Lower Proterozoic Rocknest platform, Northwest Territories,
Canada (Grotzinger, 1986); Cambrian Appalachian platform from
Newfoundland to Tennessee (Demicco, 1985; Chow and James, 1987;
Koerschner and Read, 1989); Cambrian of the southern Canadian Rockies
(Aitken, 1978); Devonian of the Canning basin, western Australia (Read, 1973);
and the Permian Capitan platform (Jacka et al., 1969). .

The connection between platform morphology and cycle type may be
related to energy regime. Open, deeply submerged ramps would be subject to
higher energy conditions since they are vulnerable to strong wave and current
activity generated in response to swells originating in the open ocean (Logan et

al.,, 1969). Normal storm-related swells would travel unimpeded onto the ramp
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with little loss of energy until they impinged on the ramp bottom (20-200 m for 5-
12 second waves; Friedman and Sanders, 1978) when they would begin to
lose energy by frictional dissipation. In this way, fines generated on the shallow
ramp would be winnowed and redeposited along narrow tidal flats adjacent to
the shoreline or carried out to the deeper ramp where they would settle out of
suspension. The higher energies would preclude the nucleation and
progradation of tidal flats and thereby maintain subtidal conditions across the
ramp.

In contrast, flat-topped, reef-rimmed shelves would be dominated by low
energy conditions because swells generated in the open oceans would rapidly
lose energy during contact with the protective reefal rim. Fine-grained
sediments would accumulate within restricted shallow subtidal lagoons where
they could be fed onto rapidly prograding tidal flats. The platform would
maintain a fully aggraded, low energy, flat-topped profile enhancing the

development of widespread peritidal lithofacies.

SUBTIDAL CYCLES: AUTOCYCLIC VS. ALLOCYCLIC CONTROLS

Mechanisms proposed for meter-scale carbonate cycle generation
include the tidal flat-controlled autocyclic model (Ginsburg, 1971) , variations in
sedimentation-redistribution (Spencer and Demicco, 1989; Cloyd et al, 1990),
episodic tectonism (Cisne, 1986), and eustatic oscillations of sea level
(Goldhammer et al.,, 1987; Koerschner and Read, 1989). Essential to the
autocyclic model is the progradation of tidal flats over the subtidal carbonate
factory, terminating sediment generation until sufticient water depths can be

attained by subsidence to resume carbonate production. By definition, shallow
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subtidal cycles lack a tidal flat cap that might have inhibited productivity during
its progradation. Therefore, the autocyclic model involving tidal flats has to be
discarded as a plausible mechanism of subtidal cycle development although a
variant involving wave-base may still apply.

Variations in sedimentation-redistribution certainly occur within subtidal
carbonate platforms. Hardgrounds that formed during non- depositional events
and the sheetlike geometry of carbonate sands produced by storm- and wave-
reworking and redistribution attest to these processes. However, the variability
of shifting loci of carbonate sedimentation and deposition cannot explain the
persistent vertical and lateral rhythmicity and predictability of stacked subtidal
cycles. In the House Range, cycle contacts can be traced as subparallel bands
for many kilometers along the mountain flank. Deep subtidal cycles of the
Sneakover Pass Member of the Orr Formation can be correlated from outcrops
greater than 45 kilometers apart (Fig. 35). Also, the cycles are vertically
predictable. Stacked subtidal cycles in the House Range show essentially the
same repetition of lithofacies in 16 shallow subtidal and 34 deep subtidal
successive cycles (Fig. 33). Processes intrinsic to the platform contribute to
variability within cycles but are subordinate to a more dominant control on cycle
formation such as eustatic sea level fluctuations.

Figure 36 illustrates the probability of an oscillating sea level as the
primary control on development of subtidal cycles and the improbability of
episodic tectonism as a potential control. The shallow subtidal cycles of the
House Range (average 4 meter thickness) require deposition of a clean oolitic
grainstone cap in water depths of 0 to 10 meters (Hine, 1977; Harris, 1979;

Halley et al., 1983). To account for the abrupt change in lithofacies between the
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Fig. 35: Correlation of deep subtidal cycles within the Sneakover Pass Member,
Orr Formation, across 45 km within the House Range. Correlation based upon
Notch Peak - Orr formational boundary and projected biomere boundary from

Orr Ridge to Steamboat Pass.
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Fig. 36: Diagram illustrating the necessity of an oscillating sea level to generate

typical subtidal cycles. See text for explanation.
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grainstone cap and the open-marine, burrowed wackestone base of the
overlying cycle, relative sea level had to have risen, perhaps 15 to 25 meters,
so that quiet, deeper water conditions were established on the sea bottom. This
could occur either by eustatically raising sea level or by rapid tectonic
subsidence of the platform. Simple aggradation of a 4 meter cycle, even
expanding the cycle to account for compaction, could not raise the depositional
surface back into the 0 to 10 meter water depths necessary for oolite
generation. Either sea level had to have dropped or the substrate had to rise
into the high energy zone. It seems hard to conceive of repeated tectonic
pulses (each 20 to 200 ky duration) of up-down movements over millions of
years to produce repetitive cycles (all within a fairly narrow range of
thicknesses) on a mature passive margin.

Episodic movement along the House Range Embayment southern
boundary fault may have contributed "noise” to the subtidal cycle stratigraphy in
the Big Horse Member of the Orr Formation (early Late Cambrian) but certainly
could not have affected subtidal cycles in later Late Cambrian strata because
the House Range Embayment is agreed to have been infilled after the early
Late Cambrian (Rees, 1986). Modern examples of episodic tectonic pulsing
(Yeats, 1978; Ota et al., 1984; Bull and Cooper, 1986) have come from regions
of extreme .tectonic instability such as Southern California and New Zealand,
poor analogs for ancient mature passive margins. Relative oscillations of sea
level caused by intraplate stress mechanisms (Cloetingh, 1986) are much too
slow (0.01 - 0.1 m/ky) and non-periodic to produce fourth and fifth order cycles
(20 - 400 Kky). Eustatic (glacio-eustatic?) oscillations of sea level appear to be

the ultimate controlling mechanism of thick successions of subtidal cycles,
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especially where they are developed on cratonic interiors and passive

continental margins.

CONCLUSIONS
1. Repetitive successions of carbonate cycles composed of purely subtidal
lithofacies are a common component of many carbonate ramps.
2. To maintain submergence, subtidal lithofacies had to have experienced
suppressed sedimentation rates relative to rapidly-shoaling peritidal cycles.
3. Intrinsic processes such as storm- and wave-reworking and redistribution
near fairweather or storm wave-base may act to maintain submergence below
the zone of optimal carbonate productivity.
4. Subtidal cycles appear to be the dominant cycle type on ramps whereas
peritidal cycles appear to dominate flat-topped rimmed shelves. The
relationship between cycle type and platform morphology may be a function of
energy regime.
5. Subtidal cycles on passive margins appear to be a product of eustacy acting

in concert with subordinate sedimentary processes.
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CONASAUGA - LATE CAMBRIAN DATA

UnitName TIMEOBS P-RIFT Tobs(sl) IIMEDELITH P-RIFT Tdel(sl)

pre-LC
Nol1
Nol2
Nol3
Nol4
Nol5
Nol6
Nol7
Nol8
Nol9
Nolmid
Nol11
Nol12
Nol13
Nol14
Nol15
Nol16
Nol17
Nol18
Nol19
Nol20
Nol21
Mayn1
Mayn2
Mayn3
Mayn4
MaynS
Mayn6é
Mayn7
Mayn8
CopR1
CopR2
CopR3
CopR4
CopR5

525
521.94
521.3
520.57
520.46
520.37
520.19
520.14
519.97
519.8
519.46
519.37
519.23
519.03
518.94
518.83
518.64
518.2
518.09
517.96
517.39
517.21
516.46
516.15
51595
515.89
515.75
515.55
515.24
515
514.22
511.94
508.88
505.81
505

35
38.07
38.7
39.43
39.54
39.63
39.81
39.86
40.03
40.2
40.55
40.63
40.77
40.97
41.06
41.17
41.36
418
41.91
42.04
42.61
428
43.54
43.85
44.05
44 11
44 .26
44 45
44.76
45
45.78
48.06
51.12
54.19
55

525
521.87
521.3
520.45
520.31
520.22
519.99
519.96
519.71
519.59
519.42
519.33
519.17
518.88
518.8
518.66
518.51
518.2
518.13
517.92
516.94
516.65
516.01
515.82
515.67
515.63
515.52
515.4
515.17
515
514.26
511.75
508.76
505.77
505

35
38.13
38.7
39.55
39.69
39.78
40.01
40.04
40.29
40.41
40.58
40.67
40.83
41.12
41.2
41.34
41.49
418
41.87
42.08
43.06
43.35
43.99
44 .19
44 .33
44 37
44 .48
446
44 .83
45
4574
48.25
51.24
54.23
55
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IIME WDmin
525
522.03
521.3
520.75
520.56
520.41
520.18
520.06
519.81
519.64
519.54
519.44
519.25
518.99
518.84
518.66
518.47
518.2
518.13
517.81
516.92
516.53
515.89
515.74
515.6
515.57
515.46
515.37
515.16
515
514.26
511.75
508.76
505.77
505

E-RIFT Twdmin(sl)
35
37.97
38.7
39.25
39.44
39.59
39.82
39.95
40.19
40.36
40.46
40.56
40.75
41.01
41.16
41.34
41.53
418
41.87
42.19
43.09
43.47
44 11
44.26
44.4
44.43
44.54
4463
4484
45
45.74
48.25
51.24
54.23
55

IIME WDmax P-RIFT Twdmax(sl)

525
522.04
521.3
520.85
520.59
520.46
520.17
520.06
519.77
519.62
519.52
519.39
519.18
518.88
518.75
518.55
518.39
518.2
518.08
517.61
516.83
516.33
515.87
515.77
515.61
51557
515.43
515.36
515.16
515
514.21
511.7
508.76
505.82
505

35
37.96
38.7
39.15
39.41
39.54
39.83
39.95
40.23
40.38
40.48
40.61
40.82
41.12
41.25
41.46
41.61
418
41.93
4239
43.18
43.68
4413
44 .23
44 .39
44 .43
4457
44 .64
44 84
45
458
483
51.24
54.18
55

IMETECT

286

525
521.75
521.3
520.32
520.15
520.07
519.81
519.8
519.5
519.42
519.34
519.26
519.09
518.75
518.69
518.55
518.43
518.2
518.16
517.87
516.44
516.05
515.56
515.46
515.38
515.36
5153
515.24
5151
515
514.43
511.99
509.08
5059
505



-2.61
-81.23
-92.43

-116.01
-120.15
-122.26
-128.39
-128.76
-135.83
-137.88
-139.72
-141.79
-145.75
-153.93
-155.59
-158.96
-161.81
-167.31
-167.98
-172.66
-195.8
-202.18
-210.09
-211.63
-213
-213.37
-214.29
-215.28
-217.6
-219.16
-224.35
-246.51
-272.85
-301.75
-309.89

-3.33
-109.47
-126.78
-162.22
-168.17
-171.68
-180.82
-181.81
-191.75
-196.44
-202.91
-206.29
-212.39
-223.96
-226.95
-232.16
-237.87
-249.64
-252.01
-259.13
-293.54
-303.31
-324.63
-331.07
-335.88
-337.02
-340.43
-344.48
-352.37
-357.94
-377.33
-445.32
-630.51
-617.05
-639.77

Y Tobs(sh)

-53.3005
-103.7067
-113.8456
-125.3911
-127.0698
-128.5579
-131.3868
-132.0576
-134.7365
-137.4081
-142.7293
-144.0396
-146.1632
-149.2633
-150.5801
-152.2923
-155.2357
-161.8971
-163.5741
-165.5192
-174.0814

-176.824
-187.8466
-192.4387

-195.361

-196.163
-198.3031
-201.0908

-205.617
-209.0724
-220.2399
-252.0175
-292.9188
-331.8738
-341.9139

Y Tdel(sl)
-50.406
-102.1641
-111.3341
-124.7682
-127.0998
-128.4993
-132.1068
-132.5294
-136.4807
-138.3492
-140.9593
-142.3546
-144.7685
. -149.3476
-150.5466
-152.6489
-154.9608
-159.6896
-160.7846
-163.9408
-178.612
-182.972
-192.4252
-195.301
-197.4666
-198.0218
-199.5542
-201.3315
-204.7597
-207.1634
-217.8301
-252.9243
-293.0604
-331.3161
-340.8453
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-52.0708
-100.7866
-112.4516
-121.1801
-124.1067

-126.515
-130.1009
-131.8821
-135.7181
-138.3758
-139.9022

-141.457

-144.375
-148.4301
-150.7027
-153.4257
-156.2773
-160.3728
-161.4429
-166.2658
-179.5538
-185.2393

-194.633
-196.7526
-198.8238
-199.2288

-200.847
-202.1597
-205.1674
-207.4201
-217.9911
-252.7701
-292.5457
-330.4578
-339.9014

Y Twdmin(s) Y Twdmax(s)

-51.4098
-100.0578
-111.8857
-118.9851
-123.0886
-125.1888
-129.6095
-131.4469
-135.9324
-138.1443

-139.688
-141.7682
-144.9645
-149.5712
-151.5692
-154.6572
-156.9477
-159.8823
-161.7684
-168.7369
-180.4243
-187.7833

-194.473
-195.9416
-198.2054
-198.8429
-200.8539
-201.8649
-204.6467
-207.0037
-218.3428
-253.1471
-292.2762
-329.6027
-339.6934

Y Ttect(sl)
-46.5066
-101.1642
-108.4931
-124.2445
-126.9791
-128.3835
-132.4101
-132.6642
-137.3061
-138.6329
-139.8475
-141.1867
-143.7653
-149.0742
-150.1513
-152.3174
-154.1526
-157.6887
-158.3232
-162.784
-184.527
-190.4396
-197.7264
-199.1355
-200.3796
-200.72
-201.5629
-202.4642
-204.5737
-205.9871
-214.3642
-249.2818
-289.0762
-330.6566
-341.9914

B2 Tobs(shh B2 Tdel(sh

-50.69
-22.48
-21.41
-9.38
-6.92
-6.3

-33
1.09
0.47
-3.01
-2.25
-0.41

4.67

5.01
6.67
6.57
5.41

44
7.14
21.72
25.36
22.25
19.19
17.64
17.21
15.99
14.19
11.98
10.09
411
-5.51
-20.07
-30.12
-32.03

-47.8
-20.94
-18.9
-8.76
-6.95
-6.24
-3.72
-3.77
-0.65
-0.47
-1.24
-0.57
0.98
4.58
5.04
6.31
6.85
7.62
7.19
8.72
17.19
19.21
17.67
16.33
15.54
15.35
14.74
13.95
12.84
11.99
6.52
-6.42
-20.21
-29.56
-30.96

R2 Twdmin(sl)
-49.46
-19.56
-20.02

-5.18
-3.96
-4.25
-1.71
-3.22
0.11
-0.5
-0.18
0.33
1.38
55
488
5.54
5.53
6.94
6.54
6.39
16.24
16.94
15.46
14.88
14.18
14.15
13.45
13.12
12.43
11.74
6.36
-6.26
-19.69
-28.7
-30.01
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B2 Twdmax(sl) ~ B2 Ttect(sl) P-RIFT Tobs(hi) P-RIFT Tdelthi) P-RIFT wdmin(hi)

-48.8
-18.83
-19.45

-2.97

-2.94

-2.93

-1.22

-2.69

-0.11

-0.27

0.03
0.02
0.79
4.36
4.02
43
4.86
7.43
6.21
3.92
15.37
144
15.62
15.69
148

14.53

13.44

13.42

12.95
12.15
6.01

-6.64
-19.43
-27.85
-29.81

-43.9
-19.94
-16.06

-8.23

-6.83

-6.12

-4.02

-3.91

-1.48

-0.76

-0.12

0.6
1.99
4.86
543
6.64
7.66
9.62
9.66
9.87

11.27

11.74

12.37

125

12.62

12.65

12.73

12.82

13.02

13.17

9.99

-2.78
-16.23

-28.9

-32.1

35
38.07
38.7
39.43
39.54
39.63
39.81
39.86
40.03
40.2
40.55
40.63
40.77
40.97
41.06
41.17
4136
418
419
42.04
42.61
428
43.54
43.85
44.05
44 .11
44 .26
44 .45
44.76
45
45.78
48.06
51.12
54.19
55

35
38.04
38.7
39.58
39.71
39.79
40.01
40.06
40.27
40.42
40.63
40.71
40.85
411
41.18
413
41.46
418
41.87
42.01
4267
42.86
43.63
43.83
44.08
44 11
4428
444
4477
45
4575
48.63
51.5
5437
55

35
379
38.7

39.31
39.48
39.63
39.85
39.97
40.19
40.37
40.5
40.6
40.77
41.01
41.16
4132
41.51
418
41.87
421
42.76
43.03
43.78
43.94
44 .17
442
44 36
44 .46
4479
45
45.75
48.63
51.5
5437
55
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35
37.91
38.7
39.19
39.44
39.57
39.84
39.96
40.23
40.38
40.5
40.63
40.83
4111
41.24
41.44
41.59
418
41.91
42.29
4294
43.35
43.91
44 .03
44 .24
44.28
44 .45
44 .53
448
45
45.78
48.64
51.48
5433
55

BRits+sii(hi) RELITH at end(hi)

2.6
-88.32
-102.44
-133.06
-136.7
-138.74
-144.94
-146.12
-152.49
-155.69
-158.83
-160.75
-164.18
-171.74
-173.63
-176.77
-179.99
-186.93
-188.09
-192.47
-213.96
-219.32
-241.23
-243.84
-251.51
-251.94
-256.36
-257.83
-268.27
-273.32
-284.79
-357.4
-402.32
-454.28
-463.09

-3.33
-117.91
-137.98
-179.86
-185.38
-189.06
-198.41
-200.33
-209.64
-215.77

-224.7
-228.09
-233.88
-244.83
-248.17
-253.48
-259.93
-274.31

-277.7
-284.56
-317.02
-326.05
-362.33
-371.06
-382.58
-384.08
-391.37
-396.56

-413.4
-423.08
-451.85

-576.3
-683.97
-799.09
-823.33

Y Tobs(hi)
-16.0508
-97.4499

-113.8229

-132.4673

-135.1782

-137.5813

-142.1496

-143.2329
-147.559

-151.8732

-160.4662

-162.5822

-166.0116

-171.0178

-173.1442

-175.9092

-180.6624

-191.4196

-194.1277

-197.2689

-211.0957

-215.5246

-233.3246

-240.7402

-245.4593

-246.7544

-250.2104

-254.7121

-262.0214

-267.6013

-285.6354

-336.9518
-403.002
-465.909

-482.1225

Y Tdel(hi)
-14.53
-94.9588
-112.0058
-134.3812
-137.5809
-139.744
-145.1387
-146.2905
-151.7377
-155.3752
-160.6421
-162.6002
-165.9654
-172.2555
-174.2236
-177.2201
-181.0188
-189.3673
-191.0705
-194.4954
-210.377
-215.0277
-233.2512
-237.8786
-243.8537
-244.6752
-248.5885
-251.3939
-260.057
-265.3182
-282.5891
-346.8955
-408.1129
-466.5973
-479.1891
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Y Twdminh) Y Twdmax(hi

-16.8686

-93.0694
-113.3809
-128.8287
-133.0361
-136.6335
-142.1385
-145.1195
-150.6194
-155.0646
-158.3901
-160.6768
-164.9461
-170.9131
-174.3507
-178.3637
-182.8505
-189.9778
-191.6401
-197.1917
-212.8703
-219.3844
-236.9122
-240.6911
-246.0859
-246.7588
-250.4661
-252.7552
-260.3596

-265.178
-282.2782
-345.9491
-406.5613
-464.4678
-476.9351

-16.0295
-92.309
-112.4468
-124.7698
-130.9329
-134.1801
-141.0022
-143.9062
-150.7354
-154.4097
-157.3625
-160.506
-165.3315
-172.3588
-175.4717
-180.1535
-183.8305
-188.9683
-191.6629
-200.6978
-216.2193
-225.7417
-238.91
-241.7248
-246.6434
-247.5927
-251.4069
-253.2295
-259.5792
-264.0944
-281.856
-344.9372
-405.029
-462.4584
-475.643

-11.7965
-95.9738
-109.0396
-137.4386
-140.7934
-142.668
-148.3282
-149.423
-155.2075
-158.1288
-160.9706
-162.7224
-165.8019
-172.6288
-174.3186
-177.1307
-180.0109
-186.2165
-187.2604
-191.1871
-210.3583
-215.0834
-234.2826
-236.5624
-243.217
-243.591
-247.4191
-248.6774
-257.6636
-261.986
-275.8594
-360.7283
-410.6891
-466.18
-475.3465

-13.45 -11.93
-9.13 -6.64
-11.38 -9.57
0.59 -1.32
1.53 -0.88
1.16 -1
2.79 -0.2
2.89 -0.17
4.93 0.75
3.82 0.32
-1.64 -1.81
-1.83 -1.85
-1.84 -1.79
0.72 -0.52
0.48 -0.6
0.86 -0.45
-0.68 -1.03
-4.49 -2.44
-6.03 -2.98
-4.79 -2.02
2.87 3.58
3.79 4.29
79 7.97
3.1 5.96
6.05 7.66
5.18 7.26
6.15 7.78
3.1 6.43
6.25 8.21
571 8
-0.85 2.2
20.45 10.51
-0.68 -5.79
-11.63 -12.32
-19.03 -16.1
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0.08
-0.77
0.82
-0.72
-1.59
-2.86
-3.05
-3.55
-4.72
1.09
-0.07
4.31
3.15
5.42
5.18
5.9
5.07
7.91
8.14
2.51
11.45
-4.24
-10.19
-13.84
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P-BIFT Twdmin(lo) P-RIFT Twdmax(lo)  Rifts+slyio) DELITH at end(lo) Y Tobs(lo)

35 35 15 2,22 -13.0135
37.87 37.89 -50.09 -78.68 -59.1824
387 38.7 -59.02 -93.58 -68.4691
39.2 39.12 -75.05 -121.66 -79.0441
39.39 39.38 -77.71 -126.08 -80.5817
39.55 39.52 -79.26 -129.01 -81.9446
39.77 39.8 -83.31 -136.01 -84.5358
39.91 39.93 -83.77 -137.08 -85.1502
40.13 40.21 -88.24 -144.43 -87.6039
40.33 40.36 -90.7 -149.52 -90.0509
40.44 40.47 -93.11 -156.53 -94.9248
40.54 40.61 -94.51 -159.17 -96.125
40.73 40.82 -97.16 -163.99 -98.0701
4097 41.11 -102.37 -172.55 -100.9096
41.14 41.25 -103.93 -175.43 -102.1157
4132 41.45 -106.32 -179.64 -103.684
4152 41.61 -108.86 -185.03 -106.3799
418 418 -113.55 -195.95 -112.4814
41.88 4193 -114.44 -198.54 -114.0174
4219 42.4 1175 -203.97 -115.799
42.96 43.11 -132.68 -230.79 -123.6415
43.32 43.61 -136.9 -238.72 -126.1535
44 44.07 -145.38 -260.38 -136.2495
44.17 44.18 -147.62 -267.49 -140.4556
4433 4435 -149.5 -272.79 -143.1323
44 .36 44.4 -149.99 -274.05 -143.8669
44.49 44.54 -151.27 -277.81 -145.827
44 59 44.62 -152.67 -282.27 -148.3804
44 .82 44.83 -155.78 -290.92 -152.5262
45 45 -157.9 -297.04 -155.6911
4574 458 -164.93 -318.22 -165.9199
48.25 48.3 -192.76 -391.77 -195.0261
51.24 51.24 -224.93 -481.71 -232.4893
54.23 54.18 -258.83 -573.55 -268.1697
55 55 -268.33 -597.67 -277.3658

293



Y Tdello) Y Twdmin(lo) Y Twdmax(lo) Y Ttect(lo) B2Tobs(lo) B2 Tdel(lo)

-11.5144 -12.95 -11.7545 -9.2551 -11.51 -10.01
-57.769 -55.855 -55.0872 -57.0705 -9.09 -7.68
-67.0552 -67.9206 -66.9348 -65.3497 -9.45 -8.04
-78.8556 -75.1181 -72.9524 -78.6614 -4 -3.81
-80.7668 -77.7471 -76.7558 -80.8637 -2.87 -3.06
-82.0434 -80.0696 -78.7158 -82.1363 -2.69 -2.79
-85.0629 -83.1947 -82.7368 -85.454 -1.23 -1.75
-85.5486 -85.1495 -84.5134 -85.8283 -1.38 -1.78
-88.7271 -88.3415 -88.5509 -89.4766 0.63 -0.49
-90.9297 -91.0723 -90.6967 -91.4812 0.65 -0.23
-93.9901 -92.6451 -92.2041 -93.4384 -1.82 -0.88
-95.2057 -94.0609 -94.1164 -94.5794 -1.61 -0.69
-97.2937 -96.7323 -97.0611 -96.7148 -0.91 -0.13
-100.9921 -100.1331 -101.1532  -100.9279 1.46 1.38
-102.2261 -102.3976 -103.0601 -102.1724 1.81 1.7
-104.0589 -104.9329 -105.9195  -104.0923 2.64 2.26
-106.3921 -107.6954 -108.051 -106.1206 2.48 2.46
-111.1351 -111.548 -110.7287  -109.8691 1.07 2.41
-112.3133 -112.6456 -112.5586  -110.7653 0.42 2.13
-114.7341 -116.913 -118.9853 -113.8528 1.7 2.76
-125.8379 -127.2734 -128.6221 -129.0051 9.04 6.84
-129.1861 -132.152 -135.2899 -133.1613 10.75 7.72
-138.5748 -141.2551 -141.5066  -141.4677 9.13 6.81
-141.6725 -143.4262 -142.9408  -143.639%4 7.16 5.94
-143.9982 -145.5653 -145.1536  -145.4656 6.37 55
-144.5853 -145.9872 -145.7754  -145.9534 6.12 54
-146.2377 -147.6331 -147.7301 -147.1885 5.44 5.03
-148.1392 -148.9869 -148.7057  -148.5424 4.29 4.53
-151.8366 -152.0804 -151.4288  -151.5506 3.26 3.95
-154.4111 -154.3798 -153.7233  -153.5767 2.2 3.48
-164.1347 -164.0036 -164.07  -162.0146 -0.99 08
-196.1259 -195.6663 -195.8267  -194.5687 -2.26 -3.36
-232.7132 -231.878 -231.5296  -230.6075 -7.56 -7.78
-267.5863 -266.3931 -265.5876  -266.8221 -9.34 -8.75
-276.2729 -274.9905 -274.7947  -276.6535 -9.03 -7.94
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-11.45
-5.76
-8.9
-0.07
-0.04
-0.81
0.11
-1.38
-0.1
-0.37
0.46
0.45
0.43
2.24
1.53
1.39
1.16

1.79
0.58
541
475
412
419
3.93

3.63
3.69
3.7
3.52
0.93
-2.9
-6.95
-7.56
-6.66

B2 Twdmax(lo) B2 Ttect(lo)

-10.25
-4.99
-7.92

2.09
0.95
0.54
0.57
-0.75
-0.31
0.01
0.9
0.39
0.1
1.22
0.87
0.4
0.81
2.82
1.88
-1.49
4.06
1.61
3.87
4.68
4.35
4.21
3.53
3.97
435
4.17
0.86
-3.06
-6.6
-6.76
-6.46

-7.75
-6.98
-6.33
-3.62
-3.15
-2.88
-2.15
-2.06
-1.24
-0.78
-0.33
-0.07
0.45
1.45
1.76
2.23
2.74
3.68
3.67
3.64
3.68
3.74
3.91
3.8
4.03
4.04
4.08
4.13
4.23
432
2.92
-1.81
-5.68
-7.99
-8.32
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