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Abstract

Within Carboniferous strata cyclical variations in lamina thickness have a modern

counterpart in tidal systems. These lamina thickness cycles can be equated to several types of neap-
spring periodicities and longer-term seasonal periods. The various hierarchies of cycles within the
ancient tidal deposits can be modeled using modern tidal station data. This type of fine-scale modeling
indicates how the various tide-producing parameters of the earth-moon-sun system can be encoded in
ancient tidal deposits. Based on relationships of lamina cycles to known tidal periods, inferred cycle
periods indicate that such sections underwent rapid, localized, vertical accretion. Large discrepancies
are evident when such short-term rates are compared to long-term rates of formation-level accumula-
tion. Such comparisons indicate that long-term accumulation rates are many orders of magnitude
slower than actuoal rates of deposition produced by tidal sedimentation.

Small-scale cycles occur within tidally dominated deposi-
tional environments. These cycles, considered essentially
geologically instantaneous, are preserved within the strati-
graphic record. In the finest scale cycle the twice daily and
daily rise and fall of the tides are related to the rotation of the
earth. A longer duration cycle is the approximately two-
week, or neap-spring, cycles that occur twice during a lunar
orbit (lunar month of 29.5 days). Three lunar orbital param-
eters affect neap-spring cycles. Of longer duration are sea-
sonal and yearly cycles. In modem tidal systems slight
variations in sea level, which can be as great as 1 m (3 ft),
occur in half-yearly and yearly cycles. Such cycles are related
in part to astronomical parameters and to seasonal climate.

A similar range of cycles was recognized in ancient tidal
sequences and can be equated to subdaily to yearly tidal
cycles. In ancient tidalites this range of cycles includes
sedimentation rates of millimeters per day to meters per year.
Cycles that are apparently longer than yearly exist within
ancient tidal sequences; however, the exact cause of these
cycle durations is problematic. Nonetheless, such problems
in interpretation of cause and duration are not restricted to
tidal sequences but are pervasive in delineation and modeling
of most long sedimentary sequences.

Because tidal cycles are strongly developed and persistent
and have sinusoidal periodicities, they can be modeled readily.
And because the causative mechanisms and the exact periods
of modern tidal cycles are known, the modeling is probably
among the most reasonably constrained that can be per-
formed on a geologic system. In addition, direct measure-
ments of short-term sedimentation rates are possible using
tidal cyclicity. These sedimentation rates can be contrasted
with long-term accumulation and preservation rates. Such
comparisons indicate a highly punctuated stratigraphic record
in areas of tidally controlled sedimentation.
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Modern tidal periedicities

Height variability and periodicities of modern tides are
subject to a variety of controlling parameters. Foremost
among these parameters are the gravitational effects of the
moon and the lesser gravitational effects of the sun, which
control the tides and relate them to the phases of the moon
(synodic month) (fig. 1A), the declination of the moon
{tropical month) (fig. 1B), and the distance of the moon from
the earth (anomalistic month) (fig. 1C). The various effects of
these periodicities on rhythmites have been discussed by
Archer et al. (1990). Because of the composite interaction of
these astronomical bodies with regional and local geographic
and climatic effects, accurate tidal prediction involves em-
pirical, not theoretical, considerations. Computation of tidal
prediction tables [e.g., NOAA (1988)] requires the accumu-
lation of 19 years of hourly recorded tidal data for any given
station. After these data have been accumulated, harmonic
analyses are used to resolve the numerous periods, which are
then used to predict future tides. Despite the obvious com-
plexity of modern tidal systems, some investigations of
ancient tidal systems have failed to take the myriad complexi-
ties into account.

To understand the earth-moon dynamics involved in the
deposition of tidal thythmites, I have analyzed tidal data from
several modern stations. Because of the paleogeographic
location of the Carboniferous tidal rhythmites discussed
here, which was near the paleoequator [see Kvale et al.
(1989)], I selected stations from tropical and near-equatorial
positions. For the following analyses, a three-year period for
three stations was used. The stations represent a simplified
spectrum from a nearly pure diumal (one tide per day) system
[Do Son, Vietnam (fig. 2A)] to anearly pure semidiurnal {two
tides per day) system [Kolaka, Sulawesi (fig. 2C)). In addi-
tion, | considered an intermediate system, a mixed, predomi-
nantly diurnal system [Barito River, Borneo (fig. 2B)].
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Figurel. Mainlunarperiods that affect tidal heights. (A) Synodic
half-month is related to lunar phases with a period of 14.77 days,
which is the time between new and full moons. (B) Tropical half-
month is related to lunar declination with a period of 13.66 days,
which is the time required for the moon to range from a maximum
northerly declination to a maximum southerly declination. (C)
Anomalistic month is related to lunar distance from the earth with
a period of 27.55 days (perigee to perigee).

Examination of the data indicates the strong development
of neap-spring cycles (fig. 2) within the various tidal systems.
Controlling factors include both synodic periodicities in
semidiurnal systems and tropical periodicities in diurnal
systems. Nonetheless, both tropical and synodic effects result
in essentially the same cyclicity. Effects of lunar distance
{anomalistic month) result in an inequality in heights of tides
between successive neap-spring cycles. These effects are
manifested by both diurnal and semidiurnal systems.

In addition to the various lunar orbital cycles, a number of
longer-term periodicities exist, some of which include peri-
ods as fong as thousands of years (Macmillan, 1966; Nio and
Yang, 1989). However, of interest here are cycles with a
seasonal or yearly periodicity. Half-yearly tidal cycles are
related to the earth’s axial tilt, which results in maximum
solar declination during the solstices and minimum solar
declination during the equinoxes. This cycle, with a period of
182.6 days, results in a variation in maximum tidal range and
tidal height during the year. Such sea-level variations are
enhanced by yearly climatic variations and fluctuations in
temperature, air pressure, and wind direction, and all can be
combined to produce asignificant and systematic variation in
sea level (fig. 3). Thus tidal patterns in such areas exhibit
yearly fluctuations in tidal height superimposed on all the
previously discussed smaller-scale patterns.
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Figure2. Predicted tidal patterns from modern equatorial stations
[from data in NOAA (1988)). (A) Do Son, Vietnam (lat. 20°40" N,
long. 106°49 E.), exhibiting a predominantly diurnal system. (B}
Barito River, Borneo (lat. 3°34° S, long. 114°25” E.), exhibiting a
mixed, predominantly diumal system. (C) Kolaka, Sulawesi (lat.
4°4’ 8., long, 121°36" W.), exhibiting a predominantly semidiurnal
system.

Ancient tidal rhythmites

Detailed analyses of millimeter-scale laminations within
tidal rhythmites from Pennsylvanian strata of Kansas, Colo-
rado, and Indiana reveal a hierarchy of recognizable cycles
(Kvale et al., 1989; Archer and Kvale, 1989a) (fig. 4). These
cycles are manifested by systematic changes in lamina thick-
ness. Cycles contained within rhythmites can be directly
correlated with modermn neap-spring cycles (fig. 5). It should
be noted that a neap-spring cycle includes not only a cycle
that is related to lunar phase (synodic month} but also
modulations of this cycle by the lunar tropical and anomalistic
months [see Archer et al. (1990)].

The earliest works on the sedimentologic representation
of neap-spring cycles include those by Visser (1980) and
Allen (1981). In the Carboniferous of the Illinois basin, neap-
spring cycles have been documented in a variety of siliciclastic
systems, including shales (Kvale and Archer, 1989, 1990),
siltstones (Archer and Kvale, 1989a; Kvale etal., 1989}, and
sandstones (Archer et al., 1989). In addition, neap-spring
cycles have been documented in Mississippian carbonates
(Brown et al., 1990).

Consistency of these patterns and of even larger-scale,
apparently yearly cycles, through as much as 6 m (20 ft) of
vertically continuous section in siltstones, indicates a strong
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Figure3. Yearlyenvelope of high tides at (A) Do Son, Vietnam, and (B) Kolaka, Sulawesi, for 1988.
Tides at Do Son are lowest during equinoxes and highest during solstices; seasonal tidal variation at
Kolaka exhibits a significant offset from equinoctial and solstitial control, probably reflecting regional

climatic fluctuations.
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Figured4. Locationof examined Carboniferous tidalites. (A) Glen
Eyrie Shale Member, Fountain Formation, near Colorado Springs,
Colorado (NWSE sec. 32, T. 13 S.,R. 67 W.). (B) Lawrence Shale
near Lawrence, Kansas (Lone Star spillway, SESWsec. 11, T. 1485.,
R. I8 E.). (C) Locations of comparable sections including the Salem
limestone (Brown et al., 1990), the Hindostan whetstone of the
Mansfield Formation (Kvale et al., 1989; Archer and Kvale, 1989),
and the Brazil Formation (Kvale and Archer, 1990) of southern
Indiana.

extrinsic control on sedimentation (fig. 6). Occurrence of
these apparently yearly cycles can be related to the seasonal
and/or yearly fluctuations in sea level caused by astronomical
and climatic variability (see fig. 3). Archerand Kvale (1989a),
Fishbaugh et al. (1989), and Kvale et al. (1989) have dis-
cussed seasonal and yearly cycles within tidal deposits of the
Illinois basin. In general, these siliciclastic tidal rhythmites
were deposited in similar depositional settings. These simi-
larities include deposition on coals and development of the
best cycles in the first few meters above the coals. Higher in
the tidalite sections, laminae are commonly disrupted either
by erosive contacts or by bioturbation. Further details on the

sedimentology of sections from the Illinois basin are given by
Kvale and Archer (1989, 1990) and Kvale et al. (1989).

Modeling

Modern tidal station data {such as the predictive data pre-
pared by the NOAA (1988)] can be used to meodel tidal
sedimentation. The most direct approach is simply to equate
the thickness of a sedimentologic unit to the height of a high
tide. Sedimentation during tidal fluctuations is related to a
number of factors, including flow velocity, duration of flow
above critical velocities, sediment particle size, availability
of sediment, and duration of subaerial exposure (if any).
Nonetheless, in a general way these factors are proportional
to tidal height. By using tidal heights, one can synthesize
artificial rhythmic tidalites by generating a simulated series
of stacked laminae in which individual lamina thicknesses
are proportional to tidal height. Although there are many
ways to construct such proportions, a simple linear relation-
ship between tidal height and lamina thickness generates
synthetic tidalites that are similar to their ancient counter-
parts (fig. 7). Examination of synthetic tidalites indicates that
neap-spring cycles are most clearly expressed in tidalites
generated from diurnal tidal data (fig. 7A), whereas those
generated from semidiurnal data show more complex and
less obvious neap-spring cycles (fig. 7C).

In the following discussion [ compare some ancient rhyth-
mic tidalites with models based on modern tidal data. This
discussion is concentrated on apparently diurnal tidalites
from Kansas and Colorado. Patterns within diurnal tidalites
from the Illinois basin have been described by Kvale and
Archer (1989, 1990), and patterns from semidiurnal tidalites
have been described in detail by Archer and Kvale (1989a}
and Kvale et al. (1989).
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Figure 5. Histograms based on modern diurnal (one tide per day) systems and lamination thickness
inrocks. {A) Tidal curve from Do Son, Vietnam. (B) Precambrian Elatina formation (Sonett et al., 1988;
Williams, 1989). (C) Laminated mudstones from the Brazil Formation, southern Indiana (Kvale and
Archer, 1990). (D) Laminated fine-grained sandstones from the Glen Eyrie Shale Member, Fountain

Formation, Colorado.
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Figure 6. Large-scale cycles based on thickness of lamination in
rocks interpreted as neap-spring cycles from the Hindostan whet-
stones of southern Indiana [adapted from Archerand Kvale (1989a)].
These cycles, which range up to 1 m (3 ft) in thickness, appear to
reflect yearly sedimentation. DZ indicates disturbed zones that
contain larninae contorted by soft-sediment deformation.
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Figure 7. Aurtificial rhythmic tidalites generated using modern
tidal data. Vertical spacing between successive laminae is propor-
tional to tidal heights, as illustrated in fig. 2. Based on 1988 tidal data
from (A) Do Son, Vietnam, (B) Barito River, Borneo, and (C)
Kolaka, Sulawesi. Neap-spring cycles are clearly simulated by the
diumal system at Do Son but are less clearly developed within a
semidiurnal system such as Kolaka.



Within gray shales of the Lawrence Shale of Kansas, well-
developed tidal rhythmites occur locally above the upper
Williamsburg coal. The stratigraphy and general deposi-
tional environment of this formation have been detailed by
Rutan (1980). The coal that underlies the tidalites has a low
sulfur content, one of the lowest in Kansas, and is unusual
because most Kansas coals have extremely high sulfur values
(Brady et al., 1976). The association of a gray shale roof and
a low-sulfur coal has been long known from studies con-
ducted in the Illinois basin (Gluskoter and Hopkins, [970);
however, the association of tidal rhythmites in gray shale
with the occurrence of low-sulfur coal was documented
recently (Kvale and Archer, 1989, 1990). In addition, the
eray shales in the Lawrence Shale contain well-preserved
plant fossils in sideritic concretions and thus share a geo-
chemical and paleoecologic similarity with other gray shales
that occur above low-sulfur coals (Baird et al., 1986). More
detailed field-based analyses are needed to further delineate
the similarities and differences among these gray shale
lithofacies; however, the number of apparent similarities is
siriking,

Direct comparisons can be made between lamina thick-
ness cycles observed in shales of the Lawrence Shale (fig. 8)
and synthetic rhythmites based on tidal data recorded at Do
Son, Vietnam (fig. 7A). Both the shales and the synthetic
tidalites exhibit similar cycles in lamina thickness, and,
where the laminae are thin, it becomes difficult to delineate
individual tidal events. Thus, based on the similarities of the
cyclicity, one can reasonably interpret the depositional envi-
ronment of the shales of the Lawrence Shale.

More extensive work has been performed on laminated
sandstones within the Glen Eyrie Shale Member of the
Fountain Formation exposed near Colorado Springs, Colo-
rado. The sedimentology and stratigraphy of the tidalite unit
have been presented by O'Connell (1981). In general, the
Glen Eyrie tidalite is similar to other Carboniferous tidalites
because the laminated sequence directly overlies a coal, is
well laminated directly above the coal, and becomes more
bioturbated and possesses more fine-scale erosional features
beginning several meters above the coal.

The Glen Eyrie tidalite contains three readily recogniz-
able, hierarchical cycles. For purposes of discussion, these
will be referred to as (1) macrobands, which are decimeters
thick: (2) mesobands, which are 0.5-3 cm (0.2—1.2in.) thick;
and (3) microbands, which are millimeters thick, Macrobands
and mesobands are readily apparent inoutcrops (fig. 9A), and
in polished slabs the occurrence of microbands within
mesobands becomes apparent (fig. 9B). By analogy with the
tidal systems previously discusscd, the mesobands appear to
represent neap-spring cycles, whereas the microbands ap-
pear to be analogous to daily tidal cycles, The origin of the
macrobands is more problematic, but, based on the modeling
described later, they may represent seasonal sedimentation.
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Figure 8. Polished slab of Lawrence Shale illustrating lamina
thickness cycles interpreted as neap-spring tidal cycles. Arrows
indicate lamina thickness minima that correspond to neap-tidal
events,

Because the cyclicity resembles a diumai tidal system, the
analyses presented here compare the Glen Eyrie cycles to the
diurnal system that occurs at Do Son, Vietnam. A plotof tidal
flux at Do Son from vernal equinox to vernal equinox
indicates higher tides during the solstices (June and Decem-
ber) and lower tidal maxima during the equinoxes (March
and September) (fig. 10A). This variance in tidal maxima
amounts to 50 cm (20 in.)}during a year, which in a low-slope,
low-energy coastline could amount to considerable lateral
displacement of the intertidal-supratidal boundary. If the
Glen Eyrie tidalites were formed in a high intertidal setting,
they may have been exposed andfor not deposited for a
significant part of the year, Conversely, if the tidalites were
formed subtidally, too little water movement may have
occurred during the equinoctial seasons to result in sedimen-
tation that would produce recognizable laminae. Of course,
many other scenarios can be hypothesized. The point is that
seasonal variations in tidal heights and their effects on
sedimentation are reasonable inputs to the model,

Given the flux in seasonal tidal heights for a system such
as that expressed at Do Son, acutoff line can be superimposed
on the tidal curve (see fig. 10A). This cutoff can be related to
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Figure 9. Ficld photographs of Glen Eyrie Shale Member of the
Fountain Formation exposed near Colorado Springs, Colorado. (A)
Macrobands (marked by arrows) in weathered exposure showing
internal mesobanding. (B) Polished slab of one macroband illustrat-
ing mesobands, which are delineated by darker, more clay-rich
laminae (marked with arrows). This level of cyclicity corresponds
to inferred neap-spring tidal cycles. Millimeter-scale microbands
within mesobands are interpreted as the product of sinple tidal
cvents.

the factors described and can be conceptualized as a position
within the intertidal zone or an indicator ot the minimuni flow
velocities necessary to result in sand movement, sedimenta-
tion, and lamina development. This cutoft concept is similar
to the critical transport model discussed by Allen (1981},
Given such an arbitrary cutoff, only those events that exceed
this criterion will result in a preserved, recognizable sedi-
mentologic feature, which in this casce is a thin lamination,
Depiction of the tidal events that exceed the cutoff can be
presented in a histogram format (fig. 10B) and compared to
other laminae histograms (such as fig. 5). Thus fig. 10B
models the potential of a preserved sedimentologic record
created by using a relatively high cutoff value for the tidal
system at Do Son (fig. 10A). By using the cutoff histogram,
the Do Son data can be compared to lamina thickness distri-
butions observed in a single macroband from the Glen Eyrie
tidalite (fig. 10C). With this model 4 macroband may repre-
sent half-yearly, equinox-to-equinox sedimentation. In such
amodel sedimentation and preservation of neap-spring cycles
and individual laminae occurred only when a critical thresh-
old (the cutoff value) was exceeded,

For comparisens, other researchers have presented obser-
vations and interpretations of seasonal sedimentation within
modern tidal systems (van den Berg, 1981). A model invok-
ing yearly fluctuation in fluvial input for a complete Precam-
brian tidalite has been suggested by Sonett et al. (1988).
Although ourunderstanding of ancient tidal sedimentology is
still incomplete, it appears that such systems developed
within cratonic settings with high preservation potential of
short-term events.

Sedimentation rates

One of the more intriguing aspects of tidalites is their record
of measurable rates of short-term sedimentation and high
degree of preservability of fine-scale time. In general, tidalite
cycles represent the low end of a spectrum of cyclic sea-level
fluctuations that can be recorded in sedimentary rocks (fig.
11). Preservation of semidiurnal and diurnal sedimentatien
events over lime spans of months (Visser, F980; Allen, 1981:
Kreisa and Moiola, 1986) and even years (van den Berg,
1981; Sonettetal,, 1988: Williams, 1989; Kvale et al., [989)
greatly intluences our concepts of the completeness of the
rock record. Previous discussions of stratigraphic complete-
ness (Sadler. 1981, Sadler and Dingus, [982; Anders ct al.,
1987) generally concentrated on hundred-year and thousand-
year time periods. Conversely, in tidalite-bearing sequences,
not only have detailed multiyearly records of nearly continu-
ous diurnal and semidiurnal sedimentation events been pre-
served but also extremely high rates [as much as | mfyr (3
ft/yr)] of sedimentation have been documented (Baird et al.,
1986; Broadhurst, 1988: Kvale et al., 1989). Although it
appears that such rates were achieved only locally and may be
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Figure 10. Comparison of Glen Eyrie tidal rhythmites to modern tidal data from Do Son, Vietnam.
(A) Equinox-to-equinox tidal-range curve from Do Son illustrating higher tides during solstices. (B)
Record of individual tidal events that exceeded the cutoff threshold diagrammed in part (A). Only tidal
events with heights larger than the cutoff in part (A) are depicted in part (B). (C) Lamina thickness
distribution from Glen Eyrie sandstone (illustrated in fig. 9B). Tidal patierns can be compared to boxed
area in part B; the cycles expressed in the Glen Eyrie suggest tidal deposition during the highest solsti-

tial tide and thus record only partial tidal cycles.
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Figure 11. Spectrum of geologic cycles. Durations of higher-order cycles (first through sixth) are

derived from various sequence stratigraphic sources. Intermediate-order cycles (2,250 and 250 years)
are inferred. Eleven-year cycle is average sunspot cycle, and lowest-order cycles are related to tidal

deposition.

related to rapid generation of accommodation space, for
example, by clay and peat compaction (Kvale and Archer,
1989) or channel abandonment (van den Berg, 1981; Brown
et al., 1990), the occurrence of such rates of sedimentation
indicate one of the difficulties of delineation and correlation
of longer-term (10,000-100,000-year), meter-thick cycles
on either the local or regional scale, such as those advocated
by Busch and Rollins {1984), Goodwin and Anderson (1985),
and Busch and West (1987).

Comparisons can be made between tidalite-based rates of
sedimentation and rates deduced for longer-term cycles

(“sixth-order” and longer cycles; fig. 11). Rates of sedimen-
tation based on detailed lamina measurements are orders of
magnitude more rapid than rates derived by dividing forma-
tional thickness by formational time. For example, tidalites
within the Mansfield Formation of Indiana accumulated at
determinable rates of accumnulation as high as 1 m/yr (3 ft/yr);
however, dividing formational time (15 m.y.) by formational
thickness [90 m (300 ft}] yields rates of 1 m (3 ft) per 160,000
years. [The average thickness and duration of Mansfield
deposition were estimated from data by Shaver (1984);
although time estimates for duration of the Carboniferous are



192 Archer

E
o
v
(]
£
e
L
'_.
1000000 100000 10600 1000 160 10 1 01
Years
10
10 ]
£ 100 A
b
o
o
4
°
£
o
1000000 160000 10000 1000 100 10 1 0.1
Years
Figure 12. (A) Differences in estimating lengths of time for deposition of the Mansfield Formation

(Pennsylvanian) of southwestern Indiana. The line labeled “adding upward” is based on rates of
sedimentation derived from analyses of daily, biweekly, and yearly tidal cycles. Conversely, the line
labeled “dividing downward” is based on average long-term rates derived by dividing total formational
thickness by total formational time. For 1 m (3 ft) of sediment, the two techniques yield rates that differ
by over five orders of magnitude. (B) Similar techniques applied to carbonate tidalites within the Salem
limestone of Indiana (Brown et al., 1990). Comparison of results indicates that the dividing-downward
technique yields long-term sedimentation rates that are orders of magnitude higher than short-termrates

identifiable in the rhythmic tidalites.

highly variable (Klein, 1990), these differences do not sig-
nificantly affect the comparison between long- and short-
term deposition.} At least within these localized tidal depos-
its, formational time divided by formational thickness yields
depositional rates that are many orders of magnitude slower
than those indicated by detailed sedimentologic analyses
(fig. 12). Such comparisons support a view of the rock record
in which short-term episodes of rapid sedimentation are
punctuated by long periods of nondeposition. Thus delinea-
tion of short- and long-term cycles becomes extremely prob-
lematic without reasonable sedimentologic constraints.

In addition to the small-scale (in time) cycles, the tidal
systems contain a number of larger-order cycles. In all the
Carboniferous sections the tidalites overlie coals and grade
upward into rooted coals, signifying a transition from a
marine o a terrestrial environment. The vertical distance
between the lower and upper coals ranges from 3mto 10 m
(9-30 ft). A number of similar sub-Recent successions sug-
gest, based on radiocarbon dating of peat, that the time span

between peat accumulation events is of the order of several
thousand years (Roep and van Regteren Altena, 1988; Dionne,
1988). Thus, given the rates of deposition that are possible
within tidally influenced environments, meter-thick coal-
bearing sequences can form in geologically short periods of
time.

Implications for sequence stratigraphy

The Pennsylvanian system can be defined as a singie synthem,
or second-order cycle, that extends from the Mississippian—
Pennsylvanian unconformity to the Lower Permian un-
conformity (Vail et al., 1977). In the United States Pennsyl-
vanian strata have long been recognized as being cyclic or
containing cyclothems (Wanless and Weller, 1932), and
eustatic control has long been advocated (Wanless and
Shepard, 1936). More recently, these cyclothemic concepts
have been recast as third- through sixth-order sequence



stratigraphic cycles and have been reported in the Appala-
chian basin and in Kansas (Busch and Rollins, 1984). Based
on preliminary subsurface work (L. Furer, personal commu-
nication, 1989), the Mansfield Formation of Indiana, which
contains tidalites (Kvale et al., 1989; Archer and Kvale,
1989a), has been divided regionally into three subdivisions,
and the top of each subdivision represents a eustatic rise (L.
Furer, personal communication, 1990). Because the total
formational time of the Mansfield is 15 m.y. (Shaver, 1984),
these sequences, which represent third- or lower-order se-
quence stratigraphic units, can be inferred to represent 5 m.y.
Based on the approximately 30-m (90-ft) thickness of these
5-m.y. cycles, the sedimentation rate of the cycles would be
6 m (20 ft) per 1 m.y. Such long-term rates are many orders
of magnitude slower than monthly and yearly rates observed
inthe tidalite sequences (Archer and Kvale, 1989b). Extrapo-
lation of the short- termrates indicates that anomalously thick
sequences of strata would have been produced if such rates
had continued over long periods of time. Therefore numerous
or lengthy periods of erosion or nondeposition existed (Dott,
1983) during the 15-m.y. time interval represented by the
Mansfield Formation (fig. 12A). Similarly, tidal rhythmites
within the Salem limestone of Indiana imply fast rates of
short-term deposition compared to average long-term accu-
mulation rates of the formation (fig. 12B). Localized minor
unconformities probably anastomose and coalesce to form
the types of sequence stratigraphic boundaries that delineate
the longer-term cycles.

Conclusions

Carboniferous tidal rhythmites exhibit a variety of expres-
sions of cyclicity in lamina thicknesses; however, modeling
of rhythmite patterns using modern predictive tidal station
data yields clues to the importance of the various tide-
producing forces involved in rhythmite generation. Because
modem tidal periodicities are well established, duration of
comparable cycles in the ancient rhythmites can be closely
approximated. Thus short-term rates of deposition can be
readily computed and then compared to long-term, or forma-
tion-level, rates of accurnulation. The great disparity in long-
term versus short-term rates implies that, at least in tidally
influenced systems, sedimentary sequences are potentially
highly punctuated. Therefore the amount of time actually
required for deposition and the time interval represented by
a given stratigraphic unit are potentially vastly different. This
difference is mainly due to the temporal dominance of
nondepositional and/or erosional processes over actual depo-
sition. Thus many vertical sections are characterized by
short-term, rapidly accumulated sequences separated by ex-
tended periods of nonpreserved deposition. If this is gener-
ally true, then there are extreme problems with equating unit
thickness to time in tidally influenced systems.
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