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Depositional cycles, composite sea-level changes,
cycle stacking patterns, and the hierarchy of stratigraphic forcing:
Examples from Alpine Triassic platform carbonates

R. K. GOLDHAMMER*
P. A. DUNN
L. A. HARDIE

ABSTRACT

Carbonate platform deposits record a complex interplay of nu-
merous geodynamic variables, of which eustasy, subsidence, and sed-
iment accumulation are prime factors in determining both the
kilometer-scale (depositional sequence scale) and meter-scale (deposi-
tional cycle scale) stratigraphic packaging. In this study, we looked
particularly at composite eustasy, that is, superimposed sea-level fluc-
tuations with different frequencies (defined as orders) and different
amplitudes, and the role it plays in the linkage between meter-scale
cyclic stratigraphy and kilometer-scale sequence stratigraphy. Specifi-
cally, we have investigated the relationship between low-frequency,
third-order (1-10 m.y. period) depositional cycles and their compo-
nent high-frequency, fourth-(0.1-1 m.y.) and fifth-(0.01-0.1 m.y.)
order cycles through detailed stratigraphic analyses of Alpine Triassic
platforms, complemented by computer modeling. On the basis of our
results, we suggest that in general, there exists a hierarchy of strati-
graphic forcing driven by composite eustasy that results in organized
stacking patterns (thickness, subfacies character, early diagenetic at-
tributes) of high-frequency, typically fourth- and fifth-order, shallow-
water carbonate cycles dictated by low-frequency, third-order relative
sea-level effects. We suggest that systematic vertical changes in stack-
ing patterns of high-frequency cycles across a larger depositional se-
quence are due to systematic and predictable differences in deposi-
tional space available during the rising and falling stages of a relative
third-order sea-level change. We also suggest that these systematic
variations in cycle stacking patterns will exist regardless of the mech-
anism responsible for generating the high-frequency cycles, be it an
autocyclic or allocyclic mechanism. This approach has major implica-
tions for the use of high-frequency, fourth- and fifth-order cycle char-
acteristics to identify third-order cycles in outcrops and cores of
shallow-water carbonates, where stratigraphic control may be less
than desirable. This would constitute a valuable bridge between cyclic
stratigraphy at the meter scale and sequence stratigraphy at the seis-
mic scale.

We present two examples from Triassic buildups of the Alps (the
Ladinian Latemar buildup and the Norian Dolomia Principale) where
a systematic succession of high-frequency cycle stacking patterns and
early diagenetic features exists within an overriding third-order cycle
(sequence) reflecting the interplay of short-term, high-frequency
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(fourth, fifth order) eustasy and long-term, low-frequency (third
order) eustasy in accordance with the hierarchy of stratigraphic forc-
ing. Central to the interpretation of these examples is the demonstra-
tion that true eustatic rhythms are recorded in the high-frequency
cyclicity, as verified by time-series analyses and the use of “Fischer
plots.” These examples can be modeled by computer under conditions
of lag-depth—constrained sedimentation, uniform subsidence, and
composite eustasy. We also present two examples, one from the Al-
pine Triassic (the Norian Lofer cyclothems) and one from the Pleisto-
cene of south Florida, that lack both a systematic succession of
high-frequency cycle stacking patterns and identifiable composite
rhythms in the stratigraphic record, despite the existence of composite
high-frequency eustasy. In these examples, we call upon (1) local
tectonic forcing in the form of short-term deviations in subsidence via
faulting (Lofer example) and (2) large differences in the relative ampli-
tudes of different orders of high-frequency sea-level oscillations (Pleis-
tocene example) to explain the lack of composite rhythms, and we
present computer simulations to illustrate the concepts. An under-
standing of composite relative sea-level changes and the potential for a
hierarchy of stratigraphic forcing provides the link between cyclostra-
tigraphy and sequence stratigraphy and also has important implica-
tions regarding the stratigraphy of early diagenesis.

INTRODUCTION

The geometry and stratigraphy of shallow-marine carbonate deposits
are the result of a complex interplay of eustatic sea-level fluctuations,
subsidence, sediment production and accumulation rates, climate, antece-
dent depositional topography, and compaction effects (see numerous ex-
amples in Crevello and others, 1989). Of these variables, eustasy,
subsidence, and sedimentation are most critical in controlling the disposi-
tion of depositional facies on carbonate platforms (Hardie and Shinn,
1986). Rates of long-term subsidence of passive margins and cratonic
basins range from 1 to 25 cm/1,000 yr (Schlager, 1981), and changes in
these rates occur slowly and exponentially (Bott, 1982). Carbonate sedi-
ment production rates on shallow-marine platforms typically exceed these
tectonic subsidence rates (Schlager, 1981), allowing thick successions of
shallow-water platform carbonates to accumulate in cratonic basins and
on passive margins during drift stages of continental separation. Eustatic
sea-level changes, on the other hand, may recur repeatedly at high fre-
quencies (104-105 yr) and at rapid rates (as much as 10 m/1,000 yr,
Schilager, 1981) that can outstrip carbonate production rates. The resulting
stratigraphic record is one of cyclic accumulation, with each depositional
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cycle in the vertical stack of cycles capped by a nondepositional diastem
(Barrell, 1917). Eustatic oscillations in sea level occur with different fre-
quencies, yielding an ordered hierarchy of eustasy based upon the duration
of each fluctuation. Significantly, different orders of eustasy have charac-
teristic amplitudes and rates of change (Donovan and Jones, 1979), re-
flecting the driving mechanism, whether glacio-eustatic (change in the
volume of water) or tectono-eustatic (change in the volume of the ocean
basins), and these different orders of eustasy may be superimposed to give
a complex succession of sea-level oscillations. This concept of composite
eustasy (Suess, 1888; Grabau, 1913; Barrell, 1917) is, in our view, critical
in evaluating and predicting platform carbonate stratigraphy. In particular,
in the evolution of shallow-marine carbonate platform deposits, the com-
bined effects of third-(1-10 m.y.), fourth-(0.1-1 m.y.), and fifth-(0.01-0.1
m.y.) order eustatic cycles, should be of prime importance in determining
both the kilometer-scale (depositional sequence scale) and meter-scale
(depositional cycle scale) stratigraphic packaging. The connection between
composite sea-level changes and stacking patterns of depositional cycles is
the focus of the present paper.

The magnificently exposed, kilometer-scale Triassic carbonate plat-
forms of the Southern Alps (Italy) and the Northern Limestone Alps
(Austria) are characterized by cyclic sedimentation on a meter scale, as the
pioneering studies of Sander (1936), Schwarzacher (1954), Fischer
(1964), and Bosellini (1965, 1967) have demonstrated. Our own recent
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studies of the Middle and Upper Triassic cyclic platform carbonates of the
Southern Alps (Bosellini and Hardie, 1985; Hardie and others, 1986;
Goldhammer and others, 1987; Goldhammer, 1987; Goldhammer and
Harris, 1989) provide very strong evidence that these Triassic cycles were
controlled primarily by composite eustatic sea-level changes in the Milan-
kovitch band (104-105 yr), as Alfred Fischer had suggested in his classic
1964 paper on the Lofer facies of the Dachstein Kalk. The work reported
in the present paper is an extension of our earlier studies of the Triassic
platform carbonates of the Alps. We have explored the possible conse-
quences of high-frequency composite sea-level changes on cyclic sedimen-
tation on shallow carbonate platforms, with particular emphasis on the
vertical stacking patterns of high-frequency cycles, and the fundamental
relationship between high-frequency cycles and low-frequency deposi-
tional sequences. We present evidence of how regular “beats™ of an oscil-
lating Triassic sea level were “caught” or “missed” in the stratigraphic
record as a result of the interaction of three different orders of relative
sea-level change, that is, third order (1-10 m.y.), fourth order (0.1-1 m.y.),
and fifth order (0.01-0.1 m.y.), resulting in a systematic succession of
high-frequency stacking patterns. In light of our findings for the Alpine
Triassic, we suggest that there exists a hierarchy of stratigraphic forcing
driven by composite eustasy, which results in organized stacking patterns
(thickness, subfacies character, early diagenetic attributes) of high-
frequency, shallow-water carbonate cycles dictated by low-frequency rela-

Figure 1. Outcrop photographs of depositional cycles of the upper cyclic facies of the Latemar platform. View at left shows succession of
thin beds of limestone separated by vadose diagenetic caps (dark, recessive bands), with arrows marking tops of thinning-upward megacycles.
Photograph at right gives detailed view of the megacycles, with individual cycle caps marked and the total number of cycles in each megacycle

indicated. Scale bar is 2 m.
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sets of 32 consecutive cycles. Bound-
aries between megacycles are indi-

cated on the stratigraphic section by arrows. The number between each pair of arrows refers to the number of
cycles within that megacycle. Black bars on the stratigraphic column are diagenetic caps formed during
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vertical side depicts cycle thickness. The top of each triangle is the sum of these two vectors. From Gold-

hammer and others (1987).

tive sea-level changes. We also suggest that these systematic variations in
cycle stacking patterns will exist regardless of the mechanism responsible
for generating the high-frequency cycles, be it an autocyclic or allocyclic
mechanism. This approach has major consequences for the use of high-
frequency, fourth- and fifth-order cycle characteristics to identify third-
order cycles (equivalent to the sequences of Vail, 1987, and Van Wagoner
and others, 1987) in outcrops and cores of shallow-water carbonates,
where stratigraphic control is poor. This would constitute a valuable
bridge between cyclic stratigraphy at the meter scale and sequence stratig-
raphy at the seismic scale.

RHYTHMIC AND NONRHYTHMIC SEDIMENTATION:
SANDER’S RULE

Central to an understanding of the causes and consequences of high-
frequency cyclicity driven by relative sea-level changes is the issue of
whether the stratigraphic succession of sedimentary cycles was the result of
rhythmic events, such as astronomically forced eustatic oscillations of sea
level, or nonrhythmic processes, such as nonuniform subsidence. This
general issue of rhythmicity in cyclic deposits was raised by Bruno Sander
(1936, 1951), in his pioneering study of the Dachstein (Lofer) and other
Triassic carbonates of the Alps, and subsequently elaborated by his student
Walter Schwarzacher (1975). Sander (1936), in a classic publication on
the Triassic carbonates of the Alps, expressed the view, “we can not
conclude from sequences that are non-rhythmic in space that the control
has been non-rhythmic in time but we must conclude from sequences that
are rhythmic in space that there has been a time-rhythmic control (law of
the rhythmic record)” (from the English translation of Sander’s 1936 paper,
sec Sander, 1951, p. 16). Using statistical arguments, Schwarzacher (1975)
substantiated Sander’s contention that any regular pattern found in the
stratigraphic record cannot be the result of random processes but, instead,
must be a response to a regular pattern in the time distribution of events.
Schwarzacher (1975, p. 288) has called this premise “Sander’s Rule” and
has presented it as follows: “cyclicity in space (which means stratigraphical
thickness) indicates cyclicity in time but the absence of cyclicity in the
stratigraphical record does not indicate the absence of time cyclicity.”

Schwarzacher (1975) argued further that such a time pattern of
events is likely to have been more regular than its record in the strati-
graphic column, which because of the complexity of sedimentation
processes, is at best a rather “faulty recording mechanism.” Thus, non-
rhythmic patterns in the stratigraphic record do not necessarily mean that
the controlling forces were nonrhythmic. This concept is a fundamental
one and underlies our basic approach to the problem of platform carbon-
ate cyclicity.

EVIDENCE FOR RHYTHMIC SEDIMENTATION
IN THE TRIASSIC OF THE SOUTHERN ALPS

In the Dolomites region of the Southern Alps in northern Italy, the
Anisian-Ladinian carbonate buildup known as the Latemar massif (5-6
km across) consists of a core of flat-lying platform carbonates about 800 m
thick encircled by steeply dipping foreslope breccias that grade laterally
into basinal deposits (see also Bosellini and Rossi, 1974; Gaetani and
others, 1981; Bosellini, 1984; Goldhammer and Harris, 1989). The upper
platform is an approximately 400-m-thick stack of about 500 thin cycles
of Ladinian age (known as the Latemar Limestone) that carries abundant
evidence of repeated subaerial exposure as a result of high-frequency sea-
level oscillations (Hardie and others, 1986; Goldhammer and others, 1987;
Goldhammer, 1987). Each cycle is a couplet consisting of a basal subtidal
skeletal-lithoclast grainstone (0.6-0.7 m average thickness) overlain by a
1- to 15-cm-thick cap of dolomitized grainstone with meniscus and pen-
dant cements, micrite-coated grains, solution-enlarged pores, and other evi-
dence of vadose diagenesis and calichification (Goldhammer and others,
1987, p. 857-869). These couplets are grouped into five-part megacycles
(as much as 5 m thick) characterized by progressive upward thinning of
successive cycles within each megacycle (Fig. 1). The repetitive bundling
of cycles into these five-part megacycles is revealed graphically on Fischer
diagrams (Fig. 2) and confirmed by autocorrelative time-series analysis
(Fig. 2).

Goldhammer and others (1987) argued that the five-part thinning-
upward megacycles of the Ladinian Latemar platform are the result of
high-frequency fourth- and fifth-order (103 and 104 yr duration, respec-
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tively) composite sea-level oscillations in tune to Milankovitch astronomi-
cal rhythms. Their arguments were based on comparison with the
Pleistocene sea-level record and on computer simulation of the Latemar
cyclic stratigraphy using Milankovitchian sea-level oscillations. Despite
large errors in radiometric dates of the Ladinian stage boundaries (for
example, Paimer, 1983), the average duration of an individual cycle must
have been on the order of 10* yr (8,000 to 20,000 yr) and that of a
megacycle must have been on the order of 105 yr. Asymmetrical sea-level
oscillations with 5-part composite frequencies in this 10 to 105-yr range
were a particular characteristic of the Pleistocene ocean. Dated coral reef
terraces and oxygen isotope data from deep-sea sediments have been used
to demonstrate that Pleistocene glacio-eustatic sea-level oscillations con-
sisted of a rhythmic series of asymmetric approximately 100,000-yr waves
(rate of rise > rate of fall) on which were superimposed 5 higher-order
sinusoidal approximately 20,000-yr waves (Fig. 3). Spectral analysis of the
oxygen isotope data of the deep-sea sediments has established the case for
Milankovitch forcing of this Pleistocene glacio-eustasy (Hays and others,
1976; Imbrie and others, 1984). Using the Pleistocene eustatic sea-level
curves as an analogy, Goldhammer and others (1987) were able to quan-
titatively simulate the Latemar cyclic stratigraphy of five-part megacycles
composed of upward-thinning cycles (submeter scale) with thin soil caps
(Fig. 4). In these simulations, sedimentation rates, subsidence rates, soil
formation rates, and so on, were constrained by values known from
Holocene-Pleistocene carbonate depositional systems. These data were
combined with sea-level oscillations operating in the Milankovitch com-
posite cycle mode (20,000/100,000-yr scale). On the basis of the Pleisto-
cene comparison and the quantitative simulation, and in the absence of
any other known mechanism that could produce 5-part composite sea-
level oscillations in the 104 to 10%-yr range, Goldhammer and others
(1987) called on Milankovitch-driven eustasy to explain the cyclic stratig-
raphy of the Triassic Latemar platform carbonates.

Hinnov and Goldhammer (1988) used high-resolution multitaper
spectral analysis to scan the cycle thickness data from the Latemar for
Milankovitch and other spectral lines. Because of the uncertainties in the
age dating of the Ladinian stage boundaries, the analysis was carried out
with dimensionless frequencies and the assumption that the cycles were of
equal duration. When the resulting spectrum was calibrated with a

THOUSANDS OF YEARS BEFORE PRESENT

0 40 80 20 160
o | IO I R N B V. |
\ { \
. i\
v \ I \
_ [\ (VIR \
> -40}- | \ II AN Il V4
5 II AV A\V] BV \
<@ i
Y I
wh iy
22-—80 -1 H —
£ 'l
d \,| BARBADOS
T 20k v NEW GUINEA ——=— _

Figure 3. Pleistocene sea-level curves over the past 140,000 yr,
constructed from dated coral reef terraces in Barbados and New Guin-
ea, showing approximately 20,000-yr oscillations superimposed on
an asymmetric approximately 100,000-yr oscillation. From Gold-
hammer and others (1987).

GOLDHAMMER AND OTHERS

sampling rate of ~20,000 yr per meter-scale cycle, there emerged a set of
statistically significant signals that correspond to within 5% to the 41,000-,
53,000-, 95,000-, and 100,000-yr Milankovitch lines predicted by Berger
(1988, Table 3) for the solar insolation variation at the Earth’s surface over
the past 5 m.y. This correspondence adds considerable weight to the
interpretation that the Latemar cyclic series records a regular “beat” of
~100,000 yr (modulating between about 95,000 and 131,000 yr) on
which are superimposed five ~20,000-yr “beats” (as shown in Fig. 4).

This, then, is the case for rhythmic sedimentation during Triassic
times. It must be tempered by the fact that without closely spaced and
exceedingly accurate age dates it will never be possible to unequivocally
demonstrate that a regular stratigraphic succession of sedimentary cycles is
a “time cyclic sequence” in which each cycle was formed at equal time
intervals (Schwarzacher, 1975, p. 255). Until such time as radiometric
dating of the stratigraphic record becomes accurate enough to carry out
absolute time-series analyses on cyclic successions, we will have to rely on
the common-sense view of Bruno Sander that an ordered stratigraphic
succession is not likely to have resulted from a disordered succession of
time events (Schwarzacher, 1975, p. 288). As our principal working hy-
pothesis, then, consistent with Sander’s Rule, we regard the cyclic facies of
the Latemar buildup as rhythmically deposited by a regular sequence of
events (rise and fall of sea level) that repeated at equal, or nearly so, time
intervals on the order of 20,000 yr. With this interpretation, the individual
sedimentary cycles, that is, the individual Latemar couplets bounded by
subaerial exposure surfaces, are “deterministic” cycles in the sense of
Schwarzacher (1975), each with a fundamental time value of ~20,000 yr.
There are some important consequences of this interpretation. The strati-
graphic succession of these Triassic cycles, where they follow one another
without interruption, becomes in essence a “strip chart recording” of the
rhythms of Latemar sedimentation, that is, subaqueous deposition of lime
sand alternating with subaerial exposure and vadose diagenesis, all con-
trolled by the rhythmic rises and falls of sea level above and below the flat
top of the Latemar platform. Because the fundamental “beat” of these
rhythms is presumed to be that of the Milankovitch precessional periodic-
ity, that is, ~20,000 yr, this Latemar “strip chart” may also be a precise
record of the time that elapsed during rhythmic growth of the Latemar
buildup. There is a minimum of 488 fifth-order cycles in the Ladinian
section of the Latemar platform, giving a minimum duration of 9.76 m.y.
for the Ladinian stage. This compares reasonably well with duration based
on the published radiometric ages for the Ladinian, that is, 10 + 10 m.y.
(Webb, 1981), 7 + 18 m.y. (Harland and others, 1982), 5 + 16 m.y.
(Palmer, 1983), and 4 + 9 m.y. (Odin and Letolle, 1982). For a discussion
of the possible use of cycles in chronostratigraphy, see House (1985),
Fischer (1986), and Schwarzacher (1987). Finally, the regular repetitive
pattern of deposition of these cycles in the form of five-part thinning-
upward megacycles provides a standard against which other Triassic plat-
form cyclic successions can be tested for rhythmicity, degree of departure
from rhythmicity, or lack of rhythmicity. This is explored in some detail in
the next section.

CAUGHT AND MISSED BEATS: RHYTHMIC,
AMALGAMATED, AND CONDENSED MEGACYCLES

If the Latemar rhythmic sedimentation was the product of astronom-
ically forced rhythmic oscillations of the Triassic ocean, then we should
expect to find evidence of these rhythms in other Triassic platform carbon-
ates. As documented below, however, the regular repetition of five-part
megacycles displayed by the Latemar succession is exceptional rather than
normal in those Triassic cyclic platform deposits we have examined in
northern Italy and Austria. In an attempt to find an explanation for the
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differences among these Alpine Triassic cyclic successions, we have ex-
plored the concept, inherent in Sander’s Rule, that “equally spaced time
events” can be recorded in the stratigraphic column as “unequally spaced
lithologic events” (Schwarzacher, 1975, p. 288).

We have investigated the sensitivity of the structure of the five-part
megacycles to changes in such parameters as subsidence rate, sedimenta-
tion rate, periodicities and amplitudes of the eustatic sea-level oscillations,
using our “Mr. Sediment” computer program that was designed to simu-
late the Latemar cyclic stratigraphy (Dunn and others, 1986; Goldhammer
and others, 1987, p. 876~884).

“Mr. Sediment” generated a “Latemar-type” cyclic stratigraphy when
a high-frequency (approximately 20,000-yr period) sinusoidal sea-level
oscillation was superimposed on top of a lower-frequency (approximately
100,000-yr period) asymmetric pulse. An asymmetric 100,000-yr wave
was found essential to reproduce the thinning-upward megacycles. With
the Pleistocene sea-level curve (Fig. 3) as a guide, we used asymmetrical
waves in which the duration of the rise to a maximum occupied between
16% and 30% of the total period (that is, 16,000 to 30,000 yr for a
100,000-yr period); however, here the similarity with the Pleistocene
composite eustasy ends because it proved necessary to keep the amplitude
of the 100,000-yr wave smaller or equal to that of the 20,000-yr wave in
order to simulate the Latemar cyclostratigraphy. The significance of the
similarities and differences between the Pleistocene and the Triassic com-
posite eustasy has been discussed by Goldhammer and others (1987,
p. 886). The “Mr. Sediment” program generated cycles by oscillating sea
level above a constantly subsiding base level, with sediment aggrading
vertically until the sediment surface is intersected by sea level. At that
point, subtidal sedimentation ceases and if sea level continues to drop
below the top of the sediment column (that is, the platform top), subaerial
exposure of the sediment produces thin subaerial exposure caps (vadose
diagenetic caps; see Goldhammer and others, 1987). To simulate the Late-
mar cycles, it proved necessary to use sedimentation rates in the range of
0.10 to 0.25 m/1,000 yr. On the basis of the average ratio of exposure to
submergence in these simulations, net accumulation rates are in the range

of 0.05-0.125 m/1,000 yr, similar to that of the subtidal lagoons of the
Bahamas (Hardie and Shinn, 1986, p. 64-65). These rates are considera-
bly below Schlager’s average “growth potential” of 1 m/1,000 yr for
Holocene buildups based on margin-reef and ooid-shoal growth rates
(Schlager, 1981), but they appear to be typical of the long-term accumula-
tion rates of most ancient carbonate buildups (Schlager, 1981, Table 2).
With high accumulation rates, very shallow water conditions are con-
stantly maintained, so that the stratigraphic response to composite eustasy
differs from that of the Latemar. Therefore, the discussions below, and the
conclusions drawn from them, will apply only to “Latemar-type” buildups
that experienced low accumulation rates.

An important aspect of these computer simulations is that the model
incorporates a lag depth, which sets the minimum water depth for renewed
carbonate sedimentation after subaerial exposure. Lag depth (R. N. Gins-
burg, 1971, personal commun.; Hardie and Shinn, 1986) refers to the
critical depth of water at which circulation becomes effective enough on
the platform for carbonate production, sediment accumulation, and sedi-
ment dispersal to begin. Lag depth is estimated to be about 1-2 m, based
on the characteristics of the Holocene shallowing-upward cycle that con-
tains a basal 0.5-m-thick record of mangrove peat that overlies the Pleisto-
cene 125,000-yr highstand surface in Florida Bay (Enos and Perkins,
1979) and the Bahamas (Harris, 1979). The peat records initial platform
flooding without carbonate sedimentation because of conditions unfavor-
able for carbonate production. The peat is overlain by subtidal carbonate
sediments, indicating that with continued rise, effective carbonate produc-
tion occurred. In the Triassic Latemar carbonates, hardgrounds with on-
coid lag gravels in the upper part of the subtidal member of many of the
fifth-order cycles indicate that sedimentation shut down during the sub-
mergence phase of the cycle-generating sea-level oscillation (Goldhammer,
1987). Thus, a lag depth that terminates subtidal sedimentation (prior to
subaerial exposure) was added to the fall portion of the high-frequency
sea-level oscillation. Lag depth on the rise portion of the curve was set
equal to that occurring on the fall, and both were kept constant during
each run.
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Figure 5. Graphical representation of high-frequency, composite
sea-level oscillations (superimposed 100,000-yr asymmetric fourth
order and 20,000-yr sinusoidal fifth order) and platform aggradation
(panels on left) and resulting megacycle packaging (columns on right).
High-frequency composite eustasy combined with long-term (third
order) trends yields three classes of megacycles: (1) condensed mega-
cycles are produced when one or more 20,000-yr oscillations are
missed below the platform top; (2) rhythmic megacycles are produced
when each successive 20,000-yr oscillation is registered; (3) amalga-
mated megacycles are produced when 20,000-yr oscillations are
missed above the platform.

To produce a basic five-part thinning-upward megacycle of the
fourth order (~100,000 yr duration) that simulates the Latemar rhythmic
sedimentation, the combination of parameters must be such that the top of
the platform is alternately submerged (white regions below sinusoidal
sea-level curves in Fig. 5) and subaerially exposed (black areas below
curves in Fig. 5) with every fifth-order (~20,000 yr duration) oscillation of
sea level (Fig. 5, middle panel). Such complete five-part megacycles are
referred to herein as “rhythmic megacycles” (Fig. 5, middle column; black
bars are subaerial exposure caps, white is subtidal sediment); however,
they might more appropriately be called “Goldilocks” megacycles because
they form only when everything is just right for every fifth-order sea-level
“beat” to be “caught” (that is, registered in the sedimentary record as a
cycle of subtidal deposition to subaerial exposure) with metronomic
regularity.

In our computer experiments, it was not difficult to induce changes in
the structure of the basic thinning-upward megacycles. Relatively minor
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perturbations in input parameters were found to cause sea-level “beats” to
be “missed” (that is, not to be registered in the sedimentary record as a
cycle of subtidal deposition to subaerial exposure; see Hardie and others,
1986, p. 454). Random distributions of caught and missed beats could be
caused by random variations in a host of parameters, some of which, such
as erosion, were not explicitly considered in our computer modeling. The
effects of random variations were not explored, but it should be possible to
design appropriate experiments using stochastic models to feed in probabi-
listic variations in the amplitudes of successive sea-level oscillations, in
sedimentation rates, and so on. We have concentrated, instead, on those
conditions that favor a more systematic distribution of “missed beats.”
Along these lines, predictable changes in the structure of the fourth-order
megacycles were found to result whenever mean sea level and its envelope
of fifth-order oscillations were raised above or lowered beneath the opti-
mum range for development of a complete rhythmic megacycle (Fig. 5).
Too much water, due to a relative increase in mean sea level without a
corresponding change in amplitude of the fifth-order sea-level component,
would lead to prolonged submergence of the platform as sea level failed to
drop below the platform top for one or more fifth-order oscillations (Fig.
5, lower panel). These “missed beats™ result in incomplete megacycles (less
than five cycles per megacycle) with two or more subtidal cycles amal-
gamated to make a much thicker than average composite cycle (Fig. 5).
Because of the asymmetric “saw-tooth” shape of the fourth-order sea-level
oscillations, it is the first two or three fifth-order cycles of each megacycle
that become welded together into a thickened basal subtidal unit (Fig. 5,
lower panel). Such incomplete megacycles are referred to herein as “amal-
gamated megacycles.” In contrast, too little water, due to a relative de-
crease in mean sea level without corresponding change in amplitude of the
fifth-order sea-level component, would result in periods of prolonged
emergence of the top of the platform as sea level oscillated below platform
level for one or more fifth-order beats (Fig. 5, upper panel). These “missed
beats” produce incomplete megacycles in which the subtidal components
of the registered oscillations are thinner than normal and in which the
prolonged periods of emergence are recorded as unusually thick soil or
tepee caps (Fig. 5). Under these low mean sea-level conditions, the “saw-
tooth” shape of the fourth-order sea-level curve will keep sea level below
the platform top for one or more of the last of the fifth-order beats of each
fourth-order oscillation. These missed beats are nondepositional beats re-
corded as thickened soil or tepee caps that appear stratigraphically at the
top of each megacycle (Fig. 5). This kind of incomplete megacycle is
referred to herein as a “condensed megacycle.” On the basis of our compu-
ter experiments, there are three sets of conditions that would favor the
development of incomplete megacycles even though sea level was oscillat-
ing rhythmically in the 104 to 105-yr range.

(1) During major ice ages, the 10°-yr asymmetric wave would dom-
inate over the 10%-yr sinusoidal wave (for example, Fig. 3), owing most
likely to the dynamics of the melting-freezing of large ice caps. This would
lead to incomplete megacycles composed of thick amalgamated subtidal
units with thick soil caps, as are characteristic of Pleistocene carbonate
platforms (see Perkins, 1977; Goldhammer and others, 1987).

(2) Superposition of composite fifth/fourth-order (104/103 yr) sea-
level oscillations on a third-order (108 yr) sea-level rise-fall cycle can
produce a systematic succession of amalgamated to rhythmic to condensed
megacycle facies and systematic changes in cycle stacking patterns, as is
clearly demonstrated by computer simulation (see later). This succession
allows a genetic connection to be made between cyclic stratigraphy, facies
stratigraphy, and sequence stratigraphy (as discussed below).

(3) Interaction of irregular pulses of subsidence (for example, stick-
slip tectonic down drop) with composite high-frequency sea-level oscilla-
tions can result in a highly nonrhythmic succession of megacycles
characterized by subtidal units that range from very thin (centimeters) to
very thick (many meters to decameters).
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Figure 6. Computer simulation of
the south Florida Pleistocene platform
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Because each of these sets of conditions produces a distinctly different
stacking of megacycles, it may be possible to use these predicted differ-
ences to diagnose the underlying mechanism of cycle accumulation and to
identify third-order sequences, their boundaries, and their component sys-
tems tracts (Vail, 1987) on the platform. Reported below are our efforts to
apply this approach to Alpine Triassic carbonates that record unequivocal
evidence of repeated episodes of submergence and subaerial exposure
(Hardie and others, 1986; Goldhammer and others, 1987). Before turning
to the Triassic carbonates, however, we give a brief analysis of the late
Pleistocene platform carbonate cycles of south Florida. The deposition and
diagenesis of these Pleistocene cycles are demonstrably related to glacio-
eustatic sea-level oscillations in tune to Milankovitch rhythms, but with the
amplitude of the 100,000-yr component greater than that of the 20,0000-
yr component (Fig. 3). This Pleistocene system acts as an established point
of reference by which to judge both the approach used in this study and the
results of our analysis of the Alpine Triassic carbonates.

PLEISTOCENE OF FLORIDA: MISSED BEATS
RELATED TO HIGH-AMPLITUDE FOURTH-ORDER
SEA-LEVEL CHANGES

Perkins (1977) has identified five marine subtidal units (Q1 to Q5)
separated by distinctive disconformities in the Pleistocene carbonates of
south Florida (Fig. 6). The disconformities record periods of vadose dia-
genesis related to platform emergence, as evidenced by (1) laminated
caliche crusts, (2) red soils and soil breccias, (3) land-plant roots,
(4) Kkarstic dissolution pipes and cavities, (5) bored surfaces, (6)
fresh-water limestones, and so on (Perkins, 1977). The disconformity that
separates the Holocene carbonates from the latest Pleistocene unit Q5 is
well displayed in the Florida Keys, where the coral reef facies (Key Largo
Limestone; Stanley, 1966) and associated subtidal grainstone-packstone
facies of the upper Miami Limestone are capped by karstic cavities lined
with laminated caliche crusts (Multer and Hoffmeister, 1968) and filled
with red soil and coated grain breccias (Perkins, 1977). Radiometric dat-
ing of corals from this Q5 unit gives ages in the range 120,000 to 130,000
yr (Osmond and others, 1965; Broecker and Thurber, 1965). The radio-
metric ages of the older Pleistocene units are uncertain owing to internal
inconsistencies apparently related to diagenetic alteration (Perkins, 1977),
but Mitterer (1975), using amino acids in bivalve shells, has assigned ages

0 scaled to 120-m amplitude based on
Pleistocene coral reef data.

of 170,000-195,000 yr, 222,000-251,000 yr, and 302,000-346,000 yr to
units equivalent to Q4, Q3, and Q2, respectively (Fig. 6). Perkins (1977)
has interpreted these Pleistocene disconformity-bounded units as the result
of alternating shallow-marine deposition and subaerial exposure controlled
by the Pleistocene glacio-eustatic sea-level oscillations. In a valuable dis-
cussion, Perkins (1977) has explained the distribution of facies, the posi-
tion of soils, and the variations in the extent of subaerial diagenesis within
a single Pleistocene unit as the effects of a sea-level rise-fall cycle operating
on a seaward-sloping platform (see his Fig. 38).

In an effort to further understand the cyclicity of the south Florida
Pleistocene carbonates, we attempted to simulate the Q1 to Q5 vertical
succession using our “Mr. Sediment” computer program. We used the
temporal variations in oxygen isotope concentrations in Quaternary deep-
sea sediments (the smoothed data of Imbrie, 1985, Fig. 17) as a proxy for
glacio-eustatic sea-level changes over the past 400,000 yr. We also used a
sea-level amplitude scale based on Pleistocene coral reef data (Fig. 3) and
then adjusted sedimentation and subsidence rates to reach as close a quan-
titive replica of the Q1-Q5 vertical succession as was possible (for exam-
ple, as at location 38 of Perkins, 1977, Plates 2 and 3). Our simulated
cyclic stratigraphy is compared with the Pleistocene succession in Figure 6.
What the simulation reveals is a basic theme of “missed beats.” Despite the
rhythmic oscillation of sea level in tune to composite Milankovitch astro-
nomical cycles (sinusoidal ~20,000-yr precessional beats superimposed on
asymmetrical ~100,000-yr eccentricity beats, Fig. 3), only a fraction of the
basic ~20,000-yr oscillations are recorded. The large amplitude of the
steeply asymmetrical ~100,000-yr component carried Pleistocene sea level
high enough above the top of the south Florida platform to submerge it for
one or more of the initial ~20,000-yr precessional beats of each
~100,000-yr eccentricity cycle (Fig. 6). In turn, during the ~100,000-yr
low stands, sea level dropped far enough below the platform top to keep it
exposed for two or more of the last ~20,000-yr beats of each ~100,000-yr
cycle (Fig. 6). Therefore, instead of complete 5:1 thinning-upward mega-
cycles expected from the saw-tooth composite rhythms of the Pleistocene
sea-level oscillations (as in Fig. 3), the stratigraphic record is one of in-
complete megacycles with single or amalgamated subtidal units capped by
extensive soils. Although it is clear from the computer simulation that the
basic ~20,000-yr precessional rhythm of sea-level rises and falls has been
missed, the stratigraphic succession of single and amalgamated subtidal
units with their karstic soil caps has caught, with reasonable clarity, the
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higher-order ~100,000-yr eccentricity rhythm (Fig. 6). In essence, the Q1,
Q2, Q3-Q4 (combined), Q5, and the Holocene disconformity-bounded
units are the stratigraphic records of the high stands of the ~100,000-yr
component of the composite Pleistocene sea-level changes. However, the
actual durations of the periods of subtidal deposition and the intervening
periods of subaerial exposure are quite irregular (Fig. 6), and without the
aid of accurate age dating of each cycle, it would not be possible from the
cycle thickness patterns to unequivocally demonstrate that the cyclicity
was controlled by externally driven rhythmic processes. Average cycle
duration of this south Florida Pleistocene cyclic succession is ~67,000 yr
(6 cycles in 400,000 yr), a value that does not reflect any of the actual
Milankovitchian components that have shaped the Pleistocene sea-level
history. The upper Pliocene to Holocene platform carbonates of the Great
Bahama Bank (Beach and Ginsburg, 1978) record 15 subtidal cycles with
soil caps (average thickness ~2.7 m/cycle) in the past 3.2 m.y., giving an
average cycle duration of 213,000 yr. In the Bahamas, therefore, the
discrepancy between the stratigraphic record of cycles and the actual
rhythms of sea level that controlled accumulation is even larger than in the
late Pleistocene of Florida. These anomalies are an obvious but important
consequence of the phenomenon of “missed beats.” Such “missed beats”
may well turn out to be common in shallow-water cyclic deposits, and
thus their existence may pose the largest obstacle to progress in unraveling
the origins of ancient high-frequency sedimentary cycles in platform or
shallow-shelf facies. It follows that identification of “missed beats” is an
essential first step in any analysis of cyclic shallow-water strata. In the
present study, we approached the problem by using, as end-member mod-
els, the highly rhythmic record of Ladinian cycles of the Latemar buildup
(Figs. 1 and 2) and the known “missed beat” record of the late Pleistocene
of the south Florida platform (Fig. 6).

NONRHYTHMIC CYCLIC SUCCESSIONS AND “MISSED
BEATS” IN TRIASSIC CARBONATES OF THE ALPS

We have chosen to compare and contrast the cyclic successions of the
Anisian-Ladinian of the Latemar buildup (Dolomites, Italy), the Norian
Dolomia Principale (Dolomites, Italy), and the Norian Dachstein Kalk
(Lofer facies) of the Northern Limestone Alps (Austria), because they
appear to present a spectrum of circumstances involving “missed beats”
resulting from the interaction of high-frequency sea-level oscillations
(104-10% yr) with major third-order sea-level changes (106 yr) and tec-
tonic movement.

LATEMAR
LADINIAN 120m | Tepee Facies LIMESTONE
Lower Cyclic
%0m Facies J
250 m Lower Platform
ANISIAN Facies
90 m Contrin Fm.

Figure 7. Stratigraphic column of facies that constitute the Late-
mar platform.
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Figure 8. Middle Triassic chronostratigraphy of the Dolomites.
Third-order (1- to 10-m.y. period) unconformity-bounded deposi-
tional sequences. Note that the Latemar buildup consists of two third-
order depositional sequences (L1, L2). The first Ladinian sequence
(L1) of the Latemar contains three stacked facies: lower platform
facies (LPF), lower cyclic facies (LCF), bottom half of the tepee facies
(TF). The second Ladinian sequence of the Latemar, which is incom-
plete, consists of the upper half of the tepee facies and the upper cyclic
facies (UCF). Age dates compiled from Odin and Letolle (1982), Har-
land and others (1982), and Haq and others (1987). The duration of
the Ladinian sequences was constrained by counting the number of
fifth-order cycles in the Latemar buildup (see text).

Anisian-Ladinian of the Latemar Buildup

A Systematic Succession of Megacycles Related to a Complete
Third-Order Sea-Level Oscillation, The Latemar buildup (800 m thick;
5-6 km wide) of late Anisian—Ladinian age is one of several well-exposed
Middle Triassic carbonate platforms in the Dolomites of northern Italy
(Bosellini and Rossi, 1974; Bosellini, 1984). The flat-lying platform suc-
cession of the Latemar records three superimposed orders of stratigraphic
cyclicity, including (1) a long-term, third-order depositional sequence (460
m thick; approximately 8 m.y. duration, sequence L1); (2) fourth-order
megacycles (subdecameter scale; approximately 100,000 yr duration);
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Figure 9. Third-order accommodation potential determined by
long-term “Fischer plot” (Fischer, 1964; Goldhammer and others,
1987; Goldhammer, 1987) of the entire Latemar platform succession
(only the long-term trace of the approximately 500 individual fifth-
order cycles is shown). Vertical axis depicts the total amount of geo-
logic time (in millions of years), and the duration of each facies was
derived by counting fifth-order cycles, assuming 20,000 yr/cycle.
Mean subsidence vector represents constant background subsidence
of the platform and represents average rate of sediment accumulation.
Deviations (plus or minus) from the mean subsidence rate are inter-
preted as third-order eustatic sea-level changes after correction for
isostatic loading. Representative time-stratigraphic intervals used in
comparing actual stratigraphy and computer-simulated stratigraphy of
each facies (for example, Figs. 10-13) are shown as shaded boxes
(LPF, lower platform facies; LCF, lower cyclic facies; TF, tepee facies;
UCF, upper cyclic facies). The simulated stratigraphy of these inter-
vals is generated by superimposing three different orders of eustasy—
high-frequency fourth (~100,000 yr) and fifth (~20,000 yr) atop
long-term third (~ 10 m.y.)—under conditions of constant sedimenta-
tion and linear background subsidence. The shape, period, and ampli-
tude of third-order change is taken directly from the long-term
“Fischer plot,” and background subsidence is taken as the mean sub-
sidence vector.

(3) fifth-order cycles (submeter to meter scale; approximately 20,000 yr
duration).

The Latemar platform contains four vertically stacked, aggradational
facies (Fig. 7 and sequences L1, L2 in Fig. 8): (1) lower platform facies
(LPF), 250 m of subtidal, shelf-lagoon carbonate punctuated by thin sub-
aerial exposure horizons roughly every 10 m on average; repetitive meter-
scale, fifth-order cycles are lacking; (2) lower cyclic facies (LCF), 90 m of
fifth-order, meter-scale cycles (73 cycles; average 1.24 m/cycle), each
composed of bioturbated, subtidal shelf-lagoon carbonate overlain by a
thin (5-15 cm thick) vadose, dolomitic caliche crust; fifth-order cycles are
grouped into asymmetric, thinning-upward megacycles; (3) tepee facies
(TF), 120 m of meter-scale, fifth-order cycles (295 cycles; average 0.4
m/cycle), periodically interrupted by tepee zones recording extended sub-
aerial exposure; fifth-order cycles are grouped into thinning-upward meg-
acycles capped by tepees; (4) upper cyclic facies (UCF), 210 m of
fifth-order cycles (230 cycles; average 0.96 m/cycle) similar to the lower
cyclic facies.

The vertical facies succession of the lower platform facies to lower
cyclic facies to lower half of the tepee facies defines a third-order deposi-
tional sequence (sequence L1, Fig. 8) generated by a long-term third-order
relative rise-fall sea-level cycle. The basal sequence-bounding unconform-
ity occurs at the top of the middle Anisian Contrin Formation, and the
sequence is capped by a transitional boundary marked by a complex
13-m-thick tepee interval (Goldhammer and Harris, 1989). The upper half
of the tepee facies and the overlying upper cyclic facies represent the
beginning of another sequence (sequence L2, Fig. 8).

The first Latemar sequence records systematic changes in stratigraph-
ic and lithologic character that reflect progressively decreasing third-order
accommodation potential, that is, the sum of long-term third-order eu-
static sea-level changes plus background platform subsidence. First of all,
the lower platform facies differs from the other facies in that it lacks
repetitive meter-scale fifth-order cycles. Instead, subtidal deposits are punc-
tuated by subaerial exposure caps on average approximately every 10 m
(nonrhythmically, as confirmed by autocorrelation tests). In contrast,
within the overlying facies (lower cyclic and tepee facies), fifth-order
cycles (as described and discussed by Goldhammer and others, 1987)
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occur with regularity and decrease in thickness overall from the base of the
lower cyclic facies (individual cycles as much as 4 m thick) to the middle
of the tepee facies (individual cycles <0.5 m thick). This progression from
a noncyclic interval to cyclic intervals marked by decreasing cycle thick-
ness upward indicates that third-order accommodation potential (that is,
accumulation space available for fifth-order cycle aggradation) for each
depositional pulse was reduced. Secondly, the proportion of marine sub-
mergence (and concomitant early marine diagenesis) to subaerial exposure
(and concomitant subaerial diagenesis) varies systematically upward
through the sequence. The lower platform facies is dominated by subtidal
deposits full of early marine syndepositional diagenetic features (hard-
grounds, sheetcracks, early marine cements; Goldhammer, 1987). In con-
trast, evidence for such intensive early marine diagenesis is lacking in the
overlying lower cyclic and tepee facies, which contain vadose diagenetic
features (caliche fabrics, vadose cements; Goldhammer and others, 1987;
Goldhammer, 1987). The progressive increase in subaerial-exposure fea-
tures clearly records a shift from generally submergent conditions during
lower platform facies deposition to conditions whereby subtidal deposition
was frequently interrupted by intervals of subaerial exposure (lower cyclic
and tepee facies). Thus, the stratigraphic variation of early diagenesis
parallels the changes in cycle thickness as both respond to decreasing
third-order accommodation potential.

In a qualitative sense, then, the vertical facies stacking and cycle
stacking patterns clearly record a third-order relative sea-level change. The
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question remains, can this third-order variation be treated quantitatively to
extract information regarding rates, periodicity, and amplitude of third-
order change? By utilizing fifth-order cycles as stratigraphic time units
equal to 20,000 yr, a third-order accommodation-potential curve can be
constructed via graphical time-space analysis of the entire Latemar plat-
form succession (Fig. 9). This method, originally outlined by Fischer
(1964), graphically portrays long-term deviations from mean subsidence
(assumed constant, or at least changing at a very slow rate over the time
span of the Latemar buildup). Such deviations are generated by the cu-
mulative effect of progressive changes in fifth-order cycle thicknesses,
which are plotted successively against time, assuming each cycle is of
20,000 yr duration (see Fischer, 1964, p. 146-148, and Goldhammer and
others, 1987, p. 869-874, for discussion of graphical time-space analysis).
This Fischer diagram (Fig. 9) contains only the trace of the long-term
change (individual fifth-order cycles, which plot as discrete triangles, are
not shown; compare, for example, with Fig. 2) and illustrates deviations
from mean subsidence (approximately 5 cm/1,000 yr) plotted against the
Latemar stratigraphy. Positive deviations (shifts to the left) depict in-
creased relative third-order rise in sea level or increase in accommodation.
Negative deviations (shifts to the right) mark relative third-order fall or
decrease in accommodation. The curve, which forms an asymmetric cycle
of positive (thick accumulation) to negative (thin accumulation) devia-
tions, substantiates the notion that the first Latemar third-order sequence

GOLDHAMMER AND OTHERS

(lower platform facies to lower cyclic facies to lower half of the tepee
facies) represents progressively decreasing third-order accommodation po-
tential. Inherent error in the analysis stems from the “missed beats™ of
fifth-order eustasy recorded in the lower platform and tepee facies; thus,
the time derived for each facies and the entire Latemar platform succession
is a minimum. Within the tepee facies, fourth-order megacycles with tepee
caps were assigned 100,000-yr durations, even if fewer than 5 fifth-order
cycles were present. For the lower platform facies, the duration was con-
strained by age dates and computer simulations of the entire Latemar
buildup (Goldhammer, 1987). The third-order trend (Fig. 9), which forms
a cycle of relative rise and fall, is interpreted as a eustatic sea-level change
with an amplitude of approximately 60 m (after correction for isostatic
loading) and a period of about 8 m.y. (Goldhammer, 1987).

The Significance of the Cyclic Facies: Rhythmic Megacycles. As
discussed above, the cyclostratigraphy of the cyclic facies of the Latemar
buildup provides the basic evidence for rhythmic sedimentation during the
Triassic. The stacking patterns of the five-part thinning-upward megacy-
cles of these facies indicate a rhythmic depositional response to a com-
posite high-frequency (fourth and fifth order) eustasy in the Milankovitch
band. These Latemar rhythmic megacycles are our “Goldilocks” megacy-
cles that appear to have recorded almost every single fifth-order (approxi-
mately 20,000 yr) sea-level oscillation. Such a complete record of
high-frequency composite eustasy was found to be most precisely simu-
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Figure 10. Direct comparison of the actual stratig-
raphy of the lower cyclic facies and computer-generated
stratigraphy for a 600,000-yr time interval of the Latemar
buildup. Thicker white layers in the stratigraphic columns
(left) mark subtidal parts of cycles; thin black layers mark
subaerial exposure caps. The simulated interval is between
2.4 and 3.0 m.y. of the total 12 m.y. of geologic time that
the buildup records. Actual and simulated fourth-order
megacycles are correlated on the basis of actual versus
modeled age dates. The sea-level-subsidence-sedimenta-
tion record to the right of the stratigraphic column repre-
sents the shaded box labeled LCF in Figure 9. The
amplitude of +3 m refers only to high-frequency (fourth
and fifth order) eustasy. Model variables used in this and
the simulations shown in Figures 11, 12, and 13 are (a)
fifth-order eustasy—sinusoidal shape, 2-m amplitude,
19,000-yr period; fourth-order eustasy—asymmetric shape
(sawtooth), 1-m amplitude, 103,000-yr period; third-order
eustasy—shape, amplitude (60 m), and period (~10 m.y.)
taken directly from the long-term “Fischer plot” (Fig. 9);
(b) linear subsidence—0.05 m/1,000 yr (equal to the mean
subsidence vector of the long-term “Fischer plot,” (Fig. 9);
(c) uniform sedimentation rate—0.15 m/1,000 yr; (d) lag
depth—1 m (on fifth-order rise and fall); (e) rate of soil cap
development—0.01 m/1,000 yr.
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Figure 11. Direct comparison of the actual stratigraphy
of the upper cyclic facies and computer-generated stratig-
raphy for a 600,000-yr time interval of the Latemar buildup
(interval between 9.8 and 10.4 m.y., shaded box labeled
UCF in Fig. 9). See text and Figure 10 for run input data.

UPPER CYCLIC FACIES

MEGACYCLES

lated by computer under conditions wherein the effect of superimposed
third-order sea-level changes was minimal (for example, Fig. 4). Optimum
conditions should occur at the crests and troughs of such long-term third-
order waves when the rate of third-order eustatic change is theoretically
zero. As can be seen in Figure 9, these are precisely where the lower cyclic
(third-order crest) and upper cyclic (third-order trough) facies are located
in the Latemar third-order succession. Figures 10 and 11 show compari-
sons between actual stratigraphies of the lower and upper cyclic facies of
the Latemar and simulated stratigraphies generated by “Mr. Sediment.”
The model stratigraphies shown in Figures 10 and 11 were generated by
superimposing short-term composite eustasy (combined fourth- and fifth-
order effects) on top of long-term changing accommodation potential
(combined third-order eustasy plus background platform subsidence) de-
rived from the Fischer diagram of the Latemar buildup (Fig. 9). The
simulations yield complete five-part rhythmic megacycles without any
missed depositional beats of fifth-order eustasy, and thus, the stratigraphic
record is complete. Additionally, note the roughly equivalent proportion
of submergence time to subaerial-exposure time for individual cycles and
megacycles (white striped versus black striped areas on the model sea-
level-subsidence— sedimentation record).

The Significance of the Lower Platform Facies: Amalgamated
Megacycles. On the basis of analysis of the Latemar cyclic facies, we
conclude that Milankovitch-driven glacio-eustatic sea-level oscillations
were operating throughout the entire accumulation of the buildup and
were dictating the development of fifth-order cycles and their arrangement
into fourth-order megacycles. We must then consider the significance of
those facies that do not contain an uninterrupted succession of meter-scale
cycles grouped into megacycles.

The lower platform facies is characterized by subtidal skeletal-
lithoclastic packstone-grainstone containing overwhelming evidence for
abundant early marine diagenesis (submarine cemented sheetcracks, sub-
marine hardgrounds, a variety of early marine cement types, and so on;
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Goldhammer, 1987). Subaerial exposure surfaces, similar to those in the
overlying cyclic facies, are relatively uncommon, occurring every 10 m or
so on average. The lower platform facies is interpreted as primarly subtidal
in origin (shallow, back-margin lagoon), and depositional conditions were
marked by subtidal sedimentation and submarine diagenesis. Submarine
sedimentary hiatuses and syndepositional marine diagenesis are very
common, whereas subaerial depositional breaks are not, pointing at gener-
ally submergent conditions and a predominantly subtidal origin.

The lower platform facies lacks repetitive meter-scale cycles arranged
in five-part megacycles (Fig. 12). Relative time-series analysis and graphi-
cal time-space analysis failed to identify any rhythms (Goldhammer,
1987). Instead, the lower platform facies consists of thick “cycles” of
subtidal carbonate punctuated by thin subaerial exposure caps approxi-
mately one every 10 m. By comparison with the average fifth-order cycle
thickness for the Latemar cyclic facies (average <1 m/cycle), these lower
platform facies “cycles” are too thick and occur too infrequently to be
considered fifth-order cycles of 20,000 yr duration. Rather, each “cycle”
must represent the amalgamated record of several fifth-order sea-level
beats that oscillated above the platform top and so failed to expose the
platform. On the basis of the lower platform facies thickness and age
constraints, third-order accommodation potential was greatest during
lower platform facies accumulation (Fig. 9).

Computer simulations of the lower platform facies reveal how this
maximum accommodation potential interacted with short-term composite
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sea level and constant subtidal accumulation rates to generate the lower
platform facies stratigraphy (Fig. 12). All other input variables (for exam-
ple, subtidal accumulation rates, lag depth, and so on) are identical to
those utilized in simulations of the Latemar cyclic facies, and only long-
term accommodation potential has changed by adding in the effects of a
rising third-order sea-level component. The lower platform facies simula-
tion produces subaerial exposure surfaces approximately every 8 m on
average, and thick subtidal packages are generated as a result of several
“missed beats” of subaerial exposure, during which time amalgamated
subtidal fifth-order cycles (without subaerial exposure caps) were pro-
duced by each asymmetric fourth-order megacycle (that is, approximately
100,000 yr). In the simulation, the approximately 20,000-yr sinusoidal
rhythms oscillated above the top of the platform and in most instances
failed to expose the platform. Therefore, no repetitive fifth-order, meter-
scale cycles or complete fourth-order megacycles (composed of five fifth-
order cycles) were formed. Rather, “incomplete” amalgamated mega-
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cycles resulted. The model sea-level-subsidence-sedimentation record
(Fig. 12) also illustrates the manner in which lower platform facies sedi-
ments were subject to long, uninterrupted periods of marine submergence
favoring abundant marine diagenesis. The effect of lag depth in shutting
down sedimentation on the falling limb of each sinusoidal wave yields
periods of nondeposition, during which time early marine diagenesis could
be concentrated at a nonaggrading surface to produce hardgrounds and
submarine tepees.

The lower platform facies stratigraphy interpreted in light of “missed
beats” is a good illustration of Sander’s Rule. Despite rhythmic periodicity
of the cycle-producing mechanism (for example, Milankovitchian glacio-
eustasy), the corresponding stratigraphic record may not preserve every
cycle-producing pulse as a stratigraphic cycle. The record is thus incom-
plete, as fifth-order cycles are hidden in an amalgamated subtidal record.

The Significance of the Tepee Facies: Condensed Megacycles.
Separating the rhythmic megacycle successions of the lower and upper
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Figure 12. Direct comparison of the actual stratigraphy of the lower platform facies and computer-generated stratigraphy for a 600,000-yr
time interval of the Latemar buildup (interval between 1 and 1.6 m.y., shaded box labeled LPF in Fig. 9). Representative stratigraphic section of
the lower platform facies consists of thick (2-15 m) intervals of subtidal deposits (white in the stratigraphic columns) punctuated by thin
subaerial exposure caps (thin black layers). Correlation of actual and simulated megacycles is based on stacking patterns and thickness of

smaller “cycles.” See text and Figure 10 for run input data.
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cyclic facies is a 120-m-thick interval characterized by 35 discrete tepee
zones (Hardie and others, 1986), distributed vertically throughout the
section, that add a different component to the normal cyclic pattern (Fig.
13). Tepee zones are interbedded with zones of fifth-order cycles that are
analogous to those of both of the cyclic facies. Individual tepees (typically
1-2 m thick) are antiform structures that have fairly symmetrical, chevron-
like cross sections, displaying flat bases with uparched tepee crests sepa-
rated by inter-tepee depressions. Tepee crests are truncated by overlying
beds that thin laterally as they onlap the flanks of tepee crests, indicating
the syndepositional origin of the structures. The most significant aspect of
Latemar tepees is that they consist of buckled and disrupted fifth-order
Latemar cycles (that is, subtidal limestone with thin vadose diagenetic
caps) identical to those that occur between tepees and identical to those
that characterize both Latemar cyclic facies (Hardie and others, 1986).
The vast majority of tepee zones occur as thin (<2 m) disrupted caps to
single megacycles, but there are a few unusually thick (3-13 m) tepee
zones that are highly brecciated and involve more than one megacycle. In
the tepee zones that cap single megacycles, the number of cycles incorpo-
rated varies from one to four, each cycle being on the order of 0.10 to 0.40
m thick. Tepees are interpreted as the product of expansive cementation of
pre-existing thin fifth-order cycles. Tepees are associated with sediments
that were subaerially exposed (that is, vadose caps of cycles), and the
presence of extensive vadose diagenetic features within tepees (fitted pi-
soids, vadose stalactitic cements, dissolution vugs; Hardie and others,
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1986; Goldhammer, 1987) argues for an origin primarily related to sub-
aerial exposure.

The presence of thinning-upward, fourth-order megacycles between
tepees indicates that the same composite, eustatic sea-level rhythm respon-
sible for both the Latemar cyclic facies operated during deposition of the
tepee facies. Despite the overprint of tepee formation, an accurate counting
of cycles within individual tepees is possible and reveals that the normal
composite cycle rhythm can still be read, as verified by both graphical
time-space and relative time-series analyses (Fig. 14; Goldhammer, 1987).
Tepees composed of disrupted thin fifth-order cycles occur as tops to
megacycles marked by thicker basal cycles. Fourth-order megacycles with
tepee caps may contain five fifth-order cycles, but commonly they are
incomplete, containing only three or four fifth-order cycles (Figs. 13 and
14). We interpret these incomplete tepee-capped megacycles as “con-
densed” fourth-order megacycles that do not record all depositional pulses
of the composite eustatic sea-level curve. These condensed megacycles
have missed one or more of the fifth-order depositional beats on the falling
limb of the fourth-order wave.

On the basis of the thickness of the tepee facies and age constraints
(derived by counting fifth-order cycles, assuming 20,000 yr per cycle),
third-order accommodation potential was least during tepee facies accu-
mulation (Fig. 9). Computer simulations of the tepee facies demonstrate
the manner in which condensed megacycles were generated by missing
one or more of the fifth-order pulses during the falling phase of the asym-



548

MEAN SUBSIDENCE ~~
VECTOR

GOLDHAMMER AND OTHERS

RELATIVE TIME ————»

0.8
0.6
0.4
0.2

ZO—=>MMIDOOC~CY»

Tepee Facies (78-109)

MEGACYCLES

0
SCALE(m)

0 5 10

LAG (* cycles)

15 20 25 30

Figure 14. “Fischer plot” and time-series analysis of a portion of the stratigraphic succession of cycles in the tepee facies. Taking into
account the number of fifth-order cycles incorporated into a tepee zone (cycles with zig-zag pattern) and applying these techniques reveal a
cycle packaging similar to that found in the lower and upper cyclic facies (compare this figure with Fig. 2).

metric fourth-order sea-level oscillation (Fig. 13). All input variables are
identical to those utilized in simulations of the cyclic facies and the lower
platform facies except that long-term accommodation potential, upon
which composite short-term eustasy is riding, has been changed by adding
in the effects of a falling third-order sea-level component. The resulting
reduced accommaodation potential ensured that the lower one or two basal
fifth-order cycles of a megacycle would aggrade high enough so that the
subsequent fifth-order oscillations could not rise above lag depth, or in
some cases, above the platform top, thus resulting in missed depositional
cycles. During these missed depositional beats in the regressive portion of a
megacycle, the pre-existing fifth-order cycles that formed at the front end
of the fourth-order sea-level oscillation were subject to prolonged subaerial
exposure and disrupted into tepees. Lag depth on the falling limb of each
fifth-order sinusoidal beat had the effect of ensuring the formation of thin
cycles that were most susceptible to disruption into tepees. Tepee simula-
tion was achieved by inputting an upper limit on the thickness of the
subaerial exposure cap of fifth-order cycles. During prolonged subaerial
exposure, when a diagenetic cap of a fifth-order cycle achieved a thickness
of 0.10 m, a routine within “Mr. Sediment” stopped diagenetic cap devel-
opment and instead graphically overprinted pre-existing cycles with a
zig-zag pattern at a fixed rate similar to that of the rate of soil formation to
simulate the genesis of tepees. The upper limit of diagenetic cap thickness
of 0.10 m was based on observations that known examples of Holocene
tepees have indurated crust thicknesses that rarely exceed 10 cm (data in
Goldhammer, 1987) together with the observation that diagenetic cap
thicknesses of fifth-order cycles involved in Latemar tepees never exceed
10 cm.

The stratigraphy of the tepee facies, combined with the computer
simulations, provides a further illustration of Sander’s Rule where rhyth-
mic, potentially cycle-producing fifth-order beats of eustasy are “missed,”
that is, not preserved as stratigraphic cycles. Inspection of the sea-
level-subsidence~sedimentation history (Fig. 13) illustrates how such

“missed beats” of cycle deposition, which occurred on the falling limb of
the fourth-order oscillation, resulted in condensed megacycles with a
strong vadose diagenetic overprint. Because of reduced accommodation
potential imposed by third-order sea-level fall tracking subsidence, the
relative proportion of submergence time to subaerial-exposure time is
reduced for each megacycle as compared to the underlying lower platform
facies and lower cyclic facies. Note also that the very thin cycles character-
istic of the tepee facies are not the result of reduced sedimentation rates,
nor of reduced cycle duration, but rather of reduced accommodation
space.

Eustatic Model for the Systematic Succession of Latemar Meg-
acycles. Long-term computer simulations quantitatively illustrate the ef-
fect of composite eustatic sea-level oscillations on both the small-scale
stratigraphic variability (that is, meter-scale cycles, tepees, and so on) and
the large-scale vertical stratigraphic packaging and closely simulate the
actual Latemar stratigraphy (Figs. 10 through 13). Representative parts of
each of the Latemar platform facies were simulated by superimposing
high-frequency fourth- and fifth-order eustasy atop long-term third-order
eustasy (taken directly from the graphical time-space analysis) under con-
ditions of constant subsidence (that is, mean subsidence of 5 cm/1,000 yr)
and constant subtidal accumulation rates (15 cm/ 1,000 yr; Goldhammer,
1987). In the representative simulations, all variables (that is, amplitudes
of high-frequency eustasy, periods of fourth- and fifth-order change, lag
depth, and so on) were fixed; only long-term third-order sea level was
allowed to vary (Fig. 9).

On the basis of these simulations and in the spirit of Sander’s Rule, a
eustatic model for the development of the Latemar vertical facies stacking
under conditions of constant subsidence can be formulated as follows
(Fig. 9).

(1) Lower platform facies (Fig. 12)—Prolonged, relatively rapid,
third-order sea-level rise dominates the system, maximizing third-order
accommodation potential, maintaining subtidal conditions over the entire
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platform. Subtidal sedimentation is unable to keep up, and thus not every
beat of fifth-order, high-frequency sea level can “touch down” on the
platform top and subaerially expose the top of the sediment column. These
“missed beats” of subaerial exposure result in the formation of thick (aver-
age approximately 10 m), fourth-order amalgamated megacycles. During
this phase of subtidal carbonate aggradation, subaerial exposure occurs
infrequently, and lengthy periods of marine submergence promote abun-
dant syndepositional marine diagenesis.

(2) Lower cyclic facies (Fig. 10)—During development of the lower
cyclic facies, the rate of third-order rise progressively declines as the crest
of the third-order wave is approached, resulting in reduced third-order
accommodation potential. Now, subtidal sedimentation can keep up with
net sea-level change, which near the third-order crest, is due almost en-
tirely to subsidence. Under these conditions, every fifth-order, high-
frequency oscillation can subaerially expose the top of the sediment
column and form a legible cycle boundary. Thus, fully developed, fourth-
order, rhythmic megacycles with roughly equivalent durations of submer-
gence and exposure are formed. The progressive stowing of third-order rise
results in sequentially thinner cycles upward from the base to the top of the
lower cyclic facies.

(3) Tepee facies (Fig. 13)—During the evolution of the tepee facies,
third-order sea level is falling and third-order accommodation potential is
minimized, but in a realm of continuous subsidence, the net effect is close
to but not quite that of a stillstand. Now, sedimentation easily keeps up
and very thin cycles form (thinner than those of the lower cyclic facies),
which are grouped into fourth-order condensed megacycles with tepee
tops representing more lengthy periods of subaerial exposure. The tepees
form owing to prolonged subaerial exposure during the falling limb of a
fourth-order oscillation. The first Latemar third-order sequence (sequence
L1, Fig. 8) is capped by a complex interval (13 m thick) of numerous thin,
superimposed tepee zones in the middle of the tepee facies, which we
interpret as the upper sequence boundary. With a decline in the rate of
third-order fall, the rate of decreasing accommodation declines, and
thicker, tepee-capped, condensed megacycles form the upper half of the
tepee facies and the start of another third-order sequence.

(4) Upper cyclic facies (Fig. 11)—As the third-order sea-level fall
that deposited the tepee facies bottomed out, the accommodation potential
increased again. This resulted from a near-zero rate of change of third-
order sea level in the trough of the third-order wave, so that at this stage,
subsidence controlled the accumulation space. The upper cyclic facies
therefore is a replica of the lower cyclic facies, formed under the same
“Goldilocks” conditions that produce rhythmic megacycles but this time in
the trough rather than the crest of the third-order sea-level oscillation. In
keeping with our eustatic model, the upper cyclic facies succession exhibits
thicker cycles and upward-thickening of rhythmic megacycles as the third-
order sea level begins a new oscillation near the end of the Ladinian. The
upper boundary of the upper cyclic facies has been removed by Quater-
nary erosion of the top of the Latemar buildup, but other coeval buildups
are capped by a regionally widespread unconformity and overlain by
volcanic and volcaniclastic rocks related to a late Ladinian—early Carnian
volcano-tectonic event that catastrophically terminated the Anisian-
Ladinian phase of carbonate buildups in the Southern Alps (Bosellini,
1984).

In summary, the first Latemar third-order sequence (that is, sequence
L1; lower platform facies to lower cyclic facies to tepee facies) is character-
ized by a systematic succession of amalgamated to rhythmic to condensed
fourth-order megacycles, which is a direct consequence of three superim-
posed orders of sea level. Despite the existence of temporal eustastic
rthythms (that is, metronomic fourth- and fifth-order eustasy) a marked
inequality exists between the thickness of the stratigraphic record and the
actual time it represents. For example, the lower platform facies is 250 m
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thick and records about 2 m.y. of geologic time. In contrast, the tepee
facies is considerably condensed, recording approximately 6 m.y. of geo-
logic time in 120 m of section. These considerations are readily compre-
hended in light of Sander’s Rule and composite eustasy impelled by
third-order changes. It follows that in shallow-water platform deposits,
facies and cycle thicknesses are not directly proportional to cycle duration
but instead are a function of accumulation space. This poses obvious and
serious difficulties for any time-series approaches that equate cycle thick-
ness with cycle duration.

Norian Cyclic Platform Carbonates

The widespread blanket of Norian platform carbonates provides a
style of Alpine Triassic meter-scale cyclic deposition related to composite
sea-level oscillations different from that of the Ladinian just considered.
The stratigraphic units represented here are the Norian Dolomia Principale
in the Southern Alps (Fig. 8) and its stratigraphic equivalent, the Hauptdo-
lomit and Dachsteinkalk, with its well-known Lofer facies, in the Northern
Limestone Alps. These Norian cyclic platform carbonates, which cover a
very large part of the Alpine region, represent accumulation mainly during
the lengthy fall of a very asymmetrical third-order seaslevel cycle that
occupied the entire Norian stage of the Triassic (Haq and others, 1987). At
the same time, subsidence varied considerably from locality to locality; for
example, the Dolomia Principale reaches 1,500 m thick in the Belluno and
Lombard basins but is only 250 m thick on the intervening Trento Plateau
fault block (Hardie and others, 1986). Therefore, in addition to the overall
third-order sea-level fall, local differential subsidence related to tectonics
must have been an important influence on cyclic sedimentation in the Alps
during the Norian.

The Norian Dolomia Principale: Systematic Changes in Con-
densed Megacycles Related to a Slow Third-Order Sea-Level Fall. In
Norian time, the entire Southern Alps region was blanketed by the 250- to
1,500-m-thick platform carbonates of the Dolomia Principale (Bosellini,
1965, 1967). In the Dolomites region of the Southern Alps, the Dolomia
Principale consists of two main facies, a cyclic peritidal facies and a
subtidal facies (Fig. 15; see also Bosellini and Hardie, 1985), both of which
are completely dolomitized. The cyclic peritidal facies is a stack of meter-
scale, shallowing-upward cycles capped by mudcracked, cryptalgal lami-
nites (Bosellini, 1965, 1967; Bosellini and Hardie, 1985). In contrast, the
subtidal facies consists of 0.15- to 5-m-thick (average 1.5 m/cycle) “di-
agenetic cycles,” each made of a subtidal unit with a subaerial exposure
cap containing evidence for vadose diagenesis (caliche fabrics, vadose
pisoids and cements, and so on; Hardie and others, 1986; Bosellini and
Hardie, 1985). These subtidal cycles with subaerial exposure caps must be
the result of relative sea-level oscillations, which based on the number of
cycles and time intervals involved, occurred with an average frequency of
24,000 to 40,000 yr/cycle, using the radiometric age dates of Harland and
others (1982) and Odin and Letolle (1982), respectively. The cycles are
therefore fifth-order stratigraphic cycles.

The subtidal unit is a massive, vuggy dolomite composed primarily of
peloid and grapestone lump grainstones and packstones with burrows and
molds of large megalodont pelecypods and Worthenia gastropods (Bosel-
lini, 1965, 1967). Thick subtidal units are capped by either (a) tepee
structures (0.25-2 m thick) that consist of one to three thin diagenetic
cycles which collectively have been disrupted into tepees or (b) red, mas-
sive, soil-like breccias of variable thickness (0.20-1.0 m thick).

Analogous to the tepees of the Latemar buildup, the Dolomia Princi-
pale tepees occur as low-relief antiforms with vadose cements, pisoids, and
pisolitic breccias, testifying that the tepees are primarily the result of com-
plex vadose diagenetic alteration of very thin (10-35 cm thick) pre-
existing cycles stacked at the top of a thick basal cycle.
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Figure 15. Facies stratigraphy and cyclic stratigraphy of the Norian Dolomia Principale in the Dolomites region of northern Italy. Facies
stratigraphy shown in column on left. The measured section (on the right) of the “subtidal facies” of the Dolomia Principale displays a typical
succession of meter-scale cycles with vadose diagenetic caps, tepee caps, and soil caps. Meter-scale fifth-order cycles are grouped into

tepee-capped, “condensed” fourth-order megacycles and soil-capped,

The red soil-like breccias occur only on top of thick subtidal units
that lack caps of thin-bedded diagenetic cycles disrupted into tepees. The
red breccias are analogous to the red soil-like breccias observed in the
Loferite cycles (Fischer, 1964; see below) and in Pleistocene examples
from south Florida (Perkins, 1977) and Bermuda (Ruhe and others, 1961;
Land and others, 1967). The Dolomia Principale examples incorporate
centimeter-scale clasts derived from underlying subtidal units and display
very irregular lower boundaries with matrix-filled pipes (dissolution pipes?)
penetrating the upper 0.5 m or so of some of the underlying thick subtidal
units.

At Passo di Fittanze above Ala in the Adige Valley, there is a contin-
uous road-cut exposure (several hundred meters of vertical section) that
was a target for our study. We measured in detail a 55-m-thick section that
we consider representative of the subtidal facies of the Dolomia Principale
in this part of the Southern Alps. It displays both types of diagenetic cycles
in fresh outcrop (Fig. 15), where individual fifth-order diagenetic cycles
are seen to be grouped into thinning upward, tepee-capped megacycles or
occur as solitary subtidal units topped by red soil zones.

“super-condensed” fourth-order megacycles.

By analogy with the tepee-capped megacycles of the Latemar tepee
facies, the thick cycles capped by tepee zones in the Dolomia Principale
are considered to represent “condensed megacycles” that have missed one
or more of the fifth-order cycle-producing beats on the falling limb of an
asymmetric fourth-order wave. The incomplete thinning-upward megacy-
cles of the Dolomia Principale argue for composite, glacio-eustatic sea-
level rhythms with Milankovitchian characteristics, similar to those that
were operating during the Ladinian (see above). Most of the Dolomia
Principale condensed megacycles consist of thinning-upward bundles of
three, which in light of a Milankovitchian composite five-to-one ratio of
superimposed orders of eustasy, suggests that on average, two beats of
fifth-order sea level per megacycle failed to produce a cycle, resulting in
prolonged subaerial exposure and tepee formation.

The thicker diagenetic cycles of the Dolomia Principale, which are
capped by the red, soil-like breccias, are interpreted to record extended
periods of subaerial exposure and vadose diagenesis, much longer than that
required to form the thin (10 cm thick) caliche crust that normally caps the
Dolomia Principale subtidal cycles (Hardie and others, 1986). The red
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soils occur only on top of single thick subtidal units that lack caps of thin

diagenetic cycles. As suggested by Hardie and others (1986, p. 452), tepees
may form only where appropriate indurated thin layers (that is, thin cy-
cles) already exist at the exposed surface. If such is the case, then the
difference between thick subtidal units with tepee caps (that is, condensed

megacycles) and the red soil-like caps may be related more to differences
in preceding sea-level history than to differences in climatic conditions
during exposure periods (Hardie and others, 1986).

We interpret the thick cycles with red soil-like caps as “condensed
megacycles,” but in contrast to the tepee-capped condensed megacycles,
the degree of stratigraphic condensation is more pronounced. Instead of
missing one or two beats of potentially cycle-producing fifth-order sea
level within the composite fourth- and fifth-order arrangement, all but one
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soil-like caps represent as many as 4 missed beats of fifth-order eustasy per

composite megacycle, when sea level oscillated beneath the top of the
platform for roughly 80% of the megacycle duration.

The Ala measured section displays a systematic vertical variation in

the two varieties of condensed megacycles. The lower half of the section
consists primarily of tepee-capped megacycles (“normal” condensed meg-
acycles), whereas the upper half of the section is marked primarily by
red-soil-capped megacycles (“super” condensed megacycles). The thick-
ness of the megacycles remains more or less uniform (ranging from 1-4

m), regardless of the type of cap, be it a tepee or red soil-like breccia. We
suggest that the overall variation in megacycle style, from tepee-capped to

soil-capped, is a systematic succession of megacycle variability related to
long-term, third-order change in relative sea level, specifically a slow de-
of the fifth-order beats failed to yield a cycle. In this interpretation, then, crease in third-order accommodation. Thus, as third-order sea level de-
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Figure 17A. Schematic representation of disconformity-bounded
Lofer cycle types found at Steinernes Meer. Numbers in parentheses
refer to number of cycles of that type in the section. All cycles show
evidence of upward shoaling. See text for descriptions of subfacies.
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creased, the platform top experienced progressively reduced space for
deposition, forcing each fourth-order megacycle to systematically miss
more fifth-order beats and become progressively more condensed. Here
again, a critical step in the link from small cycles to larger sequences is
achieved through an appreciation of cycle stacking patterns, interpreted
with Sander’s Rule in mind.

The Lofer Facies of the Dachsteinkalk: A Complex Cyclic Stra-
tigraphy Influenced by Tectonic Pulses. The Norian Lofer facies of the
Dachsteinkalk of the Northern Limestone Alps (Fischer, 1964) is widely
used as a reference example of meter-scale cycles produced by high-
frequency sea-level oscillations. Fischer’s (1964) outstanding descriptions
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of the major rock types of the Lofer facies, which served as the foundation
for his original ideas on carbonate cyclicity, remain unsurpassed. Our
re-examination of the Lofer facies focused on (1) the internal stacking
patterns of lithologic members (or subfacies) within disconformity-
bounded cycles, (2) megacycles and their stratigraphic arrangement, and
(3) possible mechanisms responsible for Lofer cyclicity.

In terms of the subfacies (as defined by Hardie and Shinn, 1986), we
recognized four basic types within the Steinernes Meer section.

(1) Subfacies C—Limestones consisting of <1- to 26-m-thick beds
of wackestones to grainstones with submarine hardgrounds; a rich fauna
including abundant megalodont pelecypods (Fischer, 1964; member C,
“megalodont limestone™).

(2) Subfacies B2—Dolomitic, burrowed, peloidal wackestones and
packstones with a restricted fauna of thin-shelled gastropods and ostracods
that may show prism cracks (Fischer, 1964; member B, “pellet and homo-
geneous loferites™).

(3) Subfacies Bl—Dolomitic laminite commonly containing prism
and sheet cracks, crinkled laminae, and shrinkage pores (Fischer, 1964;
member B, “algal mat loferite”).

(4) Subfacies A—Intraformational conglomerate commonly con-
taining clasts of the other subfacies in a green, brown, or red argillaceous
matrix (Fischer, 1964; member A).

Fischer (1964) convincingly interpreted subfacies C to be a subtidal
deposit, subfacies B2 and B1 to be intertidal in origin, and subfacies A to
be a soil related to subaerial exposure. He made a case for sea-level
oscillations as the predominant factor controlling the repeated alternation
of subtidal and intertidal/supratidal deposits. In particular, he interpreted
the “Lofer cycle” as a transgressive allocycle in which basal intertidal-
supratidal fenestral laminites (“loferites) pass upward into megalodont-
bearing subtidal units, recording a sea-level rise and a transgression of the
shoreline. In turn, soils cap the subtidal member, marking a sea-level fall
and the completion of a 10-yr cycle, possibly driven by the Milankovitch
obliquity rhythm (Fischer, 1964, 1975). This transgressive “Lofer cycle”
model did not fit with our own findings for Norian carbonates from the
Southern Alps. In an effort to resolve this apparent conflict, we examined
Fischer’s (1964) Austrian Steinernes Meer and Dachstein sections as well
as the Kehlstein outcrops above Berchtesgaden, West Germany, seeking
comparisons with the Norian Dolomia Principale of the Southern Alps.

At Steinernes Meer, we measured a 192-m-thick, unbroken section
consisting of 61 disconformity-bounded cycles (Fig. 16). Our preliminary
finding is that the Lofer cycles are in fact regressive and are closely
analogous to the Dolomia Principale cycles; that is, where soils occur, they
are located on top of subtidal units (as in the subtidal facies of the Dolomia
Principale) or on top of laminites (as in the peritidal facies of the Dolomia
Principale; Bosellini and Hardie, 1985). We found no examples of soils
overlain by intact laminites. Indeed, Fischer’s published section from the
Steinernes Meer bears out our observations (see Fischer, 1975, Fig. 27-1).

The transgressive Lofer cycle model was largely based on the Dach-
stein Lofer section (Fischer, 1964, Fig. 3; 1988, personal commun.), which
contains several soils overlain by laminite subfacies. Field evidence at the
Dachstein section is somewhat equivocal, however. In several instances,
what appeared to be intact laminites above soils were traced laterally into
soil zones that clearly had incorporated large tiles of dolomitic laminite.
Even if these equivocal examples are taken to be transgressive cycles, there
remains a clear preponderance of shallowing-upward cycles even in the
Dachstein Range Lofer facies. Haas (1982) and Schwarzacher and Haas
(1986) have also observed a predominance of regressive cycles in the Lofer
equivalent in Hungary; however, Haas (1982) observed 12 different stack-
ing patterns of subfacies within disconformity-bounded cycles, several of
which recorded both flooding and shallowing phases of relative sea-level
change (Haas, 1982, Fig. 1). The presence of deepening-upward cycles in
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Figure 18. Statistical summary of cycle thicknesses from the Lad-
inian Latemar platform, the Norian Dolomia Principale at Ala Avio,
and the Norian Lofer facies at Steinernes Meer. Lofer cycles show the
widest range in thickness, followed by the Dolomia Principale and the
Latemar. This wide range of thicknesses at the Steinernes Meer is
interpreted to be the result of the addition of a strong tectonic compo-
nent that acted with a highly variable magnitude.

the Lofer facies cannot be ruled out, but at this point, it is certain that they
are the exception rather than the rule.

Our study of the Steinernes Meer section and other Lofer facies
localities has provided additional information about the nature and origins
of cyclic deposition in these carbonates. The 61 cycles measured at the
Steinernes Meer section can be grouped into 2 classes, based on the pres-
ence or absence of soil horizons at their upper boundary. The cycles can be
further characterized by the vertical succession of the four main subfacies
as observed in the field, as illustrated in Figure 17A. Figure 17B is a matrix
that summarizes the vertical stacking patterns of the subfacies at the Stein-
ernes Meer section. The data in Figure 17 reveal several important features
of the internal ordering of cycle components.
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(1) Soils were found on top of all types of subfacies. The lower
boundary of a soil zone relates to the degree of reworking at each horizon.
In most cases where soils were developed directly on the megalodont
limestones, centimeter-scale clasts of the intertidal subfacies were also
incorporated in the soil matrix, indicating the complete reworking of a
pre-existing peritidal cycle cap. Thus, they cannot be considered “diage-
netic cycles” in the sense of the Latemar platform or the subtidal facies of
the Dolomia Principale, where subaerial diagenesis was superimposed
directly on subtidal sediments.

(2) Only subtidal units follow soil horizons. Subtidal units directly
overlying soils record the drowning of the platform without significant
deposition until water depths were sufficient for wholly subtidal deposi-
tion. This is consistent with the “lag depth” concept inferred from modern
analogues (R. N. Ginsburg, 1971, personal commun.; Hardie and Shinn,
1986) and the other Triassic sections examined in this study.

(3) Laminated loferites (subfacies B1) are rarely succeeded by ho-
mogeneous loferites (subfacies B2), whereas the reverse is commonly the
case. Preservation of layering and abundant desiccation features in the
laminated loferites is indicative of an upper supratidal depositional envi-
ronment, whereas the burrowed homogeneous loferites with their
restricted fauna are more analogous to burrowed carbonate muds in mod-
ern restricted intertidal ponds (Hardie, 1977). The predominance of the
B2-B1 subfacies stacking order (that is, B2 overlain by Bl) over the
B1-B2 sequence reflects the dominance of regressive sequences associated
with tidal-flat aggradation and progradation (compare with Hardie and
Ginsburg, 1977, Fig. 67).

(4) Many cycles (23 out of 61) consist solely of C-Bl subfacies
couplets. The high frequency of C-BI subfacies couplets (lacking subfacies
B2 transitions) may reflect the patchy lateral distribution of intertidal
ponds. The local paleotopography may have exerted a major control on
the subfacies-scale stratigraphic record for a given stratigraphic section
(Hardie, 1977).

(5) Most cycles (47 out of 61) are capped by either laminated lofer-
ites (36 out of 61) or homogeneous loferites (11 out of 61). If one assumes
that the soils probably represent longer periods of subaerial exposure than
do the loferites, it follows that the duration (and magnitude?) of relative
sea-level fall during soil formation was much greater than normal. Loferite
caps perhaps represent the abandonment of tidal flats after progradation,
whereas the less numerous soils mark significant changes in relative sea
level.

Lofer cycles measured at the Steinernes Meer section have a wide
range of thicknesses when compared to the Latemar or Dolomia Princi-
pale cycle populations (Fig. 18). At Steinernes Meer, decameter-scale
subtidal beds punctuate the record at random intervals (Fig. 19). These
massive units commonly contain submarine hardgrounds and distinct
zones characterized by faunal changes indicating fluctuations in the condi-
tions of the subtidal environment. It is possible that the unusually thick
cycles are, in fact, amalgamated megacycles in which high-frequency sea-
level oscillations may be recorded as omission/cementation surfaces or as
variations in faunal content. A more detailed investigation of the internal
stratigraphies of these anomalous units is required to evaluate this
hypothesis.

Extremely thin cycles are also common in the Steinernes Meer sec-
tion (Fig. 18). A cluster of centimeter-scale units (predominantly C-B1
and C-B2 subfacies couplets) occupies the middle of the section (Figs. 16
and 19). This complex of thin units is cut by small tidal channels with
about 2 m in relief. The paleogeography of the Dachstein shelf was clearly
more complex than at the small, atoll-like Latemar. Lateral transport of
sediment must have been a factor in the development of the Lofer facies, as
it is with modern progradational tidal flats (Hardie and Shinn, 1986). The
striking similarity of the Lofer facies, with its laminite caps, restricted
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Figure 19. Graphical
representation of meas-
ured section of the Lofer
facies at Steinernes Meer,
showing the stratigraphic
succession of cycle thick-
nesses arrayed from bot-
tom (left edge of graph) to
top of section (right). Ar-
rows mark cycles that
have soil caps. Soils are
distributed throughout
section and generally cap
thicker-than-average cy-
cles. Cycle type codes re-
fer to subfacies stacking
patterns within discon- | |
formity-bounded cycles 1 10
(see Fig. 17A). Cycle
numbers index cycles
from number 1 at the base
of the section to number
61 at the top. Thinning-
upward (toward the right)
groups of cycles occur
(that is, cycles numbered
22-27, 28-30, 31-35,

52-55) but contain a vari-
able number of individual
cycles.

Cycle Thickness
(meters)

intertidal subfacies, and meter-scale channels, to modern progradational
carbonate tidal flats (see Hardie and Ginsburg, 1977) raises the possibility
of lateral transport of sediment from subtidal to supratidal environments as
a cycle-producing mechanism (Ginsburg, 1971; Hardie and Shinn, 1986).
Autocyclicity thus must be added to the list as another mechanism that
may have influenced deposition on the Dachstein shelf.

Deciphering the possible role of missed beats in the deposition of the
Lofer facies is further complicated by the scarcity of well-defined fourth-
order megacycles within the third-order sequence. Repeated thinning-
upward packages, which are the fingerprints of high-frequency composite
sea-level oscillation, are largely absent from the Steinernes Meer sec-
tion. Groups of thinning-upward megacycles do occur (see cycles 22-35,
Fig. 19), but they are sporadically distributed in the section as a whole and
incorporate a variable number of individual cycles. These megacycles are
not five-part packages, and we were unable to find Milankovitchian
rhythms in our preliminary measured sections, using high-resolution spec-
tral analysis of cycle thickness data (method of Hinnov and Goldhammer,
1988; compare also the inconclusive resuits of Schwarzacher and Haas,
1986, using Walsh functions on the Hungarian Lofer data).

The random stratigraphic distribution of cycle types and cycle thick-
nesses in the Steinernes Meer section radically departs from the systematic
arrangement of cycles seen at the Latemar or the smooth gradation of
subaerial exposure features observed at the Ala section. At Steinernes
Meer, no large-scale trends in cycle thickness can be seen, and soils are
found scattered throughout the section (Figs. 16 and 19). Although there is
no obvious pattern in their stratigraphic distribution, soil breccias were
found only capping cycles of average to greater-than-average thickness,
indicating a connection between the formation of “over-thickened cycles”
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and prolonged subaerial exposure. This relationship stands in direct
contrast to the Latemar’s systematic succession, where thin cycles are
linked to increased subaerial exposure.

Both eustatic and tectonic engines could be invoked to explain the
range of Lofer cycle types and the anomalous juxtaposition of thick cycles
and soils seen at the Steinernes Meer. The eustatic “missed beat” record of
the Pleistocene of southern Florida with thick, amalgamated subtidal cy-
cles separated by unconformities of substantial duration provides one pos-
sible analogue for the soil-capped Lofer cycles (Perkins, 1977). This
explanation would require the 10°-yr sea level to be a response to the
dynamics of large polar ice caps that would swamp any higher-frequency
oscillations; however, the Triassic was not a time of major glaciation with
polar caps the magnitude of those of the Pleistocene (Crowell, 1982).

The lack of cycle thickness rhythms, the irregular distribution of
anomalously thick cycles (amalgamated megacycles?), and the wide range
and irregular stratigraphic distribution of subaerial exposure types suggest
that factors in addition to (in lieu of?) rhythmic composite sea-level
changes were an important influence on cyclic sedimentation. Tectonic
forcing of Lofer cyclicity has been suggested by Cisne (1986). Stepwise
subsidence with periods of rapid slip alternating with periods of quies-
cence, slow subsidence, or even uplift would produce a wide array of cycle
thicknesses and explain the enigmatic pairing of thick subtidal units and
soils.

We suggest that Lofer facies deposition was in large measure con-
trolled by short-term variations in subsidence rate, leading to a chaotic
stratigraphic distribution of cycle thicknesses and diagenetic features.
There are no discernible megacycle patterns with Milankovitchian (or any
other rhythmic forcing) origins. On a larger scale, there are no stratigraphic
patterns suggestive of third-order sea-level control. These negative conclu-
sions, arising as they do from perhaps the world’s most famous “rhythmic
carbonate,” should serve as a warning to searchers for stratigraphic
rhythms. Complex stratigraphies, such as that of the Steinernes Meer,



COMPOSITE EUSTASY IN ALPINE TRIASSIC PLATFORM CARBONATES

probably record the nonrhythmic sum of pulses of subsidence, sedimenta-
tion, autocyclicity, and sea-level variation. Such nonrhythmic records ap-
pear to dominate the stratigraphic column, and what insight we may gain
as to their origins will probably be achieved through the use of strati-
graphic patterns recognized from simpler depositional systems, such as the
Ladinian Latemar buildup.

DISCUSSION

Cycle Stacking Patterns of the Latemar Buildup
and Some General Principles

The style of vertical changes in cycle stacking patterns depicted by the
systematic succession of amalgamated megacycles (submergence domi-
nated) to rhythmic megacycles (submergence ~emergence) to condensed
megacycles (emergence dominated) and then back to rhythmic megacycles
displayed by the Latemar succession can be summarized with a computer
simulation using a fifth/fourth-order composite wave superimposed on a
third-order wave, under conditions of constant platform sedimentation and
long-term subsidence. The simulated sea-level-subsidence-sedimentation
history is shown in Figure 20, For this run, the rate of third-order eustatic
fall is less than the rate of background platform subsidence (run data are
summarized in the caption of Fig. 20). The resultant simulated stratig-
raphy, displayed in Figure 20, is remarkably similar, although on a
reduced scale, to the cyclic stratigraphy of the Latemar, shown in Figure
21. The simulation demonstrates the manner in which high-frequency
cycles (fourth and fifth order) systematically change their stacking patterns
(that is, their thicknesses, subfacies characteristics, and early diagenetic
attributes) across a third-order sequence owing to systematic changes in
accumulation space available during one complete third-order sea-level
change. As third-order sea level rises, the superimposed high-frequency
oscillations are forced to miss subaerial exposure beats because of the net
increase in mean water depth, resulting in amalgamated megacycles with
thickened subtidal units. Higher-frequency cycles and megacycles are rela-
tively thick and submergence-dominated in character (that is, deepest
subtidal facies, prone to early submarine diagenesis). In contrast, third-
order sea-level fall produces a net shallowing, so that submergence beats of
the high-frequency oscillations are now commonly missed, resulting in
condensed megacycles with soil or tepee caps. Higher-frequency cycles
and megacycles are relatively thin and emergence dominated (that is,
shallowest subtidal facies, prone to early vadose diagenesis). At the crest
and the trough of the third-order cycle conditions are just right to produce
five-part rhythmic megacycles (“Goldilocks window”). Higher-frequency
cycles and megacycles are of intermediate thickness in comparison to
underlying and overlying strata, and the proportion of submergence time
to emergence time is roughly equivalent. This “generic” third-order se-
quence is thus characterized by a systematic vertical change in cycle and
megacycle stacking patterns (that is, thinning and thickening) accompa-
nied by a systematic change in submergence-dominated versus emergence-
dominated cycles and megacycles, precisely analogous to the pattern
observed at the Latemar (Fig. 21). It is these systematic changes in fourth-
and fifth-order cycle thicknesses that generate the relative rises and falls in
the long-term Fischer plot (Fig. 9).

The particular example shown here in Figure 20 is based on compos-
ite sea-level changes, but we have achieved comparable fourth-order
autocyclic systematic changes using both depth-dependent sedimentation
and lag-depth-dependent depositional mechanisms (that is, no built-in
fourth-order eustatic fluctuation) superimposed on third-order relative sea-
level changes (Fig. 22). In Figure 22, we illustrate two stratigraphic simu-
lations and their respective subsidence-sedimentation—sea-level records.
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The simulation on the left-hand side of the diagram displays high-
frequency fourth-order autocycles that were generated by simply superim-
posing a third-order oscillation (period = 1 m.y., amplitude = 5 m) on top
of a platform subsiding at a linear rate equal to 5 cm/ 1,000 yr. Sedimenta-
tion rate was fixed at 10 cm/1,000 yr, and a lag depth of 2 m was used. No
higher-frequency fourth- or fifth-order sea level was added. The generation
of fourth-order cycles (31 cycles, average 96,354 yr/cycle, average 4.8
m/cycle) was dictated by the interaction of long-term accommodation
space (third-order sea level plus subsidence) and lag depth. When accom-
modation space exceeds lag depth, sedimentation ensues and the platform
aggrades vertically until it intersects the trace of third-order sea level, at
which point it is briefly exposed (forming a very thin diagenetic cap). At
this point, sedimentation ceases until the requisite accommodation space is
created to overcome lag depth. In this manner, high-frequency fourth-
order cycles are generated in the absence of high-frequency fourth-order
eustasy. Most significant is the fact that the fourth-order cycles display a
systematic vertical stacking pattern of thinning and thickening in response
to long-term, third-order eustasy. Thus, the development of a systematic
succession of cycle stacking patterns need not necessarily be directly at-
tributed to high-frequency allocycles only. The simulation on the right-
hand side of the diagram (Fig. 22) shows high-frequency fourth-order
allocycles that were generated by superimposing high-frequency, fourth-
order eustasy (period = 100,000 yr, amplitude = 5 m) on top of a third-
order oscillation identical to that used in generating the autocycles (period
=1 m.y., amplitude = 5 m). Values of subsidence, sedimentation rate, and
lag depth are also identical to those utilized in the autocycle simulation.
The fourth-order allocycles are nearly identical to the autocycles (30 cy-
cles, average 98,566 yr/cycle, average 4.9 m/cycle) and display a very
similar systematic vertical stacking pattern of thickening and thinning in
response to third-order forcing. What is clear in both examples, reinforcing
the message provided by the Latemar stratigraphy, is the fact that the
long-term, third-order signal is not dependent on the nature of the high-
frequency cycle-generating mechanism.

What is very instructive is the fact that the autocycles in Figure 22
have an average periodicity that not only falls within the “Milankovitch
band” but approximates the short eccentricity cycle, despite the fact that
there was no Milankovitchian input. This reinforces the notion that calcu-
lation of average cycle periodicity can in no way be used as unequivocal
evidence for or against Milankovitch forcing (Hardie and Shinn, 1986;
Goldhammer and others, 1987; Algeo and Wilkinson, 1988). What is
equally as interesting is the fact that cycle thickness does not reflect cycle
duration or periodicity. For example, in the autocyclic run, cycle 2 (top at
151,000 yr) took 102,000 yr to form, and cycle 7 (top at 632,000 yr),
which is much thinner, took 123,000 yr to form. Also intriguing in the
autocycle simulation is the fact that despite constant lag depth, lag time
(that is, the time it takes for sedimentation to resume following exposure
and the subsequent flooding of the platform; Read and others, 1986) varies
throughout the simulation for each successive cycle. We suggest that lag
time should and will vary throughout long-term stratigraphic development
and that artificially fixing lag time at a constant value (for example, Read
and others, 1986) is unwarranted.

The Hierarchy of Stratigraphic Forcing

As pointed out by Wilson (1975) and Kendall and Schlager (1981), a
hierarchy of relative changes in sea level and cyclic sedimentation, inde-
pendent of local tectonics, is a fundamental theme that emerges from
consideration of marine carbonate deposits throughout the geologic rec-
ord. These concepts are not novel and can be traced back to Suess (1888)
and Grabau (1913), who, among others, recognized that stratigraphic
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Figure 20. Simulation of the submer-
gence-emergence record on a carbonate plat-
form of composite high-frequency sea-level
oscillations (20,000-yr amplitude > 100,000-
yr amplitude) when superimposed on a third-
order (3 m.y.) sea-level change, using the
“Mr. Sediment” computer program. Result-
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cycles of differing orders of magnitude could be attributed in part to
differing orders of eustasy. Barrell (1917) introduced the term “composite
cycle” for systems in which cycles of differing wavelengths are superim-
posed upon each other. Relative fluctuations in sea level occur with differ-
ent frequencies, yielding an ordered hierarchy of relative sea-level cycles
based upon the temporal duration of the fluctuation (that is, third order,
fourth order, and so on). This concept is now well established, as indicated
by Exxon’s global cycle charts constructed for the Phanerozoic (Vail and

others, 1977; Haq and others, 1987), which show superimposed orders of
stratigraphic and relative sea-level cycles interpreted to reflect eustasy (see
Miall, 1984, p. 344356, for a review of “cycles within cycles”). Signifi-
cantly, different orders of relative sea-level change have characteristic am-
plitudes and rates of change (Donovan and Jones, 1979; Miall, 1984),
reflecting the driving mechanism, be it glacio-eustatic (changing the
amount of water in the basin) or tectono-eustatic (changing the shape and
volume of the basin).
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Figure 21. High-frequency cyclostratigraphy of the Latemar plat-
form carbonates based on several measured sections correlated by
lateral tracing of key cycles. This compesite section includes the up-
permost part of the lower platform facies (LPF), the complete lower
cyclic facies (LCF), the complete tepee facies (TF), and the lower part
of the upper cyclic facies (UCF). The stacking progression from amal-
gamated megacycles at the base (LPF) through rhythmic megacycles
(LCF) to condensed megacycles (TF) and back to rhythmic megacy-
cles (UCF) is well displayed in this approximately 200-m-thick section.
Cycles and packages of cycles disrupted by tepees (tepee zones) are
shown in zig-zag pattern. The thick tepee zone in the middle of the
tepee facies is a 13-m-thick complex of tepee-capped cycles highly
disrupted by multiple antiformal buckling and vadose cementation.

In consideration of the existence of superimposed orders of relative
sea-level oscillations, we suggest that a hierarchy of stratigraphic forcing
exists, which is largely dependent on the periodicity and relative amplitude
ratio of superimposed relative sea-level fluctuations. In this hierarchical
scheme, the lower-frequency sea-level cycles force the higher-frequency
sea-level cycles, producing by this interaction a systematic internal archi-
tecture in the stack of higher-frequency depositional cycles, as illustrated in
Figures 20, 21, and 22. For composite eustasy, this relationship follows
from the empirical observation that the rates of change of the higher-
frequency sea-level oscillations (fourth and fifth order) are typicalty much
greater than those of the lower-frequency fluctuation (third order), owing
principally to the differencs in their causative mechanisms, that is, glacio-
eustasy for the fourth- and fifth-order changes but tectono-eustasy for the
third-order changes (see Rona, 1973; Pitman, 1978; Donovan and Jones,
1979; Schlager, 1981; Miall, 1984; Haq and others, 1987).

The cyclostratigraphy of the Ladinian Latemar buildup provides an
outstanding example of stratigraphic forcing by composite eustasy. As
outlined above, the succession of amalgamated to rhythmic to condensed
and back to rhythmic megacycles in the Latemar platform carbonates is
the result of third-order forcing of fourth-order depositional megacycles.
The forcing takes the form of a long-term systematic change in mean
accumulation space, as third-order sea level rises and falls against a back-
ground of overall slow tectonic subsidence. On a smaller scale, the system-
atic upward thinning of the fifth-order depositional cycles within each
fourth-order megacycle (Figs. 1 and 2) is also the result of a forcing
hierarchy. In this case, the fourth-order sea-level oscillations have system-
atically changed the fifth-order accumulation space to force a thinning-
upward succession of fifth-order depositional cycles. These are the basic
thin couplets described in detail by Goldhammer and others (1987).

A different example is provided by the Lower Ordovician platform
carbonates of the Appalachians (the Beekmantown and Knox Groups),
where systematic variations in the stratigraphic stacking patterns of fourth-
order peritidal cycles occur within third-order depositional sequences of
2-3 m.y. duration (Hardie, 1989; see also Nguyen and others, 1985;
Hardie and Shinn, 1986) as revealed by Fischer diagrams (R. K. Gold-
hammer, unpub. data; Read and Goldhammer, 1988). This Lower Ordo-
vician example is one of third-order forcing of a succession of solitary
high-frequency fourth-order depositional cycles. With this type of cycle
coupling, the effects of third-order forcing of higher-frequency cycles can
be the same for both autocycles and allocycles, as the simulations illus-
trated in Figure 22 demonstrate.

A very different case of stratigraphic forcing is that of the Pleistocene
carbonate platforms. During the Pleistocene, the fourth-order (~100,000
yr) sea-level oscillations were of exceedingly large amplitude (Fig. 3), so
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that they dominated the system to the point where the remaining orders of
eustasy had little effect on the final stratigraphic output (see Fig. 6). We
suggest that this pattern will be characteristic of all major glacial periods
(the Pliocene-Pleistocene, the Permian-Carboniferous, and so on), owing
in all probability, to the control on eustasy by the dynamics of growth and
melting of large polar ice caps. During these major glacial periods, high-
frequency glacio-eustatic sea-level oscillations with periodicities in the
Milankovitch band (fourth and fifth order) will have large amplitudes
relative to the lower-frequency fluctuations (second and third order) and
will dominate the forcing system. With this type of high-frequency forcing,
the impact of the lower-frequency change will be subdued, resulting in a
stratigraphic record that may not contain evidence for a systematic hier-
archy of stratigraphic forcing (see, for example, Heckel, 1986).

If our “generic” third-order séquence (Fig. 20) is a valid model for
carbonate platform deposits other than the Latemar, then it has major
implications for the use of fourth- and fifth-order cycle characteristics to
identify third-order cycles in outcrops and cores of shallow-water carbon-
ates, especially where stratigraphic control may be poor (Hardie, 1989).
This would constitute a valuable bridge between cyclic stratigraphy at the
meter scale and sequence stratigraphy at the seismic scale (see below). This
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model, however, also has major implications for the control of platform
diagenesis by composite sea-level changes, and would, in particular, offer
an explanation for the stratigraphic location in platform carbonate succes-
sions of early diagenetic realms, that is, intervals dominated by early
marine diagenesis (hardgrounds, and so on) versus intervals characterized
by early subaerial diagenesis (soils, peritidal tepees, and so on) (see below).

AMPLITUDE (m)

-10 -5

N

years)

Time (millions of

PR

Subsidence
Vector

0 +5 +10

Figure 22. Comparative
computer simulations of high-
frequency, fourth-order autocy-
cles versus allocycles. The rec-
ord of autocyclic subsidence-
sedimentation-sea-level interac-
tion is illustrated to the left of
the stratigraphic column with
ages in thousands of years.
Fourth-order autocycles are
shown as white subtidal units
that shallow upward to sea level;
the supratidal cap is denoted by
a thin black line. The record
of allocyclic subsidence~sedi-
mentation-sea-level history is
displayed to the right of the
stratigraphic column with ages
in thousands of years. Fourth-
order allocycles are shown as
white subtidal units with thin,
black subaerial exposure caps
(ages in thousands of years).

Sequence Stratigraphy and Systems Tract Development of the
Latemar Buildup: The Link between Cyclic Stratigraphy, Facies
Stratigraphy, and Sequence Stratigraphy

The Latemar sequences (sequence L1, L2, Fig. 8) provide an opti-
mum stratigraphic framework for integrating the well-developed cyclic
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Figure 23. Interpretation of the systematic vertical H|GE ﬁ\ ISR%XND
succession of cycle and megacycle stacking patterns gener- S¥g}%¥3

ated by sea-level-subsidence-sedimentation input shown
in Figure 20 in terms of sequence stratigraphy. Fifth-order
(meter-scale) cycles, consisting of a subtidal deposit
(white) and a subaerial exposure cap (black), are grouped
into fourth-order megacycles (vertical arrows to left of
column). Megacycle boundaries on the stratigraphic col-
umn were picked from eustatic megacycle boundaries
displayed in Figure 20. The simulated stratigraphy is sub-
divided into systems tracts based on stacking patterns of
cycles and megacycles as well as changes in rates of third-
order accommeodation derived from Figure 20. MFS refers
to maximum flooding surface, and SB refers to sequence
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and facies stratigraphy of the Latemar succession (exposed in outcrop on a
seismic scale) with the concepts of sequence stratigraphy (Vail and others,
1984; Vail, 1987; Van Wagoner and others, 1987; Sarg, 1989). This is
significant because most analyses of basin stratigraphy utilizing sequence
stratigraphy concepts focus primarily on the third-order-scale sequences
(1-10 m.y. duration; a few to several hundred meters in thickness), and
typically, seismic data cannot resolve the higher-frequency stratigraphic
building blocks (that is, the fourth- and fifth-order stratigraphic cycles).
Thus, the detail of the internal architecture of sequences and systems tracts
is often unresolved (for example, Eberli and Ginsburg, 1989; Sarg, 1989).
A depositional sequence may be defined as a conformable succession of
genetically related strata bounded by interregional unconformities or their
correlative conformities (that is, sequence boundaries; Mitchum and oth-
ers, 1977; Van Wagoner and others, 1987). A depositional sequence is
interpreted by Haq and others (1987) and Vail (1987) to be deposited
during a third-order cycle of eustatic change in sea level starting and
ending in the vicinity of the inflection points on the falling limbs of the
third-order sea-level curve. A sequence can be subdivided into component
systems tracts defined as a linkage of contemporaneous depositional sys-
tems (that is, shelf, slope, basin; Brown and Fisher, 1977), which are a
three-dimensional assemblage of facies. Systems tracts, characterized by
predictable large-scale geometry and facies associations, are defined ac-
cording to position within a sequence, the types of bounding surfaces (type
1 or type 2 sequence boundaries, maximum flooding surface, and so on;
see Van Wagoner and others, 1987, for a review of sequence stratigraphy
nomenclature), and the stacking patterns of higher-frequency cycles (para-
sequences of Vail, 1987; Van Wagoner and others, 1987). As we have
demonstrated (Figs. 20 and 22), the stacking patterns of high-frequency
cycles (fourth and fifth order) aid in determining changes in long-term
accommodation, and therefore, we can use the high-frequency cycle stack-
ing patterns of third-order sequences to define the systems tracts of the
sequence (Vail, 1987; Van Wagoner and others, 1987). This approach is
especially critical in defining sequences and component systems tracts of
many ancient carbonate platforms and shelves where large-scale, unde-
formed, two-dimensional geometries are typically lacking, or where seis-

mic data are unavailable to complement other data sources (both
subsurface and outcrop).

The connection between systems tracts and the stacking patterns of
high-frequency cycles within third-order sequences in cyclic platform car-
bonates such as the Latemar is best exemplified by our computer simula-
tion illustrated in Figure 20. In Figure 23, the cyclostratigraphy of our
“generic” third-order sequence of Figure 20 has been interpreted in terms
of sequence stratigraphy. In this “generic” third-order sequence, the simu-
lation starts with flooding a carbonate platform that we arbitrarily assume
was subaerially exposed for a significant amount of time (that is, bounded
by an unconformity). The transgressive systems tract generated with third-
order rise in sea level is characterized by a series of aggradational amal-
gamated megacycles. The maximum flooding surface (MFS), which caps
the transgressive systems tract (Fig. 23), is placed at the time of maximum
rate of long-term accommodation increase (Vail, 1987; Van Wagoner and
others, 1987), which is defined quantitatively and dated by our combined
sea-level-subsidence-sedimentation history (Fig. 20). Above the maxi-
mum flooding surface, the highstand systems tract is characterized by
rhythmic megacycles (early highstand) that reflect a decline in the rate of
third-order rise as the third-order wave crest is reached. This is followed by
condensed megacycles (late highstand) that are a response to third-order
sea-level fall, which now almost tracks subsidence. Overall, the fourth-
order megacycles thin upward from the maximum flooding surface to the
top of the sequence, owing to progressively declining third-order accom-
modation. The upper sequence boundary (SB) occurs within the interval
of thinnest condensed megacycles and is placed at the time of maximum
rate of long-term accommodation decrease. It is marked stratigraphically
by the turnaround from fourth-order megacycles that progressively thin
upward, to fourth-order megacycles that progressively thicken upward
(Fig. 23). No erosion occurs and no lowstand deposit is formed on the
platform top in our simulation, as the platform continues to experience
repeated cycles of flooding and exposure. What is different is the enhanced
subaerial exposure during each cycle as accommodation reaches a min-
imum at this stage (subsidence barely exceeds third-order sea-level fall)
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(Fig. 20). Overlying the sequence boundary, the transgressive systems tract
of the next sequence displays a series of thickening-upward fourth-order
megacycles that proceed from condensed to rhythmic to amalgamated
(Fig. 23). Thus, this sequence boundary is stratigraphically transitional
without a basinward facies shift and is located entirely on the basis of
stacking patterns of the higher-frequency fourth-order megacycles. There is
no singular, long-term (that is, greater in duration than the period of a few
fifth-order oscillations) erosional unconformity generated in the simulation
because the rate of third-order sea-level fall is less than the rate of back-
ground platform subsidence. This sequence boundary cannot be a type 1
sequence boundary (rate of third-order fall > rate of platform subsidence
at the shelf edge; Vail and others, 1984) but is more akin to a type 2
sequence boundary (rate of third-order fall < rate of platform subsidence
at the shelf edge; Vail and others, 1984) that has, however, in this example,
no updip correlative unconformity.

This type of sequence boundary with transitional instead of uncon-
formable boundaries is found in the actual Latemar sequences (see below)
and also is characteristic of the very thick Cambrian-Ordovician platform
carbonates of the central Appalachians (Hardie, 1989). We suggest that
this transitional type of sequence boundary will be a particular attribute of
shallow-water carbonates because of the characteristic flat-topped geome-
try of most ancient and existing carbonate buildups. It is reasoned that
with such flat-topped platforms, any slow third-order sea-level fall (that is,
rate of fall < rate of subsidence) will be transmitted with equal effect
across the entire, or almost entire, buildup. This, in turn, would allow the
deposition of “conformity-bounded” sequences across the entire, or almost
entire, buildup. Such conformity-bounded sequences would not be identi-
fied in seismic sections because of the lack of seismic discontinuities at
their boundaries. It is also suggested that in some instances, conformity-
bounded carbonate sequences may experience a rapid deepening with
renewed third-order rise (relative or eustatic), and if the rate of rise is great
enough, the platform may drown (Schlager, 1981; Kendall and Schlager,
1981). In these instances, a “drowning unconformity” (Schlager, 1989)
with its condensed section will lie directly on a conformity-bounded se-
quence, which need not contain any evidence for subaerial erosion. Thus,
both “conformity-bounded” sequences and “drowning-unconformity—
bounded” sequences should be considered likely candidates to be encoun-
tered in the spectrum of carbonate sequence types, in addition to the type 1
and type 2 sequences (as defined by Vail and others, 1984; Van Wagoner
and others, 1987) that are perhaps more readily recognizable because of
their association with unconformities. We are mindful that such additions
to the concept of sequences reach beyond the original definition that was
developed from seismic stratigraphy, but as long as sequences remain
genetically linked to third-order sea-level changes (Haq and others, 1987;
Vail, 1987), then such additions to the concept are absolutely essential to
avoid errors in reconstructing the geohistory of sea-level changes. For
example, Haq and others (1987), relying on unconformities to identify
third-order sequences, recognized only one sequence in the Ladinian sec-
tion of the Dolomites, whereas we recognize two third-order sequences
(Fig. 8, sequences L1 and L2) separated by a fransitional boundary that
records two significant third-order sea-level oscillations during Ladinian
time.

The above considerations can now be used to interpret the basic
elements of the sequence stratigraphy of the Anisian-Ladinian Latemar
platform carbonates. Within the Latemar buildup, the first Latemar se-
quence (sequence L1, Fig. 8) is bounded at its base by an unconformity at
the top of the middle Anisian Contrin Formation, characterized by meter-
scale channels incised into the slope facies of the Contrin bank and infilled
with slumped carbonate debris and megabreccias (most likely a type 1
sequence boundary; Harris, 1988). At the Latemar, the lowstand systems
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tract is represented only by the local submarine channeling and carbonate
debris fill. Equivalent lowstand deposits in a more basinal setting (low-
stand wedge, basin-floor fan, and so on) have not been recognized in and
around the Latemar, presumably owing to the lack of a clastic source and
the isolated nature of the Latemar. The transgressive systems tract of
sequence L1 is represented by the lower platform facies, which formed in
response to an increase in third-order accommodation (Fig. 9) largely the
result of a eustatic third-order rise documented in other areas in addition to
the Dolomites (Goldhammer and Harris, 1989). At the Latemar, as well as
at the coeval Catinaccio buildup, the channeled interval atop the Contrin
slope facies is immediately overlain by dark, laminated siliceous mudstone
and pelagic carbonates of the Livinallongo Formation, recording the in-
crease in accommodation associated with a rapid relative sea-level rise.
Within the transgressive systems tract of the Latemar platform interior,
subtidal depositional facies and abundant syndepositional marine diagene-
sis dominate the record, and fifth-order cycles are grouped into fourth-
order amalgamated megacycles (Figs. 12 and 21), reflecting the interplay
of higher-frequency eustasy with third-order eustasy. The changeover from
the transgressive systems tract to the highstand systems tract is marked by a
demonstrable change in cycle and megacycle stacking patterns in the
platform interior of the Latemar buildup; notably, fourth-order amalga-
mated megacycles of the lower platform facies give way upward to
fourth-order rhythmic megacycles of the lower cyclic facies (Figs. 10 and
21). Thus, the top of the lower platform facies approximates the maximum
flooding surface. The highstand systems tract developed in response to a
progressive decrease in third-order accommodation space (Fig. 9), primar-
ily the result of a third-order eustatic fall (Goldhammer and Harris, 1989).
This systems tract may be subdivided into an early highstand phase (the
lower cyclic facies with fourth-order rhythmic megacycles) and a late high-
stand phase (the lower half of the tepee facies with fourth-order condensed
megacycles). Within the highstand systems tract, the style and abundance
of early diagenesis changes dramatically; early-marine diagenetic features
are virtually absent, and subaerial exposure features are the rule. Higher-
frequency cycles form an aggradational, upward-shallowing, stacking pat-
tern as reflected by an overall thinning of fifth-order cycles and an increase
in the intensity of early subaerial diagenesis (that is, thicker caliche caps to
cycles and the development of subaerial tepees) from the base of the lower
cyclic facies on into the tepee facies. The first Latemar sequence (sequence
L1, Fig. 8) is capped by a complex 13-m-thick stratigraphic interval that
occurs in the middle of the tepee facies, consisting of numerous tepee
complexes vertically superimposed one atop the other, giving the appear-
ance of one very thick tepee zone (Fig. 21). Beneath this interval, fourth-
order megacycles are, overall, thinning upward; above this interval, they
are, overall, thickening upward into the upper half of the tepee facies and
the overlying upper cyclic facies (Fig. 21). It must be stressed, however,
that these changes are transitional, and the thick tepee zone is not a
singular erosional unconformity but is simply a zone where subaerial tepee
caps on top of fifth-order subtidal cycles reached their maximum devel-
opment. This interval, which records the shift from continuously decreas-
ing to continuously increasing third-order accommodation (Fig. 9), must
contain the upper sequence boundary of the first Latemar sequence (se-
quence L1, Fig. 8). This upper sequence boundary, which is transitional
but characterized by pronounced subaerial exposure (which in detail is the
superimposition of numerous higher-frequency subaerial exposure sur-
faces), lacks subaerial erosion and cannot be demonstrably linked
downdip with any lowstand deposit in the foreslope environment. It is
interpreted to have formed during the stage when third-order eustatic sea
level reached its maximum rate of fall but under conditions wherein fall
rate was always less than the rate of subsidence of the platform. This
interpretation is substantiated by inspection of our third-order accommo-



COMPOSITE EUSTASY IN ALPINE TRIASSIC PLATFORM CARBONATES

dation-potential curve (Fig. 9; note that the rate of fall on the deviation
curve, interpreted as eustasy, is less than the rate of mean subsidence). This
capping boundary is thus a conformabte boundary (on the scale of bio-
stratigraphic resolution) composed of numerous closely spaced (in time, as
well as in stratigraphic space) disconformities, more akin to a type 2
sequence boundary, but lacking a correlative unconformity.

Above this sequence boundary, the next Ladinian sequence (L2) is
incompletely exposed, owing to Alpine erosion, but throughout the Do-
lomites, late Ladinian—early Carnian volcanism and tectonism terminated
carbonate platform deposition. This partial sequence consists of the upper
half of the tepee facies and the overlying upper cyclic facies. Thus, only the
transgressive systems tract of this second Ladinian sequence is preserved at
the Latemar. It is characterized by the systematic vertical shift from fourth-
order condensed megacycles of the upper portion of the tepee facies to
rhythmic megacycles of the upper cyclic facies (Fig. 21).

The Latemar provides a well-exposed, seismic-scale outcrop example
through which sequence stratigraphy may be integrated with facies and
cyclic stratigraphy. All parts of the system, from the smallest stratigraphic
building block (meter-scale fifth-order cycle) to the entire third-order se-
quence, are observable. A critical step in the link of small cycles to big
cycles is an understanding of the stacking patterns of the higher-frequency
cycles, a subject that requires an appreciation of “missed beat” stratig-
raphy, as demonstrated by the Latemar example.

Sea-Level Changes and the Stratigraphy of Early Diagenesis

The following connections between the stratigraphy of early diagene-
sis of carbonate platforms and long-term changes in relative sea level were
derived from our analysis of the diagenetic features of Alpine Triassic
carbonates, and might have some general applicability. During a long-term
increase in space for subtidal sediment accumulation, driven mainly, say,
by a third-order sea-level rise, submarine diagenesis will dominate. Cycle
thickness will be at a maximum, with bedding planes defined by widely
spaced exposure surfaces or changes in subtidal lithologies. Submarine
hardgrounds, reworked cemented clasts, bioerosion, and submarine tepees
may develop in response to short-term siow downs or shut downs of
sedimentation. Amalgamated cycles resulting from subtidal missed beats
will complicate or foil the detection of high-frequency cycle rhythms. In
contrast, during a long-term decrease in the accumulation space for sub-
tidal sediments, subaerial diagenesis will dominate. Thin cycles capped by
exposure surfaces yield very low net sedimentation rates, as considerable
hiatuses are hidden at the cycle boundaries. Missing time is recorded by
extensive subaerial diagenesis with several possible expressions. Humid
climates will promote the development of soils with considerable karstic
dissolution of subtidal sediments during short-term relative sea-level falls.
Arid climate cycles will show caliche development and possibly displacive
evaporite formation. Peritidal tepee formation is favored during this re-
gime if high-frequency sea-level falls are small in amplitude, allowing for
near-continuous solute supply from the shallow phreatic zone (both ma-
rine and meteoric) to promote extensive growth of tepee cores. Tepee
formation is also facilitated by the ease with which previously formed thin
cycles can be disrupted by expansive cementation. Meter-scale stratigraph-
ic stacking rhythms will be disrupted and camouflaged by “missed beats”
of sea level that leave no thickness record and are detectable only in the
increased intensity and frequency of vadose diagenetic features.

During the periods of transition between long-term increases and
long-term decreases in accumulation space (at the crests and troughs of
third-order sea-level waves), meter-scale cycles defined by exposure sur-
faces at regular intervals come into predominance. Progradational cycles
may be capped by supratidal deposits (mudcracked laminites and so on),
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whereas diagenetic cycles produced by relative sea-level change will be
marked by caliche crusts or soils, depending on the prevailing climate
during vadose diagenesis. High-frequency rhythmic sea-level oscillations, if
present, have their best chance of being detected by statistical analysis of
the stacking patterns of disconformity-bounded units deposited during
these transitional periods.

If the magnitude of short-term tectonics or sea-level change over-
whelms the long-term trends, then the resulting stratigraphic distribution of
diagenetic styles will be chaotic. Styles of subaerial exposure will vary
randomly, and cycles will show a wide range of thicknesses (as in the Lofer
cyclothems). Faced with such a record, the best possible recourse may be
to look for intervals of relative consistency in cycle thickness or cycle
diagenesis in hopes of detecting short-term patterns or rhythms.

CONCLUSIONS

The Ladinian Latemar buildup preserves the most legible record of
the principles governing the accumulation of Triassic carbonate platforms
of the Alps, and the following conclusions are based mainly on the
Latemar cyclostratigraphic record.

(1) Composite eustasy (superimposed third, fourth, and fifth order)
exercised a principal control on the cyclostratigraphy and facies stratig-
raphy of the Triassic platform carbonates of the Alps.

(2) The short-term stacking patterns of the fifth-order depositional
cycles were governed by fourth-order eustasy, producing a record of
rhythmic sedimentation in tune to Milankovitch frequencies.

(3) The long-term systematic vertical changes in the stacking pat-
terns of the high-frequency depositional cycles (fourth and fifth orders)
were dictated by the low-frequency (third order) rise and fall of sea level.
In particular, increase in accommodation potential on the rising limb of a
third-order sea-level change resulted in thick cycles, extensive submarine
diagenesis, and amalgamated megacycles due to “missed beats” of expo-
sure, whereas decrease in accommodation potential on the falling limb of a
third-order sea-level change resulted in thin cycles, extensive subaerial
diagenesis, and condensed megacycles due to “missed beats™ of submer-
gence. These long-term systematic changes are independent of whether the
high-frequency cycles are of allocyclic or autocyclic origin.

(4) Composite eustasy also controls the stratigraphy of early dia-
genesis because it regulates the timetable of subaerial exposure and subma-
rine drowning (see 3 above).

(5) On the basis of our study of Alpine Triassic carbonates, we
suggest that there exists, in general, a hierarchy of stratigraphic forcing
driven by composite eustasy that controls the stratigraphic stacking pat-
terns of depositional cycles and their early diagenesis in shallow-marine
carbonates (and perhaps shallow-marine deposits of all kinds).

(6) An understanding of composite eustasy related to third-order
sea-level changes and its potential for imposing a hierarchy of stratigraphic
forcing provides a link between meter-scale cyclostratigraphy and kilo-
meter-scale sequence stratigraphy.

(7) The concept of stratigraphic forcing in cyclic stratigraphy related
to third-order sea-level changes has major implications for the use of the
stacking patterns and characteristics of high-frequency (fourth and fifth
order) depositional cycles to identify third-order depositional sequences,
particularly where stratigraphic and seismic control are poor.

(8) Shallow-marine carbonate third-order sequences deposited on
flat-topped platforms and banks are likely to have transitional boundaries
rather than unconformable boundaries and thus would not be detected in
seismic profiles. It is in these deposits that the stacking patterns of the
high-frequency depositional cycles may be the only means of identifying
sequences.
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