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Abstract 
 
High-resolution stratigraphic analyses shows that at least three orders of cyclicity 
produced the stratigraphy of the Yates Formation on the shelf as well as the time-
equivalent basinal deposits of the Bell Canyon formation. Evidence suggests that 
orbitally forced, 400- and 100-k.y. (4th- and 5th-order, respectively) duration sea-level 
cycles (Milankovitch, long and short eccentricity cycles) were predominant events. 
 
Stratigraphic computer modeling illustrates how a distinct Yates accommodation profile, 
hierarchical sea-level history, and the interaction of carbonate and siliciclastic systems 
were fundamental controls on Yates stratigraphy. Simulations show how the Yates 
topography (flat platform with a steep margin), low subsidence, and “keep up” carbonate 
factory provided a distinct accommodation profile that resulted in rapid fluctuations 
between highstand- and lowstand-shoreline settings with only minor fluctuations in 
relative sea level. Modeling suggests strong reciprocation between shelfal deposition 
during (decreasing rates of) relative sea-level rise and basinal deposition during 
(increasing and then decreasing rates of) relative sea-level fall occurred on a much 
shorter time scale (5th-order, 100-k.y.) than appreciated by previous workers. 
 
Modeling and outcrop stratal geometries show how increased accommodation near the 
shelf edge resulted in a zone of greatest potential for cyclostratigraphic analysis and 
suggests than “fall-in” beds were the byproduct of a hierarchical sea level operating 
across an outer shelf accommodation gradient. Periods of “fall in” occurred during 4th-
order, sea-level lowstands when accommodation space shifted seaward and off a 
previously deposited carbonate bank. Modeling results also point out the fundamental 
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importance of evaluating high-frequency cycles to understand shelf evolution and 
siliciclastic bypass. In the Yates model, sediment bypass to the basin is a high-frequency 
phenomena that are varied by longer term cycles. Furthermore, 4th-order cycle (sequence) 
boundaries are defined by zones of closely spaced 5th-order bypass surfaces and 3rd-order 
sequence boundaries are, in turn, defined by zones of low-accommodation, 4th-order 
cycles. 
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ABSTRACT 

High-resoIution stratigraphic analyses shows that at least three orders of cyclicity 
produced the stratigraphy of the Yates Formation on the shelf as well as the time- 
equivalent basinal deposits of the Bell Canyon Formation. Evidence suggests that 
orbitally-forced, 400- and 100-key, (4th- and 5th-order, respectively) duration sea- 
level cycles {Milankovitch, Iong and short eccentricity cycles) were predominant 
events. 

Stratigraphic computer modeling illustrates how a distinct Yaks aecornmodafion 
profile, hierarchical sea level history, and the interaction of carbonate and 
siliciclastic systems were fundamental controls on Yates stratigraphy. Simulations 
show how the Yates topography (flat platform with a steep margin), low subsidence, 
and "keep up" carbonate factory provided a distinct accommodation profile that 
resulted in rapid fluctuations between highstand- and lowstand-shoreline settings 
with only minor fluctuations in relative sea-level. ModeIing suggests strong 
reciprocation between shelfal deposition during [decreasing rates of) relative sea- 
level rise and basinal deposition during [increasing and then decreasing rates of) 
relative sea-level fall occurred on a much shorter time scale (Stborder, 100-k.y.1 
than appreciated by previous workers. 

Modeling and outcrop stratal geometries show how increased accommodation 
near the shelf edge resulted in a zone of greatest potential for cyclostratigraphic 
analysis and suggests that "fall-in" beds were the byproduct of a hierarchical sea- 
level operating across an outer shelf acconnodatien gradient. Periods of "fall in" 
occurred during 4th-order, sea-level lowstands when accommodation space shifted 
seaward and off a previously deposited carbonate bank. Modeling results also 
point out the fundamental importance of evaluating high-f requency cycles to 
understand shelf evolution and siliciclastic bypass. In the Yates model, sediment 
bypass to the basin is a high frequency phenomena that is varied by longer term 
cycles. Furthermore, 4th-order cycle (sequence1 boundaries are defined by zones 
of cIosely spaced Stharder bypass surfaces and 3rd-order sequence boundaries 
are, in turn, defined by zones of low-accommodation, 4th-order cycles. 

INTRODUCTION 

With it's readily apparent cyclicity in both core 
and outcrop, the Yates Formation, one of three 
shelf equivalents to the shelf margin Capitan reef 
and basinal siliciclastics of the Bell Canyon For- 
mation (Fig. I), is an excellent opportunity to use 
modem stratigraphic techniques, including corn- 
puter forward modeling, to investigate the gen- 

esis of high-frequency carbonate-sihdclastic depo- 
sitional cycles and their relationship to larger-scale 
sequences. In this paper, the importance of high- 
frequency (4th- and 5th-order) depositional cycles 
is considered in terms of 1) stratigraphic ~ la t i on -  
ships for the outer-shelf (aggradationl 
progradation couplets, fall-in beds, and low ac- 
commodation "zones"versus discrete sequence 
boundaries), 2) timing of siliciclastic bypass to the 
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Figure 1. (A) Location of the Delaware Basin within the Permian Basin of West Texas and southeastern New Mexico. The 
ailiFidastic$, carbonates, and evaporites of the Yates Formalion were deposited on a braad, shallow shelf that dmmed the 
Delaware Basin in Late Guadalupian (Late Permian) time. (B) Schematic crass section showing Upper Guadalupian stratig- 
raphy of the Permian Basin. The Yates formation is a shelf equivalent to the Capitan reef and basinal siliciclastics of the 
Bell Canyon Famation. 

basin, and 33 utility as a shelf-to-basin correlation 
tool. 
Results of this study indicate haw a sequence 

stratigraphic model needs to be tailored to the in- 
trinsic attributes of a depositional system. A few 
important attributes of the Yates depositional sys- 
tem ultimately control the stratigraphy. These 
include: (1) the style of mixed carbonate - 

siliciclastic deposition; (2) a marginal mound to- 
pographic profile with a flat platform top and 
gradually increasing declivity towards a steep 
shelf margin; (3) low subsidence rates with a sub- 
tly hinged profile that combines with the topo- 
graphic profile to provide the signature Yaks  "ac- 
cummodation profile"; and (4) a strongly hierar- 
chical, high-frequency, allocyclic forcing function 
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Figure 2. SchematicilIustration based o n  subsurface cross sections of Borer and Harris 11491a) showing how heterogeneity in siliciclaslicreservoirs of the Yates 
Formation middle shelf is controlled by a hierarchy of depositional cycles. Reservoir zones are large1 y a function of 4th-order cycIicity. These, probably 400- 
k-y., cycles, are labeled Y l  to Y5. Silicidastic portions of the 400-k.y. depositional cycles are separated by 400-k.y. and 300-k.y. carbonales that are probable 
barriers to vertical flow. The thickness, vertical continuity, and reservoir quality of individual reservoir zones are controlled, ifi pad, by the pasition of the4th- 
order cycles relative to 3rd-order fluctuations. The best reservoir zones cortespond to substantial 4th-order highst ands (to form highstand shorelines) that 
occurred subsequent to substantial lawstands Ita provide abundant sand supply). Heterogeneity within a particular reservoir unit is  cantrolled by high- 
frequency, 100-k.y. depositional cycles that consist of alternating reservoir sandstones and poor to non-reservoir argillaceous siltstones andlor carbonates. 



(probably Milankovitch climate cycles) that drives 
relative sea level, carbonate versus clastic depo- 
sition, and aggradation versus progradation. T'he 
hierarchical, high-frequency relative sea-level 
fluctuations operate across the Yates accornmo- 
dation profile, resulting m complex but ordered 
stratigraphic pattern in  both shelf and basin 
equivalents. 

This paper builds upon our previous studies 
af the Yates Formation (Borer and Harris, 1991a 
and b) where the depositional facies and porosity 
characteristics of h e  shelf strata, shelf-wide strati- 
graphic correlations, regional variations in cycle 
stacking patterns, and implications for reservoir 
heterogeneity are examined in greater detail. We 
herein attempt to (a) build upon the earlier 
cyclostratigraphic framework and analyze the 
same system from a sequence perspective by in- 
tegrating outcrop and computer modeling data 
with subsurface information, and (b) "test" our 
ideas on aspects of the stratigraphic framework 
for the shelf deposits by investigating parallels in 
the time-equivalent basinal setting. 

STRATIGRAPHIC FRAMEWORK 

Subsurface Data - Cycle Hierarchy And 
Reservoir Heterogeneity 

Borer and Harris (1991a and b), using core, log, 
and limited outcrop data, divided the Yates shelf 
into inner-, middle-, and outer-shelf (shelf mar- 
gin) regions based on distinct associations of 
siiiciclaslic and carbonate/evaporite facies. Their 
high-resolution stratigraphic (cyclostratigraphic) 
analyses suggest that much of the heterogeneity 
in hydrocarbon reservoirs of the Yates Formation 
in the middle shelf region is related to the com- 
plex stacking of high-frequency depositional 
cycles in response to at least three orders of rela- 
tive sea-level fluctuations (Fig. 2). Several lines 
of evidence (e.g., distinct cycle bundling, a good 
fit between depositional cycles and plots of as- 
tronomical parameters, and limited 
chronostratigraphic constraints based on calcu- 
lated subsidence Jaccumula tion rates and regional 
stratigraphy) were used to suggest that two of the 
sea-level fluctuations were orbitally forced events 
with 100- and 400-k.y. durations (Milankovitch ec- 
centricity cycles). Long-term (3rd-order) accom- 
modation (sea-level) cycles with durations of 0.8 
to 2 m.y. were also apparent from Fischer plots 
(cycle thickness corrected for regional h e a r  sub- 
sidence plotted against time) and regional cross 
sections. 

Borer and Harris (1991a and b) used Fischer 
plots and stratigraphic analysis (average slope/ 
cycle data calculated from regional cross sections) 

to suggest that all the sea-level fluctuations had 
relatively low amplitudes. Sbatigraphic rnodel- 
ing results presented in a subsequent section of 
this paper refine the previous estimates and sug- 
gest amplitudes ranging from about 4-8 m for the 
100-k.y. cycles, 8-12 rn for the 400-k-y. cycles, and 
8-20 m for the 3rd-order cycles. 

The hierarchical sea-level fluctuations pro- 
duced a distinctly cyclic stratigraphy on both the 
Central Basin Platform and Northwest Shelf por- 
tions of the Permian Basin with logical and con- 
sistent updip-to-downdip facies changes and fa- 
c i e ~  shfts related to the cycles. The stra tigraphc 
framework includes siliciclastic-dominated, 
middle-shelf depositional cycles (stacked 
highstand siliciclastic shorelines) that produce 
heterogeneity in hydrocarbon reservoirs at vari- 
ous scales (Fig. 2). Regional (field-scale) hetero- 
geneity occurred as the complex sea-level signal 
operated on portions of the sheIf with different 
topographic and/or subsidence profiles. A 
steeper profile on the Central Basin Platform en- 
hanced the reworking (and reservoir quality) of 
the reservoir sandstone bodies and resulted in, a 
strong vertical component to the staclung of res- 
ervoir units. In contrast, a lower gradient on the 
Northwest Shelf may have resulted in generally 
poorerreservoir quality sandstones, a more updip 
location to the reservoir ~ n d ,  and a greater hori- 
zontal component to reservoir unit stacking. The 
third-order sea-level fluctuation controls the lat- 
era1 position of successive sandstone depocenters 
and the general onlap / affiap (transgression / re- 
gression) configuration of the reservoir. 

Heterogeneity within a reservoir is related to 
all s c a b  of sea-leve! fluctuation. The thickness, 
vertical continuity, and reservoir quality of indi- 
vidual sandstone reservoir units (i.e., siliciclastic 
portions of 400-k.y. depositional cycles) are con- 
trolled largely by the  phase interaction of the vari- 
ous components that make up the composite sea- 
level curve. In general, the best reservoir zones 
were deposited during 4th-order highstands (to 
create accommodation and reworked highstand 
shorelines) that occurred during and/or subse- 
quent to substantial (3rd- and 4th-order) 
lowstands (to provide abundant sand to the shelf). 
Heterogeneity within a particular reservoir unit 
is controlled by 5th-order (1 00-k.y.) depositional 
cycles that consist of alternating reservoir sand- 
stones and poor- to non-reservoir argillaceous silt- 
stones and /or carbonates. 

Outcrop Data - Stratal Geometries And 
Sequence Architecture 

A large perspective, dip-oriented view of the 
Yates depositional cycles occurs along the north 
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wall of McKittrick Canyon in the Guadalupe 
Mountains (Bebou t and others, 1993). Multiple 
scales of stratigraphic cycles are apparent in these 
outcrops as they were in the subsurface data of 
Borer and Harris (1991 a and b) (Figure 3). The 
base of thick and/or closely spaced siliciclastics 
are interpreted as 4th-order cycle (sequence) bases 
(sequenc~ boundaries) on Figure 3. Five, 4th-or- 
der cycles (labeled Y1-Y5) are recognized in the 
Yates interval and considered to be equivalent to 
the 400-k.y. cycles described in cores and logs by 
Borer and Harris (1 99 1 a and b). These same cycles 
are analogous to those identified by Kerans and 
others (1992; 1993) (their sequences G22-26) and 
Kerans and I-Iarris (1993) (their Y1- Y4 and Yates 
- Tansill sequences). 

Fifth-order (166 k.y.1 cycles are also apparent 
an Figure 3 as individual carbonate-dastic cou- 
plets. Thick, sandy intervals such as the base of 
cycles Y4 and Y5 likely consist of several sand- 
stones with thin carbonate interbeds (Borer and 
Harris, 1991 a and b; Kerans and Harris, 1993). 
The base of individual sandstone beds are con- 
sidered in his study to be 5th-order (1 00 k . ~ . )  sur- 
faces of sediment bypass. Distinct planar surfaces 
with little or no evidence for siliciclastics may also 
be high-frequency bypass surf aces. 

The gamma ray log from the Gulf PDB-04 well 
(described in detail by Garber and others, 1989) 
is highlighted on Figure 3 as it  provides a tie to 
the previous subsurface data of Borer and Harris 
(1991a and b). The outcrop nomenclature of 
Newell and others (19531, Neese and Schwarb 
(19771, and Candelaria (2992) is also shown on 
Figure 4 to further clarify the terminology of vari- 
ous outcrop studies on the Yates. 

Stratal Patterns and Interpretation.-Stratal 
patterns (aggrada tion versus prograda tion, stratal 
termination) from Figure 3 and the McKittrick 
Canyon outcrops are used to make a sequence 
stratigraphic interpretation for the Yates that in- 
corporates both longer-term (3rd-ord er) and high- 
frequency (4th- and 5th-order) relative sea-level 
fluctuations. Stratal patterns are commonly used 
to assign system tracts and infer relative sea-level 
fluctuations in ancient siliciclas tic deposits (Vail 
and others, 1977; Jervey, 1988). With some modi- 
fication, stratal patterns can be used to develop a 
sequence framework and understand sea-level 
history in carbonate settine (Sarg, 1988; Schlager, 
1992; Handford and Loucks, 1993; Harris, 1994). 

One important difference between carbonate 
and siliciclastic depositional systems that imparts 
sbatal patterns is that high rates of in situ car- 
bonate production can cause aggradation or even 
progradation during transgression. AIso, in a 
pure carbonate system, a Iowstand system tract 

may be poorly developed in the basin since this 
represents a time of no or only limited carbonate 
production on the shelf. The greatest shedding 
of fine carbonate debris into the basin occurs dur- 
ing transgressive to highstand times when the 
shelfaI carbonate factory is widespread (Shlages, 
1992; Brown and Loucks, 1993 a and b). 
In a mixed system like the Yates, attsibu tes of 

both carbanate and siliciclastic sequence strati- 
graphic approaches need to be considered, as do 
the important interactions between the two depo- 
sitional styles, Also, in a hierarchical cyclic sys- 
tem such as the Yates, the assignment of 3rd-or- 
der system tracts and critical surfaces (sequence 
boundaries and flooding surfaces) is complex and 
somewhat misleading since major sequences are 
comprised of smaller and smaller sequences each 
of which has its own system hack and surfaces. 

For example, large-scale strata1 geometries seen 
on Figure 3 (explained below) and the shape of a 
Fischer plot (Fig. 4) suggest that Yates 4th-order 
cycle (Y2) can be interpreted as a lowstand 
prograding wedge of a long-term (3rd-order) se- 
quence, yet Y2 was actually deposited during the 
banspssive and highstand portions of sherter- 
term cycles. Furthermore, the 3rd-order sequence 
boundary/onlap surface is best considered as a 
zone (rather than single surface) encompassing 
two, closely-spaced (low accommodation), 4th- 
order cycles (Y2 and Y3) that  in turn contain sev- 
eral thin 5th-order cycles. 

The above scenario is based on an interpreta- 
tion of long-term (3rd-order) maximum sea-level 
rises coinciding with the  Lop of the Seven Rivers 
and base of the Tansill formations (Figs. 3 and 4). 
A thick dolomite at the top of the Seven Rivers is 
interpreted to represent an extra thick, "400-k.y." 
carbonate bank that formed (on the shelf top) 
during the transgressive to highstand portion of 
a longer-term cycle which enhanced (positively 
modulated) the 4th-order sea-level rise. The base 
of the Tansill (as picked on Figures 3 and 4) is con- 
sidered to mark another long-term relative sea- 
level rise since thick carbonates again dominate 
the shelf (Neese, 1989; Parsley and Warren, 1989; 
Kerans and Harris, 1993). Between the upper 
Seven Rivers and lower Tansill (3rd-order) rnaxi- 
mum transgressions are the five 4th-order Yates 
boundaries, In a standard sequence stratigraphic 
framework, one of these 4th-order boundaries 
should also be considered the 3rd-order sequence 
boundary. 

As mentioned previously, the geometry of Yaks 
cycle Y2, i.e., a high degree of updip thinning, is 
most suggestive of a long-term sea-level lowstand 
and therefore Y2 may be considered a lowstand 
prograding wedge. Interestingly, the well-devel- 
oped geometry of apparent onlap is as much the 
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Figure 4. Fischer plot showing how Yates 4th-order cycles { Y l  to Y5) were deposited between two major long-term (3rd- 
order) highstands, while another lessor long-term highstand "3 112-ordef' coincided with the middle Yates. Cycles corn- 
spond to those annotated on Figures 2 and 3. The siliddastics and carbonates of the Yates are interpreted at a 3rd-order 
scale using sequence stratigraphy terminology; however, the process response of the mcks during the various partibns of 
a relative sea-level curve is substantially different than the classic Vail model. Cycle Y2, showing substantial updip thin- 
ning in McKittrick Canyan outcrops, can be considered a lowstand prograding wedge. The plot also provides an estimate 
of the magnitude of the 3rd-order fluctuations; the estimate is crude since it is highly dependent on the model used for 
subsidence correction fin this case average cycle thickaess). 

result of the extra-high highstand a t  the end of 
the Seven Rivers as it is the lowstand in the 
middle-lower Yates (Fig. 4). This is a function of 
the carbonate systems ability to "keep up" dur- 
ing the late Seven Rivers-early Yaks sea-level rise 
and the inability of siliciclastics to prograde from 
the steep carbonate shelf margin during 
lowstands. 

During the long-term sea-level rise (upper 
Seven Rivers and Yates Yf time) accommodation 
was maximized, but rather than backstepping or 
"drowning", the carbonate system remained at 
"fill level", aggraded and even pragraded. This 
is apparent from both stratal geometries (Figure 
3; Bebout and others, 1993) and the shallow-wa- 
ter (shallow lagoon, shoal crest, and shoal front 
facies) carbonate facies that typify this interval 
(Borer and Harris, 1991a and b). Late "highstand 
time" was probably short-lived since a very low 
rate of relative sea-level fall would rapidly con- 
sume the little remaining accommodation, sub- 
aerialky expose the shelf, and shift the silicicIastic 
facies tract seaward (and downward) of the thick, 
upper Seven Rivers carbonate bank. Stratigraphic 
modeling and analyses of the equivalent basinal 
deposits (presented in subsequent sections) sug- 
gests that the time missing during the formation 
of this sequence boundary and the amount of 
bypass to the basin was only slightly greater than 
previous or subsequent 4th-order cycles. 

During lowstand time, progradation was mini- 

mal since the shelfal carbonate factory was re- 
stricted to a narrow belt that was perhaps stressed 
by the presence of a lowstand siliciclastic shore- 
line. Siliciclastic progradation was minimal due 
to the steep outer shelf slopes inherited from the 
carbonate system, so instead siliciclastics readily 
bypassed the shelf, through and/ or over the reef, 
and into the basin. During the deposition of Yates 
cycle Y2 the area in front of the upper Seven Riv- 
ers bank was filled by aggradation and anlap 
during the transgressive and highstand portions 
of higher-frequency (5th-order) cycles. The onlap 
surface was not a single distinct surface but rather 
a zone that resulted in a general updip thinning 
rather than sharp discordance. By late Y2 time, 
high-frequency sea-level fluctuations once again 
transgressed the Seven Rivers and Yates Yl bank, 
depositing thin carbonates, By Yates Y3 time, 
thicker carbonates were being deposited across 
the previous bank top well into the shelf interior. 

The Fisches plot (Fig. 4) also suggests an inter- 
mediate highstand during middle Yates deposi- 
tion (Y3 and Y4). &s ("31 /2-order") event seems 
to have been longer in duration than the typical 
4th-order cycle and shorter in duration than the 
major transgressions a t  the top of the Seven Riv- 
ers and base of the Tansill. This cycle may repre- 
sent yet another layer to the complex stratigraphic 
hierarchy. Figure 4 also indicates 10-15 m (30-50 
ft) for the magnitude of the 3rd-order fluctuations. 
The estimate is highly dependent on the value 
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used fw subsidence correction (in this case aver- 
age cycle thickness). 

High-Frequency Sequence Framework.-The 
stratal pattern and sequence interpretation dis- 
cussed above differs substantially from one made 
using the classic "Vail" model and may be con- 
sidered a specific example for an attached mixed 
carbonate-siliciclastic shelf that experienced a 
complex hierarchy of high-frequency, relatively 
low-amplitude, sea-level fluctuations. Key dif- 
ferences from a "Vail" model interpretation in- 
clude: (1) dominant transgressive and highstand 
progradation related to carbonate productivity; 
(2) high-frequency (4th- and 5th-order) sand by- 
pass to basin; (3) 3rd-order critical surfaces (se- 
quence boundaries, flooding surfaces) comprised 
of zones of multiple higher-frequency surfaces; 
(4) a relatively minor amount of time represented 
by single ("3rd-order") surfaces of erosion and/ 
or nondeposition (lots of time represented by 
high-frequency surfaces throughout entire shelf 
section); and (5) a rapid seaward-shift in 
(siliciclastic) facies with only minor (not maxi- 
mum) rate of relative sea-level fall. 

In the Yates formation, relatively short-dura- 
tion (4th- and 5th-order) cycles show many of the 
same attributes as longer-duration, seismic-scale 
sequences. These include critical surfaces (ero- 
sion, bypass and flooding), spatial shifts in depo- 
sition through time systems tracts), and internal 
facies stacking patterns. The basic components 
of the shelf cycles are (1) a surface of 
nondeposition or erosion formed during maxi- 
mum sea-level fall (time of greatest increase in 
a ccumulation-accommodation ratio), (2) trans- 
gressive siliciclastic-rich beds deposited during 
sea-Eevel rise (decreasing accumulation-accom- 
modation ratio), and (3) regressive (highstand) 
carbonates deposited during late sea-level rise to 
early sea-level fall. These are the components for 
a small-scale siliciclastic-carbonate couplet as we11 
as formation-scale cycle. The scale independent 
nature of the cycles is a function of the deposi- 
tional system. The low-gradient, steep-edged 
shelf favors relative sea-level rise-domina ted 
cycles (but with slowing rates of rise) because 
there is little accommodation during times of rela- 
tive sea-level faI1. Minor relative sea-level falls 
expose the shelf and regressive sand deposition 
is limited to just a narrow area at  the shelf edge 
or perhaps in the deepest part of the lagoon. The 
updip point of the shelf mar@ that has appre- 
ciable accommodation even during base-level fall, 
marks the "accommodation hinge line" of 
Sonnenfeld (1991). 

Because there is little space for shelf deposition 
during relative sea-level fall, the majority of late 

highstand- and lowstand-time on the shelf is rep- 
resented by a surfaces of erosion or 
nondeposition. These surfaces in core or outcrop 
look remarkably similar whether at the base of a 
3rd-, 4th-, or 5th-order cycle. Once again this is a 
function of the depositional system. An arid cli- 
mate during Permian time in she Delaware Basin 
area would have limited syndepositional karst 
development. Unchannelized siliciclastic sand 
moved across the shelf during Yates time during 
even small relative sea level falls, beveling sharp 
planar surfaces, filling and truncating teepee 
structures (Borer and Harris, 1991 a and b). The 
surface may have been further modified (planed) 
during transgression. Regardless of order, bypass 
surfaces look quite similar at  the small scale and 
are characterized by sharp, planar contacts of 
sandstone over carbonate with minor small car- 
bonate intraclasts. 

Cyde bases are sandy because during the ini- 
tial sea-level rise any sand that was suppIied to 
the shelf margin during the previous fall is 
trapped and reworked during the transgression 
(Borer and Harris, 1991 a and b). As the trans- 
gression continues the sand supply is eventually 
cut off and highstand carbonates are deposited 
as the rate of sea-level rise slows. The amount of 
transgressive (sand) versus regressive (carbonate) 
sediment in a small-scale cycle is controlled by 
the longer term cycles, This also imparts a sense 
of self-similarity to the different cycle orders. If a 
long term (3rd order) cycle is dominated by rela- 
tive sea-level fall, then the 4th-order cycles encom- 
passed within it, and the 5th-order cycles riding 
on them, will also tend to be dominated by rela- 
tive sea-level-fall . 

Similar scenarios occurred during each 4th- and 
5th-order cycle. Progradation was a function of 
the carbonate factory and took place in punctu- 
ated steps during the transgressive and (early) 
highstand times of 4th-order cycles (Figs. 3). 
During the lowstands, siliciclastic-dominated 
shelf margin shorelines formed but could not pro- 
grade and instead bypassed sand to the basin. The 
thickness, internal packagmg, depocenter, lateral 
extent, and dominant lithology of 4th-order (400- 
k.y.) depositional cycles is controlled by position 
on third-order sea-level cycles (Figs. 3 and 4). 
Each 4th-order sequence was built from a set of 
5th-order (100-k.y.1 cycles. Since these smaller 
stratigraphic units also have critical surfaces, 
siliciclastic bypass, and "system tracts", they 
could be considered sequences in the braadest 
sense. 

Figure 5 illustrates additional points about 
stratigraphic systems with a well-developed hi- 
erarchy. This conceptual plot is based on extrapo- 
lating the Yates stratigraphic hierarchy to more 



of the Upper Guadalupian section of the Permian 
basin and by equating the Yates and Queen For- 
mations with long-term (4 m . ~ . )  sea-level 
lowstands based on heir substantial siliciclastic 
component. Figure 5 shows that a composite sea- 
level signal can produce a near continua (in both 
time and thickness) of depositional cycles that 
may prove difficult to classify into only a few dis- 
crete "orders" as is commonly done in sequence 
stratigraphy evaluations. Using the ordering 
scheme of Goldhammer and others (1991) as an 
example, the predicted Permian sea-level scenario 
exhibits cycles of two distinct "'types" (magnitude 
and duration) within both the 3rd- and 4th-order 
categories. This does not even consider the fact 
that each cycle of a given "type" varies in magni- 
tude and duration in concert with longer term 
cycles. 

The classification of cycle "order" becomes even 
more complicated when (as in most cases) the h e  
duration of the cycles is not known. Forcing a 
complicated hierarchv of cvcles into three "or- 
ders" (e.g., 3rd-, 4th-, and  5th-order) may be 
greatIy oversimplifying the case. The complex- 
ity of assigning wcle order in strongly hierarchi- 
cal geologic setthgs is behind the serious, but 
somewhat tongue-in-cheek labeling of 31 /2-, 41 / 
2-, and 6th-order cycles by some workers. To fur- 
ther illustrate this point, consider that meter-scale 
(20- to 40-k.y.?) cycles which are readily apparent 
in Yates cores are not even considered in this dis- 
cussion. Whether a complex depositional hierar- 
chy (e-g.,  Yates 800?-k.~. cycle) is related to com- 
plexity in the forcing function (e.g., expanded 
Milankovitch series) or sirnplv to long-term varia- 
tion in the depositional respbnse is an area that 
requires further work. 

STRATIGRAPHIC COMPUTER MODELING 

Computer models allow a geologist to visual- 
ize, test, and constrain geologic interpretations. 
Ideally, modeling reveals rela tionships that were 
not, or (mare often) not clearly, considered. A 
better understanding of several topics pertinent 
to Yates deposition was achieved through strati- 
graphic modeling. These topics include: 1) cycle 
stacking patterns related to hierarchical sea level 
fluctuations; 2) the nature and timing of sediment 
bypass to the basin; 3) the intricacies of estimat- 
ing sea-level history from stratigraphy; and 4) 
shelf-to-basin correlations. 

The cycle analysis of Borer and Hams (1991a 
and b) provides a startmg point for many of the 
input parameters needed to computer model 
Yates deposition. These parameaters include sea- 
level history, depositional topography, sedimen- 
ta tion rates, and subsidence rates. Subsurface 

cross sections and the McKittrick Canyon out- 
crops establish stratal geometries and aggrada- 
tion Jprogradation relationships to be matched 
during computer modeling. Core and outcrop 
descriptions provide information on 
paleobathymetry, facies distribution, and depol- 
si tional p;ocesses that need to be adequately rep- 
resented in the computer simulations, 

Stratigraphic models use geodynamic algo- 
rithms from the field of basin modeling that simu- 
late the crustal response in a basin through time 
to driving subsidence {thermal decay, faulting, 
rotation), sediment and water loading, and com- 
paction. The simula ted crustal movements are 
linked with dynamic sea-level and sediment ac- 
cumulation algorithms that track the creation and 
fill of accommodation space through time. In 
general, stratigraphic computer forward models 
reconstruct the s~atigraphy of a basin transect on 
a spatial grid using a sequence of small time steps 
and a prescribed set of initial conditions 
(Lawrence and others, 1990). The principal out- 
puts from these "basin-fill" models are synthetic, 
2-D cross sections that exhibit basin geometry, 
depositional sequence geometries, the temporal 
and spatial distribution of unconformities, and 
facies distribution. Additional output includes 
relative sea-level analysis, paleobathyrnetry, and 
chronostratigraphy. Primary input parameters 
include sea-level fluctuations, subsidence, sedi- 
ment supply, and initial bathyrnetry. 

The computer model used to simulate Yates 
deposition is PHIL (Process- and History-Influ- 
enced Layers) which was designed by Marco Polo 
Software, hc. of Houston, Texas. This geometric 
model is based on a user-defined equilibrium pro- 
file that governs sedimentation processes in re- 
sponse to changes in accommodation. The model 
assumes that the fundamental space-filling pro- 
cesses (bansport, deposition, and erosion of sedi- 
ment) are controlled by a series of depositional 
interfaces whose geometries are defined by the 
user, based on information about modem depo- 
sitional environments. The user prescribes gra- 
dients and widths of individual depositional en- 
vironmen ts. These environmental segments are 
linked together to define an equilibrium deposi- 
tional profile that translates (progrades, aggrades, 
or backsteps) during each time step according to 
the amount of sediment available and the amount 
of space created by subsidence (tectonic, loading, 
and compaction) and eustacy. 

T h e  model simulates both carbonate and 
siliciclastic sediment accumulation, Siliciclastic 
sediments are introduced through one side of the 
model; whereas, carbonate sediments are pro- 
duced in situ using twa depth-dependent growth 
functions for shelf margin (reef) and platform top 



(algal) carbonate factories. 

Y ~ t e s  Model 

The modeling strategy used in this study in- 
cludes calibration of the model against Yates sub- 
surface and outcrop data. The calibration step 
includes sensitivity tests of key input parameters 
which is perhaps the mast important aspect of the 
modeling study. A "best fit" model is then used 
to extrapolate Yates shelf data in space and time 
to further our understanding of shelf-to-basin re- 
lationships. Model predictions are compared to 
data from a cored basinal well, This comparison 
provides information about the accuracy of the  
model, and more importantly, allows the for in- 
terpretation of additional data in Iight of the com- 
puter simulations. Results of this study suggest 
that the benefit of stratigraphic modeling is not 
the prediction of exact facies positions, but a bet- 
ter understanding of the important attributes of 
the depositional system which in turn promotes 
enhanced interpretations and predictions. 

Items considered essential for a data-model 
"match" in our case are: (1) the correct amount 
of total progradation; (2) correct sediment thick- 
ness across the model; (3) reasonable 
paleobathymetry, including minimal exposure of 
the Capitan reef and minimal flooding af the shelf; 
(4) correct cycle stacking pattern (stratigraphic 
hierarchy); and (5) reasonable lithofacies predic- 
tion including the correct temporal and spatial 
distribution of major carbonate horizons, 
highstand and lowstand cIastic shorelines, reef 
aggrada tion vs, prograda tion, and distinct sea- 
ward shifts in facies. 

Figures 6 and 7 compare output from the Yates 
computer model to the subsurface cross section 
of Figure 3 drawn at a different scale. Cross sec- 
tions of model-predicted li thofacies, stratal his- 
tory (times lines), and bypass surfaces (3rd-, 4th- 
, and 5th-order cycle/sequence boundaries) are 
plotted at the same scale as the subsurface cross 
section. Although it is impossible to get a perfect 
da ta-model "match" (it is probably unrealistic to 
try, since multiple input scenarios can give simi- 
lar output geometries/lithofacies), this "base- 
case" model highlights numerous important as- 
pects of the Yates depositional system. 

Attributes of the Yates model are predomi- 
nantly a function of a composite sea level history 
(comprised of strong 4th-order cydici ty relative 
to 3rd-order) (Figs. 6b and 7b), operating across a 
distinct "accommoda tian profile" characterized 
by a very flat, low subsidence shelf, with an in- 
creased topographic/ subsidence gradient to- 
wards the outer portion, and a steep shelf edge. 
If we add to this setting a moderately-productive, 

siliciclastic-resistant, deep carbonate factory, and 
highly variable siliciclastic-versus-carbonate 
shelfal accumulation rates, most of the Yates strati- 
graphic signature is captured, 

The topography of the Yates shelf (relatively 
flat with a steep margin) and low subsidence sets 
up a distinct "accommodation profile" that results 
in rapid fluctuations between highstand- and 
lowstand-shoreline settings with only minor fluc- 
tuations in relative sea-level. This bimodal na- 
ture of the shelf has many implications for Yaks 
stratigraphy. The model exhibits well-developed 
partitioning (reciprocal sedimentation) between 
relative sea-level rise-dominated shelf deposits 
and relahve sea-level fall-dominated basinal de- 
posits and predicts that alternations between 
shelfal and basinal deposition occurs on a much 
shorter time scale than appreciated by other work- 
ers. Furthermore, shelf margin deposition was 
relatively uninterrupted being deposited during 
both relative sea-level rise and falI. 

The increased accommadation near the shelf 
edge results in a zone of greatest potential for 
cydostratigraphic analysis. Updip of this zone, 
cycles are amalgamated (missed beats); whereas, 
downdip cycles cannot be readily distinguished 
due to steep bedding (vertical sections are too 
oblique to time lines /cycle boundaries) and /or a 
lack of wa ter-depth-sensitive facies needed to pick 
cycles, i.e., subtidal missed beats. The model-pre- 
dicted zone of better preserved cyclostra tigraphy 
is consistent with outcrop and subsurface obser- 
vations as discussed by Borer and Harris (1991a 
and b). 

Figures 6 and 7 also provide insight to Zhe na- 
ture and genesis of the "fall-in" beds that are char- 
acteristic of outer shelf equivalents of the Capitan 
Reef (Hurley, 1978, 1989) and are readily appar- 
ent on outcrops a t  McKittrick Canyon and other 
canyons along the trend of the Reef Escarpment 
of the Guadalupe Mountains. Modeling suggests 
that "fall-in" beds occur at the shelf rnargin as a 
natural consequence of sea-level fluctuating 
across an accommodation gradient. Examination 
of outcrops shows the progressive flattening of 
fall-inbed dips that is related to short-term varia- 
tions of the shelf masgm. Periods of "'fa11 h r k c -  
cur in the modeling during 4th-order, sea-level 
lowstands when accommodation space shifts sea- 
ward and off a previously deposited carbonate 
bank. Littoral sandstones deposited during the 
lowstand mark the shoreline and updip limit of 
accommodation. Sandstone beds inherit a strong 
seaward dip as they attempt to prograde over the 
steep carbonate margin. As the next 4th-order sea 
level rise slowly shifts accommodation back up 
the profile, there is a period of decreasing fall-in 
angle as the area in front of the previous carbon- 



ate bank is filled in by  aggradation and onlap. 
Onlap takes place as a series of 5th-order cycles, 
with each successive cycle exhibihng less of a fall 
in angle. During the next 4 th-order fall, the shore- 
line jumps seaward of the aggrading margin and 
sets up the next "fall-in" scenario. From the mod- 
eling, the fall -in cycles correspond to 4th-order, 
aggradation-progradation couplets in which the 
progradation distance is on the order of 0.25 to 
0.5 km and the aggradation approximately 30-38 
m, not unhke the pattern described from the north 
wall of McKittrick Canyon by Hurle y (1989). Pe- 
riods of greatest "fall-in" coincide with long-term 
(3rd-order) sea-level lowstands. The downdip 
increase in accornrnodation potential also results 
in the basinward thickening of the Yates. 
Onlapping shelf strata thicken toward the basin 
where there is less exposure and more time rep- 
resented by rock. 

Figure 7 points out the fundamental importance 
of evaluating high-frequency cycles (normally 
below the limit of seismic resolution) to under- 
stand shelf evolution and siliciclastic bypass. In 
the Yates model, 4th-order cycles result in distinct 
aggradatisn-progradation couplets fiat are more 
distinct than any long-term (3rd-order) cycle. 
Furthermore, 4th-order cycle boundaries are de- 
fined by zones of concentrated 5th-order bypass 
surfaces as will be discussed in a subsequent sec- 
tion. Sediment bypass to the basin appears to be 
a high frequency phenomena that is only modu- 
lated by longer term cycles. 

ESTIMATING THE SHAPE AND MAGNI- 
TUDE OF SEA-LEVEL FLUCTUATIONS 

Insight to the complexity and nuances of esti- 
mating the magnitude and shape of sea-level fluc- 
tuations from the stratigraphic record is gained 
from stratigraphic computer model sensitivity 
studies. Investigations by several workers (e.g., 
Kendall and Lerche, 1989; Bond and Korninz, 
1991) have pointed out the  difficulty in trying to 
infer the shape, magnitude, and timing of eustatic 
sea-level fluctuations from the preserved rock 
record. Much of the problem lies in that the 
changes in accommodation that are crudely esti- 
mated from the rock record are "relative" and in- 
volve the complex interaction of topography, sedi- 
ment supply, subsidence, and eustacy. Unfortu- 
nately, when one estimates the magrutude of sea- 
level fluctuations it is often not possible ta ad- 
equately correct for topography, sedimentation 
rate, and subsidence. Therefore, any calculation 
of eustacy is a function of the values used for these 
other parameters (Kendall and Lerche, 1989). 

Stratigraphic models explore the complexities 
of inferring eustacy from stratigraphy, but do not 

necessariIy provide a unique solution (KendaI1 
and Lerche, 1989). Instead, forward models can 
be used to test inferred eustacy against numerous 
possibilities of subsidence and sedimentation. If 
stratigraphic data (amount of onlap, stacking pat- 
terns, thckness, paleobathyrn~hy) and geologic 
knowledge (modem sedimentation and subsid- 
ence rates) can be used to limit the possible sub- 
sidence and sedimentation models, then a more 
rigorous estimate of eustacy can be made. 

In this section, stratigraphic computer model- 
ing is used to investigate the relationship between 
inferred eustacy and the  Yates stratigraphic record 
for different topographic, subsidence, and sedi- 
mentation scenarios. As a starting point for the 
modeling, a sea-level fluctuation was used with 
magrutudes, frequencies, and shapes based on the 
stratigraphic analysis of logs, cores, and outcrops 
described in Borer and Harris (1991 a and b). 
These original estimates include rough corrections 
for subsidence and topography. It is apparent 
from model sensitivity experiments that, given the 
geologic constraints, model resolution, and model 
"reality", the original estimate for Yates sea-level 
changes are reasonable for the 4th-order fluctua- 
tions and perhaps a bit low for the 100-k,y. fluc- 
tuations. Perhaps more important is that model- 
ing suggests asymmetric depositional cycles of the 
Yates may have formed from symmetric shusoi- 
dal sea-level fluctuations. 

Shape of the Sea-LmeI Curve 

Based on h e  asymmetry of Yates 4th-order (30- 
m, 400-k.y.3 depositional cycles an asymmetric 
shape was inferred for she 400-k.y. sea-level fluc- 
tuations (Borer and Harris, 1991 a and b). Com- 
puter modeling iUustrates how the Yates asym- 
metric cycles may have been produced from sym- 
metric sea-level fluctuations. Composite sea-level 
fluctuations, variable facies-dependent sedirnen- 
tation rates, and the flat topographic (accommo- 
dation) profile of the Yates shelf are several fac- 
tors causing this phenomenon. 

There are two types of asymmetry present in 
the Yates cycles, One type is related to the con- 
figuration of accommodation space within the 
depositional system. The flat topography (with a 
steep margin) and low subsidence results in 
strong partitioning between shetfal and basinal 
deposition. Most shelfal strata is deposited as the 
rate of relative sea-level rise slows, whereas most 
basinal strata is deposited as the rate of relative 
sea-level fall slows. For most of the Yates shelf 
(except for that portion lying depositionally down 
a fall-in bed), relative sea-level fall results in ex- 
posure of the shelf (minor erasion) and sediment 
bypass t w  the basin. During early relative sea- 



level rise, thin (transgressive) sands are deposited 
across the shelf. As relative sea-level rise slows 
and carbonate sedimentation begins to outpace 
the creation of accommodation space, thick shoal- 
ing up (late transgressive to early highstand) car- 
bonate cycles are deposited. With only small rates 
of relative sea-level fall (late highstand time) 
shelfal accommodation is quickly consumed and 
another bypass surface is created. Across the 
shoal crest some thin regressive sands may be 
deposited below the bypass surface; however, 
appreciable shelfal accommodation during rela- 
tive sea-level fall is restricted to a narrow belt 
along the shelf margin, The resulting shelf depo- 
sitional cycles are slightly asymmetric since they 
are dominated by sea-level fall (decreasing accom- 
modation to accumulation ratio). 

A second type of asymmetry (not entirely un- 
related to the first) is the result of non uniform 
cycle bundling that is a byproduct of the interac- 
tion between composite sea-level fluctuations and 
strong, facies-dependent sedimentation rates. In 
the Yates composite sea-level curves (shown on 
Figures 6b and 7b) the amount of relative sea-level 
rise versus relative sea-level fall in a particular 
100-k.y. cycle is a function of the cycIeJs position 
within longer term sea-level cycles. In other 
words, the short-term cycles are modulated by 
longer-term cycles. As a result, the thickness and 
dominant facies in each 100-k.y. cycle varies sys- 
tematically. When the variation in facies type is 
coupled with highly variable, facies-dependent 
sedimentation rates, strongly asymmetric cycles 
are generated. 

In Figures 6 and 7, extra thick shelf carbonate 
beds are deposited during high-frequency (100- 
k.y.) cycles that coincide with the rising segments 
of 400-k.y. eustatic cycles. The thickest of these 
carbonate beds also correspond with the rising 
limbs of even longer term cycles. Since carbon- 
ate depositional rates are fast relative to the 
siliciclastic rates, anomalousty thick carbonate 
beds are deposited when only slightly more time 
than average (10- to 20-k-y.) is available for late- 
transgressive and highstand (carbonate) deposi- 
tion. The extra time far carbonate deposition and 
the resulting asymmetric depositional cycles are 
a function of the slightly greater rates and mag- 
nitudes of sea level rises during positively madu- 
Ia ted 100 k.y. cycles. 

Magnitude of Sea-Level Ffuciua tions 

Model sensitivity experiments suggest a range 
of possible amplitudes for the 4th- and 5th-order 
fluctuations that is dependent on the subsidence 
model used. The range is surprisingly narrow, 
however, since the choice of valid subsidence 

models is  constrained by total stratigraphic thick- 
ness, cycle stacking patterns, and lithofacies 
(paleobathymetry). Numerous simulations were 
performed holding subsidence steady but vary- 
ing the amplitudes of both the 4th- and 5th- or- 
der sea level perturbations (Fig. 8). In another 
experiment, variable subsidence models were run 
with the same sea level history (Fig. 9).  In bath 
cases, subsidence related to compaction and flex- 
ure loading are not considered. Instead, total sub- 
sidence is specified as a hinged model that lin- 
early increases from left to right on each of the 
cross section models. The baseline subsidence 
model (Fig. 8 and middle column of Fig. 9) has a 
subsidence rate of 5 cm/k.y. af the left edge of the 
model which steadily increases to 7 crn/k.y. at the 
right edge. 

Figure 8 iilustrates the complex relationship 
between cycle stacking pattern and hierarchical 
(relative) sea-level fluctuations. In general, the 
resulting stacking pattern is controlled by the ra- 
tio between the amplitudes of the different dura- 
tion cycles. When the ratio between the 400-k.y. 
and 100-k.y. amplitudes is high (Fig. 8, upper 
right), 100-k.y. cycle beats are skipped 
(nondeposition) and the 4th-order depositional 
cycles are strongly asymmetric. When the ratio 
between the 400-k.y. and 100-k.y. amplitudes is 
low (Fig. 8, lower left), all high-frequency cycles 
are recorded and the 4th-order cycles are more 
symmetric. The modeling experiment shows that 
the effect of amplitude ratio on cycle stacking 
pattern is not linear. Instead, as the amplitude of 
the fluctuations increase, the same amplitude ra- 
tio causes more 5th-order missed beats and 4th- 
order asymmetry. A comparison of the upper left 
plot with the loww right plot in Figure 8 illus- 
trates this point . Both simulations have an am- 
plitude ratio of 1, but the greater (12 m) ampli- 
tude scenario has more missed beats and asym- 
metric 4th-order cycles. 

The two center plots of Figure 8 exhibit 
siliciclastic-carbonate alternations most like those 
found in Yates subsurface and outcrop data. 
These model runs suggest one (100-k.y.1 cycle beat 
may be missed during each 400-k.y. fluctuation, 
resulting in the biple sandstone packages com- 
monEy observed in the Yates. The experiment 
suggests that (for this particular subsidence 
model) an 11 meter estimate: for 4th-order fluc- 
tuations based on the stratigraphic analysis pre- 
sented in this paper is reasonable or only slightly 
high; whereas, the 2 meter estimate from the strati- 
graphic analysis for the 100 k.y. fluctuations is less 
than suggested by modeling. There are several 
limitations in estimating the amplitude of sea- 
level fluctuation from simulated stacking pat- 
terns. Besides the problem of various subsidence 



(discussed below} and sedimentation scenarios, 
model resolution and model "reality" are a con- 
sidera tion. 

Cell spacing and the number of time slices limit 
model resolution. For Figures 8 and 9, cell spac- 
ing is 30 meters. There are 33 (X-dimension) grid 
cells for every kilometer on the cross sectional 
model. This is good resolution in terms of how 
far updip any sea-level transgression can extend. 
Time step resolution causes greater problems. 
Simulated time steps are 10,000 years, That is 
there are 10 time steps per 100-k.y. cycle and 100 
time steps for the entire model. Due to the flat 
depositional profile, several kilometers of shelf 
may be transgressed (or prograded across} dur- 
ing a single time step or two. Even with the pos- 
tulated low amplitude sea-level fluctuations, 
rapid seaward or landward facies shifts aften take 
place in the modeis leaving a poorly resolved rock 
record. In the models, siliciclastics are often thin 
and discontinl~ous at the inner part of the outer 
shelf because more than a single time step or two 
is required to stack a resolvable transgressive 
sheet deposit. 

In reality, the Yates depositional system prob- 
ably retrograded (or prograded) more continu- 
ously and remained more in equilibrium (kept up) 
with relative sea-le~rel riscs (or falls}. Still, the fact 
that models exhibit such rapid {siliciclastic ver- 
sus carbonate) facies shifts related to relatively 
minor sea-level fluctuations indicates something 
important about the Ya tcs deposi tienal system. 
That is, siliciclastic-carhona te mixing on the Yates 
shelf is perhaps more fundamentally controlled 
by allocyclic base-level shifts than Waltherian fa- 
c i e ~  relations. 

An additional sensitivity experiment shows the 
effect of variable subsidence models for the same 
sea-level fluctuations (Fig. 9). This experiment 
tests whether, in terms of stachng patterns and 
stratigraphic thickness, a decrease in accommo- 
dation due to lower subsidence rates can be off- 
set by higher amplitude sea-level fluctuations 
(and vice versa). Since carbonate systems can 
'keep-up" with sea-level rises and essentially pre- 
serve (freeze) any accommodation space gains, it 
was hypothesized that higher-rnagftitude fluctua- 
tions could result in thicker sections for the same 
subsidence history. Results of the simple experi- 
ment illustrate that this not the case. Instead, 
stratigraphic thickness is a function of subsidence 
only. Any gains in accommodation during high- 
magnitude transgressions are compensated for by 
nondeposition during the extra-low Eowstands. 
The carbonate factory may keep up during trans- 
gression resulting in a thick carbonate interval, 
however, during the subsequent sea-level fall the 
Iittle excess accommadation available on a "keep- 

up" shelf is quickly destroyed and the platform 
top exposed. Since subsidence is extra low and 
the rate of sea-level fall extra high, more time is 
represented by a surface on the shelf. Further- 
more, the next transgression must inundate the 
previous carbonate bank which remains high (and 
dry) as it slowly subsides. 

Figure 9 suggests t h a t  stratigraphic thickness 
constrains the iota 1 subsidence model, whereas 
facies and cycle stacking patterns can be used to 
constrain the amplitude (ratios) and periods of 
the sea-level perturbations. Based on strati- 
graphic thickness, the subsidence rates used in 
the left column of Figure 9 are too IOM~ and those 
used in the right column are too high. Therefore, 
ambiguities in facies and cycle stacking related 
to an undetermined subsidence model is less than 
the variation seen across any row7 of the figure. 
Although subsidence (hinged and steady state; 
compaction and flexural loading effects ignored) 
has a first order effect on total stratigraphic thick- 
ness, it has only a second order effect on facies 
and cycle bundling patterns. 

EXTRAPOLATION OF YATES 
CYCLES TO BASIN 

In this section, information gained from the 
cyclostra tigraphic analysis of Yates deposits on 
the shelf is extrapolated to the time-equivalent 
basin deposits of the Bell Canyon Formation. The 
detailed link between shelf and basin cyclicity is 
important for shelf-to-basin correlations. Basinal 
stratigraphy is first predicted by the model based 
on shelf data and then compared to that found in 
the Gulf PDB-03 wejl, a continuously cored well 
located near the center of the Delaware Basin. 

Timing of Siliciclastic Bypass to Basin 

The timing and nature of siliciclastic bypass 
into the Delaware Basin is poorly understood. Is 
sand and silt being transported to the basin across 
a few major surfaces, i-e. 3rd-order sequence 
boundaries? Or, are  the numerous high-frequency 
exposure surfaces apparent in cores and outcrops 
important times of sand bypass? In light of the 
high-frequency stratigraphic hierarchy apparent 
in shelf strata of the Yates, at what level does the 
reciprocal sedimentation proposed 'by Meissner 
(1972) actually operate? To address these ques- 
tions, the basinal stratigraphy that is predicted 
by the Yates computer model is used to investi- 
gate the link between shelf and basin cycles. 

The amount of sediment bypass during an in- 
dividual sea-level drop within a given composite 
sea-level curve is evaluated using the computer 
model. During the course of hierarchical sea-level 



fIuctua tions (multiple events with different fre- 
quencies and rnaptudes), the degree of high-fre- 
quency bypassing is modulated by the longer 
term sea-level signal. Kigh-frequency sea-level 
falls that correspond with longer term drops (posi- 
tively modulated) exhibit greater rates of relative 
fall and more sediment bypassing than high-fre- 
quency drops corresponding with long-term rises 
(negatively modulated). 

SiIiciclastic sediment bypass takes place in 
PHIL stratigraphic simulations when there is no 
accommodation on the shelf and relative sea level 
a t  the shelf break is falling faster than a user speci- 
fied Sediment Bypass Threshold (SBT). If there is 
no accomrnodati~n on the shelf (a function of sedi- 
ment supply, subsidence, and eustacy) but the SBT 
is not exceeded, a Type 2 sequence boundary is 
formed and progradation takes place as a shelf 
margin wedge without sediment bypass. 

The SBT controls how fast relative sea-IeveI has 
to be falling before sediment bypass occurs. The 
default setting is 3 cm/k.y., that is, if a eustatic 
fall out paces total subsidence a t  the shelf break 
by at least 3 cm/k.y., and there is no shelfal ac- 
commodation, then sediment bypass will occur. 
This default setting is an empirical value that has 
been found to be required to match most datasets 
(Bowman and Vail, personal commurtication). 

Shelf topography and the competing rates of 
subsidence, eustatic fall,  and sediment supply 
control whether or not siliciclastic sediments will 
bypass the shelf. In general, lower subsidence 
rates, higher amplitude sea level fluctuations, and 
shorter duration events (tor a given amplitude) 
all increase the chance of sediment bypass. On the 
Yates shelf, low subsidence rates (4-6 m/k.y.) and 
the predominance of hi gh-frequency sea-Ievel 
cycles (TOO - 400 k.y.) with amplitudes of 5 to 12 
meters suggests that high-frequency sediment 
bypass was likely. 

Shelf topography, sediment supply, and the 
nature of the depositional system also control 
sediment bypass by regula ling how fast shelf ac- 
commodation is filled during a relative sea level 
fall. Consideration of the Ya tes depositional sys- 
tem suggests that bypass may have occurred at  
very low relative rates of fall. Carbonate systems 
tend to aggrade and keep pace with sea level rises 
leaving little or no shelfal accommodation as rela- 
tive sea-Ievel slows then bepns to fall. On a flat- 
topped, shallow carbonate platform such as the 
Yates shelf, the shoreline would quickly jump 
basinward to the steep shelf edge during only a 
minor relative rate of fall. Furthermore, 
siliciclastic sand that bypassed the exposed plat- 
form top could not be deposited on the steep 
slopes of the carbonate margin and would bypass 
to the basin. These points suggest a lower SBT 

may be appropriate for the Yates depositional 
system. 

The SBT was adjusted in the model to test by- 
pass sensitivity in general and to highlight the 
modulation of high-frequency bypass by long- 
term sea level fluctuations (Fig. 10). With the SBT 
set at -3 cm/k.y., bypass occurs during every high- 
frequencv (5th-order) fall. With an SBT of -10 cm/ 
k.y., onli  one 5th-order bypass episode is elimi- 
nated. When the SBT is increased to 18 cm/k.y., 
most (nega tively-modula ted) 5th-order f aIls stop 
bypassing sediment. At an SBT of -20 crn/k.y. 
only the 4th-order bypass surfaces remain. Fur- 
ther increase of the of the SBT can be used to 
evaluate the relative importance of individual 4th- 
order sea-level flucltuatiens. At an SBTof 30 cm/ 
k.y., only the high-frequency event h a t  has the 
greatest rate of fall (positively-modulated) exhibit 
sediment bypass. This event would be a "true" 
3rd-order sequence boundary. 

The fact that the SET could be raised so (unre- 
alisSicaIly) high and sediment bypass remain corn- 
mon, suggests that the Yates depositional system 
(low subsidence rates, low amplitude-high fre- 
quency eustacy, and flat-topped carbonate plat- 
form) readily bypassed siliciclastics, across nu- 
merous surfaces, with only minor rates of rela- 
tive fall. Basinal stratigraphy should be similar 
to the leftmost (SBT = -3 cm/k.y.) plots of Figure 
10. 

BasinaI Facies and Cyclicity in Gulf PDB-03 

A distinct cyclicity actually exists in the basi- 
nal strata of the Delaware Mountain Group 
(Meissner, 1972; Kerans and others, 1992, 1993) 
including that portion of the Bell Canyon Forma- 
tion which is time-equivalent to the Yates. Within 
the slope and toe-of-slope depositional setting, 
i.e., within the transition from Capitan to Bell 
Canyon Formations, Mruk and Bebout (1993) and 
Brown and Loucks (1993 a and b) have examined 
depositional cycles and siliciclastic - carbonate al- 
ternations. Cores from the Gulf PDB-03 well, as 
well as outcrops in the Delaware Mountains, are 
an opportunity to examine Ya tes-equivalen t ba- 
sinal facies. 

Basinal Facies.-Three facies, distinguished by 
color, grain size, and sedimentary structures and 
reflecting "energy" of deposition, are found in the 
Yates-equivalent basinal deposits in the core (Fig. 
11): 1) light brown sandstone, 2) dark brown silt- 
stone; and 3) black, mganic-rich lime mudstone. 
Subfacies occur within each of these groups. 

Sandstones, comprising about 40 % of the sec- 
tion, are very fine- to fine-grained and well- 
sorted. They are massive to thin-bedded with 
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Figure 11. Comparison of mode1 prrdiaed basinaI stratigraphy (at 12 km on Figuw 6b) and Yates-equivalent basinal 
section from the Gulf PWB-03 well (Core description modified from M. Gardner, personal communication). Yates cycles 
Y1-Y5 are picked in the-basin-equivalent section of the core. Sandstones are indicated by a dot pattern and lime mudstones 
are indicated in black on both the core decription and Gamma-Ray log. Both mode1 and core data suggest siliciclastics 
bypassed the shelf and were deposited in the basin during high-frequency (5th-order) sea-level lowstands. The amount of 
bypass during a given Sth-order lowstand is controlled by longer-tern (3rd- and 4th order] cycles. In the model, there is 
also a distal to proximal trend upsedion. 



common climbing ripple laminations. Loading/ 
dewatering structures and contorted bedding are 
also common. Graded bedding is present, but 
subtle due to the uniform grain size. Massive 
(Bouma A) beds are the most prevalent but plane- 
bedded and rippled beds (Bouma B and C) are 
also common. The sandstones are interpreted as 
turbidites deposited during Iowstands and initial 
transgressions of sea level. Amalgamated pack- 
ages of decimeter- to meter-scale flow events form 
thick (3-10 rn) sandstone intervals. 

Dark brown, laminated and biohrbated silt- 
stone accounts for more than 50% of the bashal 
section. The siltstones are organic-rich and show 
varve-like millimeter-scale laminations. Dark 
brown, organic-rich laminae alternate with light 
brown, silty laminae. Individual light-dark cou- 
plets are grouped into centimeter-scale bundles 
defined by the alternation between dominantly 
silt (light) and dominantly organic (dark) lami- 
nae. The organic-rich si! tstones represent low 
energy deposition of background suspended sedi- 
ment. Fischer and Sarnthien (1988) suggested 
eolian transport as a possible source for such sus- 
pended silt deposits in the Delaware Basin. Other 
possible sources for the silt inciude storms or dis- 
tal turbidite plumes. Although the exact source 
of the suspended silt is not known, it is clear there 
were rhythmic alterations between organic-rich 
versus silt-rich times. A1 tematively, the bundled- 
varve cycles could be a function of dilution with 
either component remaining constant and only 
one component Ductua ting . Locally, the lami- 
nated subfacies is replaced by a biohrbated fab- 
ric. Ghost laminations are often visible through 
the bioturbation. Burrows are predominantly 
wispy, horizontal feeding traces of an unknown 
affinity. Alternation between laminated and 
bioturbated intervals probably record changes in 
bottom water salinity or oxygen content. 

The remaining 10% of the section is comprised 
of black, organic-rich lime mudstone. The mud- 
stone is laminated to massive and contains thin 
(mm-to cm-scale) bentoni tes and rnicri tic inter- 
vals. Distinct spikes on the  gamma-ray logs co- 
incide with mudstones; values range from 90 to 
200 API. The mudstones are interpreted as con- 
densed intervals deposited as pelagic rain dur- 
ing times of maximum flooding of the shelf when 
siliciclastics were trapped far updip. During these 
times the basin floor may have become anoxic. 

Basinal Cyclicity.-The core description and 
gamma-ray logs of Figure 11 indicate a distinct 
depositional cyclicity in the basinal deposits as 
has also been demonstrated by Kerans and oth- 
ers (1992,1993). Cycle boundaries are marked by 
condensed intervals of organic-rich lime mud- 

stone. A strong stratigraphic hierarchy exists with 
three scales of cyclicity clearly present and a 
fourth probable. 

The dominant (easiest to pick) cycles, from 15 - 
60 rn thick, are considered to be genetically re- 
Iated to the 4th-order (30-m, 400-k.y.1 cycles on 
the shelf and are labeled as such on ~ i g u &  11. As 
suggested by the computer modeling, thickness 
variation between the 400-k-y, cycles is a function 
of fachs dependent depositional rates and strong 
facies partitioning con trolled by longer-term 
cycles. The thickness of a given 400-k.y. cycle 
varies according to position on longer-term cycles. 
Thick, sand-dominated cycles were deposited in 
the basin during long-term lowstands; whereas, 
thin, organic-rich mudstone-domina ted cycles 
were deposited during long-term highstands. 

The large-scale basinal cycles are slightly more 
symmetrical than their shelf counterparts; typi- 
cally showing a gradual increase in clean sand- 
stone and decrease in siltstone and organic-rich 
mudstone away from a condensed interval, and 
the converse towards the next condensed inter- 
val. This symmetry is considered to represent 
bypass deposition during first an increase (sea- 
level fall) and then decrease (sea-level rise) in the 
rates of relative sea-level fall. 

Small-scale (100-k.y.) cycles are delineated by 
the individual organic-rich mudstones (gamma- 
ray spikes) within major condensed intervals or 
small, poorly developed lime mudstones within 
sandstone intervals (e.g., Y4 and Y5). There are 
typically three to five of the 5th-order cycles 
within a 4th-order cycle. Missed beats probably 
occurred during long-term lowstands where high- 
frequency condensed intervals were not depos- 
i ted or were thin and /or eroded by later turbid- 
ifes. 

The 100-k.y. cycles display a complicated vari- 
able thickness pattern that is expected since non- 
uniform cycle bundling is operating on an  addi- 
tional level. Fifth-order cycle thickness is nearly 
a continuum, ranging from Iess than 3 m for the 
most condensed (5th-order rise on 4th-order rise 
on 3rd-order rise) to 15 m for the thickest (5th- 
order fall on 4th-order fall on 3rd-order fall). 
Cycles with intermediate thickness c~rrespond to 
the other possible hierarchical sea-level (rise-fall) 
scenarios (i-e., rrf,rff,rfr,frr,frf,and ffr). The rela- 
tive order, in terms of thickness, of these other 
scenarios is poorly understood, though there is 
probably much overlap. 

Long-term (3rd-order) cycles are present based 
on the presence of major condensed intervals and 
changes in the character (thickness, dominant li- 
thology, symmetry, etc.) of bundled 4th-order 
cycles. Major condensed intervals occur from 
4680-4720 f t  and 5150-5235 ft in the core and con- 



sist of the organic-rich mudstone-dominated por- 
tions of two 4th-order cycles, Third-order flood- 
ing surfaces are picked at the maximum gamma- 
ray excursion (organic-rich lime mudstones) 
within a major condensed interval. The organic 
mudstones typically exhibit several extreme 
spikes on the gamma-ray log. 

Deposztional Cycles As A Shelf-To-Basin 
Correlation Tool 

Little detail is actually known about shelf-to- 
basin relations in the Delaware Basin due to lim- 
ited biostratigraphic control and the inability to 
trace beds or time lines from the cyclic shelf de- 
posits, through the massive reef and foreslope, 
and into basinal siliciclastics. The presence of a 
strong hierarchy of depositional cycles on the shelf 
and also in the basin suggests that the cycles may 
be useful as  a correlation tool. In order to use 
cycles for correlation, the link between shelf and 
basinal sedimentation needs ta be well estab- 
lished, as was investigated by Brown and Loucks 
(1993 a and b) for the Tansill and toe-of-slope 
equivalent Lamar deposits in McKittrick Canyon, 
and periods of potential missed cycle beats need 
to be recognized, 

The current shelf-to-basin correlation scheme 
for the Capitan shelf margin is based largely on a 
series of five carbonate members of the Bell Can- 
yon Formation, in ascending order, the Hegler, 
Pinery, Rader, McCombs and Lamar (Fig. I), that 
prograded part way into the basin a t  discrete 
times (King, 1948; Newell and others, 1953). The 
genetic impIications of these carbonate wedges 
are not well understood. Are they highstand de- 
posits, low stand deposits, or both? Certainly, they 
do not a11 have the same character and the de- 
tailed geology within an individual wedge sug- 
gests they consist of several genetic packages 
(Reekman, 1986; Lawson, 1989; Brown and 
Loucks, 1993 a and b). Also, the carbonate tongues 
are only easily recognizable proximal to the toe 
of slope so they cannot be used as comla tion tools 
further into the basin, and they are difficult to rec- 
ognize (particularly in cores and logs) within the 
slope proximal to the reef as was discussed by 
Garber and others (1989). 

A shelf-to-basin (and outcrop to subsurface) 
correlation scheme is proposed on Figure 11 based 
on matching 3rd- and 4th-order cycles from Fig- 
ures 3 to the basinal core data. The correlation 
scheme hinges on equating the 3rd-order con- 
densed intervals described above with the thick 
carbonate "banks" deposited at the upper Seven 
Rivers - Yates Y1 and Yates Y5 - lower Tansill 
boundaries. Within this tentative large-scale 
framework, there is a reasonably good match be- 

tween 4th-order cycles on the shelf and in the  ba- 
sin. Some ambiguity remains, however, due to 
the possibility of missed cycle beats in both the 
shelf (thin or no cycles, erosion) and basin (no or 
minor condensed mudstones resulting in sand on 
sand, erosion) during long-term lowstands. 

Comparison Between Core D ~ t n  And Model 

The hierarchy or stacking pattern observed in 
one clepositional environment (e.g., shelf) can be 
extrapolated to another environment (e.g., basin) 
provided that the genetic link is understood. The 
computer simulations described previously help 
to investigate the link between Yates shelf and 
basinal cyclicity. These simulations suggest 
siliciclastics bypassed the Yates shelf and were 
delivered to the basin during high-frequency (5th- 
order) lowstands. The record of high-frequenq 
bypass is evident in slope equivalents to the 
youngest portion of the Yates and to the Tamill 
Formation in the McKittrick Canyon outcrops 
(Brown and Loucks, 1993 a and b; Mruk and 
Bebout, 1993). Furthermore, the amount of by- 
pass during any 5th-order lowstand was con- 
trolled by longer-term cycles. In Figures 6 and 7, 
4th-order cychs have more of a control on the 
amount of bypass than 3rd-order cycles because 
the stratigraphic computer model did not include 
the major transgressions at the top 05 the Seven 
Fbvers and base of Tansill. 

The stratigraphy of the Yates equivalent basi- 
nal section in the Gulf PDB-03 well is in general 
agreement with model predictions. Figure 11 
compares the basinal section from the core with a 
columnar section (at 12 km) from the Yates "best 
fit" model of Figure 6B. Although a perfect fit is 
not expected, several significant attributes of the 
model compare well against the basinal data. 
Foremost is the importance of high-frequency 
(5th-order) bypass and condensation. Fourth-or- 
der (400-k.y.) "condensed intervals" are somewhat 
expanded since they contain multiple calcareous 
mudstones separated by turbidite sandstones 
deposited during 5th-order (100-k.y.1 lowstands. 
Stratigraphically above (shown on Figure 11) and 
be-low [not shown) the Yates equivalent interval, 
long-term highstands limit high-frequency by- 
passing and result in stacked mudstones that rep- 
resent major (3rd- and 4th-order) condensed in- 
tervab. The computer model predicts a basinal 
sand to shale ratio of approximately 2:l; whereas, 
the sand to shale ratio calculated from the well 
using a gamma-ray cutoff of 70 API is slightly 
lower at 1.3:l. 

Another interesting attribute of the model is 
how time is partitioned in the basinal section. The 
difference in accumulation rates for the turbidite 



sandstones and the condensed mudstones is strik- 
ing and well-illustrated by the variable spacing 
of the time lines adjacent to the columnar section 
(Fig. 11 ). In the model, accumulation rates for the 
condensed muddy intervals are 4 to 10 times 
slower than for the sandstones. 

CONCLUSIONS 

High-resolution stratigraphic analyses (i.e., the 
evaluation of the changes in the packaging of 
depositional cycles through time and at  different 
positions on the shelf) shows that at  least three 
orders of cyclicity produced the stratigraphy of 
the Yates Formation on the shelf as weU as the 
time-equivalent basinal deposits. Evidence sug- 
gests that orbitally-forced, 400- and 100-k.y. (4th- 
and 5th-order, respec t~velv) duration (eustatic?) 
sea-level cydes (~ i~ankovI t ch ,  Iong and short ec- 
centricity cycles) were predominant events. Sev- 
eral, long-term (3rd-order) accommodation (sea- 
level) cycles with durations of 0.8 to 2 may. are 
also apparent in thc Yates stratigraphy and con- 
trolled the nature (thickness, facies, symmetry) af 
the 4th- and 5th-order depositional cycles. The 
third-order cycles may be related to climate (low- 
frequency orbital forc.inF?) ar tectonics. The hier- 
archical sea-level fluctuations resulted in deposi- 
tional cycles that exhibit regional and local vari- 
ability. 

Stratigraphic cornputtlr modeling illustrates 
how the distinct Yatcr; accommodation profile, 
hierarchical sea level hihtory. and the interaction 
of carbonate and s i l ic i i ln~ti~ systems were fun- 
damental controls on Y a k s  stratigraphy. Sirnula- 
tions show how the I';ltcs topography (flat plat- 
form with a steep margin), low subsidence, and 
"keep up" carbonate factory provided a distinct 
accommodation profilc that resulted in rapid fluc- 
tuations between highstand- and lowstand-shore- 
line settings with only minor fluctuations in rela- 
tive sea-Ievel. h.lodefinF suggests strong recipro- 
cation between shelfal deposition during (decreas- 
ing rates of) relative sea-level rise and basinal 
deposition during (increasing and then decreas- 
ing rates of) relative sea-level fall occurred on a 
much shorter time scale (5th-order, 100-k.y.3 than 
appreciated by previous'workers (e.g., ~'eissner, 
1972). 

Modeling and outcrop stratal geometries show 
how increased accommodation near the shelf edge 
resulted in a zone of greatest potential far 
cyclostratigraphic analysis and suggests that "fall- 
in'' beds were the byproduct of a hierarchical sea- 
level operating across an outer shelf accommo- 
dation gradient. Periods of "fall in" occurred 
during 4th-order, sea-level lowstands when ac- 
commodation space shifted seaward and off a 

previously deposited carbonate bank. 
Progradation was limited because the carbonate 
factory was decreased and Iowstand siliciclastics 
could not- pragrade across the steep carbonate 
margin. During the subsequent 4th-order rela- 
tive sea-level rise, accommodation slowly shifted 
back up the profile and there was a period of de- 
creasing fall-in angle as the bank margin filled in 
by aggradation and onlap. Onlap took place as a 
series of 5th-order cycles, with each successive 
cycle exhibiting less of a fall in angle. 

Modeling results point out the fundamental 
importance of evaluating high-frequency cycles 
(normally below the lirnit of seismic resolution) 
to understand shelf evolution and siliciclastic 
bypass. In our Yates model, sediment bypass to 
the basin is a high frequency phenomena that is 
varied by longer term cycles. Furthermore, 4th- 
order cycle (sequence) boundaries are defined by 
zones of closely spaced 5th-order bypass surfaces 
and 3rd-order sequence boundaries are, in turn, 
defined by zones of low-accommodation, 4th-or- 
der cycles. 

Modeling experiments (sensitivity studies) pro- 
vide insight to the complexity of the Yates strati- 
graphic hierarchy and potential problems of in- 
ferring the shape and magnitude of eustatic fluc- 
tuations from the stratigraphic recard. Sirnula- 
tions suggest a range of possible amplitudes for 
the Vates 4th- and 5th-order fluctuations depend- 
ing on the subsidence model used. The range is 
reasonably narrow, however, since the choice of 
valid subsidence models is constrained by total 
stratigraphic thickness, cycle stacking patterns, 
and facies (paleobathymetry). Modeling suggests 
4th-order eustatic fluctuations ranged from 8-12 
m; whereas, 5th-order fluctuations ranged from 
4-8 m. Modeling also iIIustrates how asymmetric 
Yates depositional cycles may have formed from 
symmetric (sinusoidal) sea-level fluctuations due 
to nonuniform cycle bundling. 

As a test of the stratigraphic model, basinal 
stratigraphy was predicted based on a "best fit" 
model for the Yates shelf and then compared to 
basinal stratigraphy in a cored well. Although a 
perfect stratigraphic match was not acquired (or 
expected), several amibutes of the model stralig- 
raphy compare well against the basinal data. 
These include the degree of vertical heterogene- 
ity, the distribution of condensed (sealing) mud- 
stones, the ratio of sand to shale, and thickness of 
individual sands. The model provides valuable 
information about the genetic link between shelf 
and basinal depositional cycles. 

The sequence stratigraphic interpretation pre- 
sented in this paper for the Yates is substantially 
different than the classic "Vail" model and in- 
cludes: (1) dominant transgressive and highstand 



progradation related to carbonate productivity; 
(2) high-frequency (4th- and 5th-order) sand by- 
pass to basin; (3) relatively little missing time at 
3rd-order sequence boundaries (lots of missing 
time in high-frequency increments throughout 
entire shelf section); (4) rapid seaward-shift in 
(silicidastic) facies with only minor (not maxi- 
mum) relative sea-level faI1; and (5) 3rd-order 
criticaI surfaces (sequence boundary, flooding 
surface) comprised of zones of multiple higher- 
frequency surfaces. 

This study suggests, that within a basin-mar- 
an context, erosion and bypassing (as well as 
flooding, condensation, aggradation, and 
progradation) should be considered high-fre- 
quency processes. Stratigraphic modeling experi- 
ments illustrate how the efficiency of these pro- 
cesses vary with position in a 3rd-order cycle (e-g., 
4th-order bypassing and flooding are more effi- 
cient during the 3rd-order fa11 and rise, respec- 
tively). At  some critical threshold a surface is 
generated that is considered to be a 3rd-order 
surface (sequence boundary or flooding surface); 
however, the surface is actually generated dur- 
ing a 4th- or 5th-order event when the rate of base- 
level change is maximized. Prior or subsequent 
high-frequency surfaces may be genetically just 
as important. 

Modeling suggests that amalgamated sequence 
boundaries split into multiple high-frequency 
surfaces downdip, whereas, flooding surfaces 
split updip. Picking a single third order sequence 
boundary or flooding surface, particularly at  shelf 
margin, may be difficult and misleading. In some 
cases it is more appropriate to pick critical zones 
rather than surfaces (shown also by Montanez and 
Osleger, 19931, such as the zone of closely spaced 
(low accommodation) 4th- and 5 th-order cycles 
(corresponding to Y2 and Y3) on Figure 3. How- 
ever, even this may be misleading since other 4th- 
order lowstands are also important times of by- 
pass. 

Whether 4th-order surf aces are am algama ted 
(to form true 3rd-order surfaces) or sepa& enti- 
ties is a function of (a) the shape, magnitude, and 
duration of the 3rd- and 4th-order sea-level 
events, @) the rates of sedimentation and subsid- 
ence, and (c) the topographic profile of the shelf- 
to-basin transect. In other words, these funda- 
mental parameters conhol how good a given 
depositional system is at recording an input sea- 
level signal. The Yates depositional system was 
apparently a very good signal recorder, Strati- 
graphic models illustrate how each parameter 
varies the genetic importance of 5th-order cydes, 
relative to 4th-order cycles, relative to 3rd-order 
cycles. 
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