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could reflect differences in stratigraphic completeness, rather than any direct

measure of accommodation. Facies features provide supplemental data potentially
valuable for constraining cycle types and thereby clarifying interpretations of thickness
trends (cf. Osleger and Read, 1991). Below, | employ qualitative comparisons of
combined thickness and facies relations to extract possible signals of tectonic and

eustatic processes.

Descriptions and Origins of Pronounced Low-Frequency Straligraphic Palterns

Figure 3.11 illustrates stacking pattems plotted for both basins; these plots reveal
trends in (1) decompacted cycle thicknesses using both histograms and Fischer plots,
(2) proportions of shoal-carbonate (grain-rich or peritidal) or siliciclastic facies for the
Pedregosa and Orogrande basins, respectively, (3) occurrences of exceptional
paleo-subaerial exposure, and (4) cycle types (defined in Figure 4.3). Qualitative
examingation and comparison of trends within and between basins reveals the
following significant observations and attendant interpretations:

(1) Thickness trends revealed in histograms and Fischer Plots mimic one
another intrabasinally, but contrast interbasinally: whereas the Pedregosa plots exhibit
two peaks in thickness, the Orcgrande plots show only one broad peak whose apex
correlates with neither Pedregosa pulse. The intrabasinal nature of these signals
indicates that thickness is not recording accommodation aftributable to eustasy.
Some other control(s) must be responsible, for example, tectonics, variations in rate or
duration of sedimentation that are driven tectonically, or a combination of such
influences that acted synchronously intrabasinaily.

(2) Cycle caps that exhibit intensely developed paleo-subaerial exposure
occur clustered at and just beyond the Missourian-Virgilian boundary in both basins

(cycles 9-12, £13). This clustering appears especially anomalous in outer-margin



Figure 3.11 Thickness and lithologic trends for Upper
Pennsylvanian high-frequency cycles of the Pedregosa
and Orogrande Basins. Thickness trends are depicted with
both Fischer plots and histograms. Note that thicknesses
used here are decompacted in order 1o remove or
diminish differences caused by differential compaction of
contrasting rock types (especially for Orogrande
sections). Cycles were decompacted using
backstripping program of G.C. Bond and M.A. Kominz.
Porosity reduction in all cycles was assumed 1o be
compaction-related rather than cementation-related.
Although this simplification likely results in overestimates of
original thicknesses, this should be a consistent error that
will not affect comparisons of trends. A line graph within
each histogram shows "% shoal carbonate” (grain-rich or
peritidal) facies for the Pedregosa basin, or *%
siliciclastics facies” for the Qrogrande basin. Patterned
boxes in histograms of Orogrande sections denote ORO 3
type cycles. Occurrences of intense paleo-subaerial
exposure features are depicted by hatchured lines. Note
that scale used on Fischer plots for Rhodes and Hembrillo
Canyon sections differs from the scale for the Fischer plots
of the other sections (see scale bars). Scales on all bar
graphs are equivalent.
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sections of the Pedregosa basin, where cycles rarely exhibit evidence for such
exposure. The interbasinal nature of this exposure signal implicates a eustatic drive.
Evidence for intense paleo-subaerial exposure at or adjacent to the Missourian-
Virgilian boundary in strata of the Appalachian basin (B. Cecil, personal commun.,
1992) and the Midcontinent (P. Heckel, personal commun., 1991) corroborates a
eustatic interpretation for this signal. Although the maost obvious expression of ice-age
eustasy is high-frequency glacioeustasy driven by orbital forcing on a ka scale,
Matthews and Frohlich (1991) demonstrated that long-period modulation of orbital
forcing could produce long-term glacioeustasy with a quasi-period on a My-scale (2
my for the Pleistocene). Further, geologic evidence indicates that Gondwanan ice
volumes were not constant; ice centers built, migrated, and apparently reached their
peak extent in middle Stephanian (Missourian-Virgilian) time (Veevers and Powell,
1987). Low-frequency glacioeustasy is a necessary corollary to the changing volume
of water locked in Gondwanan ice over several Milankovitch-scale cycles (>1 My).
Moreover, maximal ice volume should correlate not only to a low-frequency sea-level
lowstand, but to peak amplitudes of high-frequency glacioeustasy. Accordingly,
infense exposure caps deveJoped on latest Missourian-early Virgilian cycles may
reflect conditions of maximal Gondwanan ice. Such low-frequency lowstand
conditions also explain the anomalously large proportions of "grainy” shoal-
carbonate (BNG) facies that occur in outer-margin Pedregosa cycles of this age
(Figure 3.11): these cycles apparently record deposition in relatively shallow waters
possibly as catch-up type cycles, rather than the give-up type typical of enclosing
strata.

(3) The second Pedregosa thickness peak (cycles 16-18) consists in outer
margins of non-grainy, non-expcsed cycles. These are technically give-up cycles,

but consist almost entirely of relatively shoal-water (fubular-foraminiferal) wackestone
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that may imply a keep-up component. The lithologic contrasts between this non-
grainy peak and its older, grainy counterpart indicates that these signals reflect
different influences or sets of influences acting on the stratigraphy. The lack of a
correlative thick pulse in the OCrogrande basin supports a tectonic, rather than eustatic
contribution to this signal.

(4) Within the Orogrande basin, major volumes of fluvio-deltaic siliciclastics
began surging into the western basin by the Missourian-Virgilian boundary (cycle 9, 10),
producing cycles containing, on average, 65% siliciclastics, rather than the 25%
average of older cycles. This sedimentologic signal marks a key tectonic transition in
the Qrogrande system that refiects either (1) major highland tectonic uplift, or (2)
regional integration of drainages from highland sources attributable to highland
tectonism.

(5) Within the latest early Virgillan to early-middle Virgilian Orogrande basin
(cycles 13-15; £12 and 16 in inner marging), lithologically unique ORO 3 cycles occur that
comprise iarge thicknesses of aggradational fluvial (inner margins) or interdistributary
bay (outer margins) mudstone capped by shoal-water carbonate (Figures 3.7, 3.11).
This interval appears especially anomalous in outer-margin sections, since enclosing
Virgilian cycles consist of progradational deltaic siliciclastics (ORO 4 cycles). These
ORO 3 cycles locally reach (decompacted) thicknesses >>100 m, yet consist entirely
of shoal-water or nonmarine facies in near keep-up or catch-up formats. Such
thicknesses exceed maximum amplitudes estimated for Pennsylvanian glacioeustasy
(60 £15 m; Crowley and North, 1991); accordingly, they must record one or more
additional mechanisms that created excessive accommodation space. Although a
low-frequency eustatic contribution cannot be excluded, tectonism could
simultaneousty produce accommodation (Orogrande subsidence) linked to a

sediment-supply burst (highland uplift) sufficiently voluminous to create and maintain
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thick, fully aggradational cycles in lieu of catch-down progradational cycles. Hence,
this interval of ORO 3 cycles may record a discrete but intense pulse of tectonic activity
in the Orogrande system.

Comparisons of the depositional histories of both basins thus reveal evidenée
for distinct low-frequency eustatic and tectonic influences on stratigraphic trends;
other trends that occur are difficult 1o interpret unambiguously without additional
constraining data, The tectonic events recorded in these basins presumably
originated from Quachita-Marathon orogenesis transiated through intracontinental
deformation to drive both Pedregosa and Orogrande subsidence and linked highland
uplift. The eustatic signals, in contrast, may well record paired high- and low-frequency
glacioeustatic events complicated by tectonoeustatic and/or epeirorogenic
processes linked to final mergence of Laurasia and Gondwanaland to produce the

Pangean supercontinent.

Concluding Comments

Geologic evidence presented in this chapter demonstrates that Carboniferous
glacioeustasy influenced stratigraphy within actively and sporadically subsiding
depocenters of a magjor orogenic system (the Ancestral Rocky Mountains). If
Carboniferous glacioeustasy faithfully punctuated the sedimentary record in regions
tectonically volatile as well as those quiescent, (e.g., the Midcontinent; Heckel, 1986),
and if orbital influences control glacioeustasy, then Carboniferous cyclothems house
potential for use as geochronometers (e.g., Soreghan, in press). Indeed,
biostratigraphy augmented by cyclostratigraphy within the Pedregosa and Orogrande
sections allowed high-resolution comparisons of low-frequency stratigraphic trends
that could not have been achieved otherwise. Qualitative analysis of these trends

implicates both low-frequency tectonic and eustatic processes as contributing
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influences. Selected stratigraphic signals described above appear attributable to a
single control, but the interference of low-frequency tectonism and eustasy produced
a complex accommodation pattern that is difficult to decipher completely.
Nevertheless, this study serves to illustrate a process stratigraphic methodology,
provide a data base readily available (Appendix A) for scrutiny and comparison, and
emphasize that an interpretive framework wedded to either eustasy or tectonism
alone is almost certainly overly simplistic.

A drawback of the data base compiled here is that the Pedregosa and
Orogrande basins lie sufficiently proximal to one another to potentially record a
regional orogenic signal, which thwarts any straightforward distinction of tectonics and
eustasy. Given the cyclostratigraphic correlation potential of the Pennsylvanian, a
valuable addition to this data base would be definitive linkage with more distal
sequences, for example, strata of the tectonically quiescent Midcontinent, or active
records from other basins of the Ancestral Rocky Mountains system. A key to follow in
examining any such sequence is 1o consider cycle character (keep-up, catch-up,

catch-down, give-up) to more faithfully evaluate the critical accommodation signal.
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CHAPTER 4
CYCLES, CLIMATE, AND EUSTASY:
IS PENNSYLVANIAN CYCLOSTRATIGRAPHY NON-WALTHERIAN?
Abstract

Glacioeustasy constituted a first-order control on Pennsylvanian stratigraphic
cyclicity, but inadequately explains the sedimentologic expression of many
Pennsylvanian cycles, particularly mixed carbonate-siliciclastic varieties. By analogy
with the Quaternary record, significant glacial-interglacial climate change probably
accompanied Pennsylvanian glacioeustasy. Sedimentologic features within Upper
Pennsylvanian cycles of the Pedregosa and Orogrande basins include eolian siltstones
and calcareous paleosols that indicate relatively arid conditions, as well as evidence
for hyposaline bays and arborescent forests that suggest more humid conditions.
Hence, within the palecequatorial setting of these basins, climate apparently fluctuated
between subhumid and semiarid conditions during interglacial and glacial extremes,
respectively.

Glacioeustatic and glacioclimatic influences combined with paleogeographic
constraints fo dictate sedimentologic signals of Pennsylvanian cycies. Tectonically
controlled paleogeography of the depositional basins ultimately determined the nature
and volume of the siliciclastic influx. However, intensified aridity and wind strength
during peak glacial phases led to decreased fluvio-deltaic siliciclastic sedimentation
and increased eolian activity. Conversely, increased precipitation during interglacial
phases reactivated or intensified fluvio-deltaic sediment yield. Eustasy potentially
influenced fluvial aggradation versus degradation and coastal sediment trapping
versus bypassing, thereby controlling siliciclastic flux to outer-margin regions.

Coupled glacioeustatic and glacioclimatic changes were sufficiently severe to

reconfigure depositional systems between climatic extremes, implying that suites of
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lithofacies observed in any given cycle may represent environmental mosaics that
were to some degree spatially and temporally distinct, Accordingly, a strict
interpretation of Walther's Law (laterally adjacent=vertically stacked) may be

inapplicable to many Pennsylvanian cyclic sequences.

Introduction

Stratigraphic cycles composed of rhythmic arrangements of facies constitute a
common feature of Pennsylvanian stratigraphy worldwide. Although these cycles may
consist exclusively of either carbonate or siliciclastic facies. Th_ey commonly exhibit a
mixed signal incorporating both rock types. Formation of sedimentologically mixed
packages necessitates: (1) a carbonate source in typically tropical or subtropical
environments; (2) a siliciclastic source in proximal or distal tectonic highlands;
(3) one or more mechanisms to mix allochthonous siliciclastic detritus with
autochthonous carbonate debris; and (4) a mechanism to drive the admixture in a
cyclic manner. Although several processes have been invoked to explain the origin of
Pennsylvanian cycles in general, many investigators now favor late Paleozoic
glacioeustasy as a first-order control. The evidence to suppor a glacioeustatic
influence in rocks of this age is convincing (see Chapter 3). Nevertheless, given the
reguisite carbonate and siliciclastic sources, the mechanism enabling eustasy alone to
dictate the formation of sedimentologically mixed cycles remains ambiguous. Also
puzzling is the role of eustasy in generating entirely non-marine Pennsylvanian cycles. In
contrast, glacioclimatic fluctuations, linked to glacioeustasy, could readily influence the
sedimentological makeup of cycles, but climate remains a little-studied factor in works
on Pennsylvanian process stratigraphy.

Both exclusively carbonate and mixed carbonate-siliciclastic cycles occur in

Upper Pennsylvanian strata of the Pedregosa and Orogrande basins (southern
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Ancestral Rocky Mountains province). This chapter considers glacioclimatic, as well as
glacioeustatic influences on the sedimentologic expression of stratigraphic cycles in
these two basins. Consideration of the climatic variation suggests that a Waltherian

approach to facies analysis inadequately explains Pennsylvanian cyclic stratigraphy.

Paleogeographic and Stratigraphic Settings of the
Late Pennsylvanian Pedregosa and Orogrande Basins

The Iate Paleozoic Pedregosa and Orogrande basins lie at the southwestem
extremity of the Ancestral Rocky Mountains system, which apparently formed at least
partly in response to the collisional suturing of southem Laurasia and Gondwanaland
(Kluth and Coney, 1981; Kluth, 1986; see regional review in Chapter 3; Figures 4.1 and 4.2).
In the vicinity of the northem Pedregosa basin, the slightly emergent "Florida Istands”
(Kottlowski, 1963) formed the sole positive feature; the Zuni-Defiance, Kaibab, and
Sedona arches formed distal positive regions that lay separated from the Pedregosa
basin by the broad, apparently featureless Central Arizona shelf (Ross, 1973; Blakey and
Knepp, 1989; Figure 4.2). Within the Big Hatchet Mountains of southwesternmost New
Mexico, isolated phylloid-algal bioherms mark the position of the Pedregosa shelf
margin (Wilson, 1989). In contrast to the notable absence of highlands surrounding the
Pedregosa basin, the Pedernal highland formed a significant uplift adjacent to the
eastern Orogrande basin; the broad Robledo shelf and the Diablo platform formed
more gentle margins on the west and south-southeast sides, respectively (Kottlowski,
1963). Prominent phylloid-algal biostromes and bioherms mark the Late Pennsylvanian
sheif margins of the Orogrande basin on both the eastern (Dry Canyon, Sacramento
Mountains) and westem (Hembrillo Canyon, San Andres Mountains) margins (Kottlowski

et al., 1956; Pray, 1961; Wilson, 1975; Greenwood et al., 1977).
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Figure 4.1 Schematic depiction of Ancestral Rocky Mountain features; note location of

Pedregosa (PED) and Orogrande (ORO) basins, in the southwesternmost (known) region
of this system. Pedregosa basin has no proximal highlands, whereas Orogrande basin is
directly west of the Pedernal uplift. Modified from Kluth and Coney (1981),
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The Pennsylvanian to Permian Naco Group (Figure 4.2) represents a nearly
continuous record of deposition within the northern sheif of the Pedregosa basin. As a
result of an absence of proximal tectonic highlands capable of providing siliciclastics,
carbonate deposition dominated in the Pedregosa basin through Pennsylvanian time,
but yielded to a mixed carbonate-siliciclastic section in Permian fime. These younger
siliciclastics were not derived from proximal uplifts, but from distal regions (e.g., the
Kaibab-Sedona arches). In contrast, the Pedemal highland and other Ancestral
Rockies uplifts adjacent to the Crogrande basin (Figure 4.2), provided a voluminous
siliciclastic source nearby during Late Pennsylvanian tectonism. Thick sequences of
intercalated nonmarine and shallow-marine siliciclastics and subequal to subordinate
shelf carbonates characterize the studied stratigraphy, which thus contrasts with the
dominantly carbonate correlative section of the Pedregosa basin (Figure 4.2). This

paleogeographic contrast significantly influenced the resultant cyclostratigraphy.

Stratigraphic Cycles of the
Late Pennsylvanian Pedregosa and Orogrande Basins

This study focuses exclusively on Upper Pennsylvanian (Missourian-Virgilian)
strata within inner- and outer-margin regions of the northem Pedregosa shelf and the
western Orogrande shelf (see Chapter 3; Figure 4.2). Analogous to many upper
Paleozoic sections worldwide, Upper Pennsylvanian strata of these regions typically
display a well-developed, parasequence-scale cyclicity (cf. Van Wagoner et al., 1988,
1990) marked by repetitive vertical stacking of all-carbonate or mixed carbonate and
siliciclastic lithofacies, bounded by surfaces of exposure and/or marine-flooding
(Chapter 3 lists criteria used to select cycle boundaries). The lithologic diversity in these
strata is substantial: six carbonate and six siliciclastic facies that characterize the bulk of

the sedimentologic variation in these section are described and interpreted in detail in
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Chapter 2 and summarized here in Table 4.1. Invariably, these cycles display an
asymmetric (abc-abc-abe), rather than symmetric (abcba, abcba) array of facies
that define shoaling-upward trends. Several cycle "types* occur; the most common
types are here designated (Figure 4.3): PED 1 (carbonate-dominant), and PED 2 (mixed
carbonate-siliciclastic) within the Pedregosa basin; and ORO 1 (carbonate-dominant),
and ORO 2, ORO 3 and ORO 4 (mixed carbonate-siliciclastic) within the Orogrande basin.
Figure 4.3 illustrates each recognized type as a correlative inner margin-outer margin
pair,

PED 1 and ORO 1 cycles consist dominantly of subtidal wackestone (FBW facies)
that exhibits thin, nodular bedding at cycle bases to thick or massive bedding at cycle
tops. Subfacies of this wackestone occur that record different paleocbathymetries, for
example, dark-gray, thinly bedded, crinoid-brachiopod wackestone ("deeper”
subtidal) versus light-gray, massively bedded, tubular foraminiferal wackestone. Near
cycle tops, wackestone grades into packstone (BP facies) and grainstone (BNG facies)
that record shoal-water deposition. Locally, peritidal carbonates (LPC facies) or paleo-
subaerial exposure features mark cycle tops. Rarely, thin, dark, oncoidal wackestone
(DOW facies) marks the flooding inception of the next cycle. PED 1 cycles dominate the
Missourian through middle Virgilian Pedregosa strata, whereas ORO 1 cycles occur
primarily in the lower to middle Missourian section of the Orogrande basin.

PED 2 cycles include a single siliciclastic phase: calcareous siltstone (CS facies)
that represents eolian dust deposited in shallow-marine environments (Chapters 2, 5).
The siltstone commonly grades abruptly into wackestone, followed by packstone and
grainstone as in PED 1 cycles. PED 2 cycles occur within upper Desmoinesian, middle
Virgilian and, more commonly, upper Virgilian strata of the Pedregosa basin. Typically,
the siliciclastic phase forms a greater proportion of cycles in inner margins relative to

outer margins.



TABLE 4 1A° SUMMARY DESCRIPTIONS AND DEPOSITIONAL INTERPRETATIONS--SILICICLASTIC FACIES

Facies Name

Red Mudstone

Arkosic Sandstone

Dark Calcareous Mudstone

Fossiliferous Calcareous
Mudstone

Calcareous Sitstone

Micasous Mudstone-Fine
Sandstone

Abbreviation

Occurrence

Color

Rock Type/
Texture

Components

Diagenetic
Features

Bedding/
Structures

Thickness/
Contacts

Asssociated
Facies

Interpretation

R4

15-25°%iM*-OROT

Brick red, maroon

Mudstone

Clay (>65%)

[ehionts, illte, smectite)
hematite (596}
carbonate (<25 wi%)
quartz feldspar (5%

Masswe, non-laminated
blocky, weathering

1.5-10m
sharp on exposure surface
shghtly gradational to FCM

Calcareous palsoscls,
sandstone or conglomaratic
lenses

Fluvial floodplain

AS1/AS2

<5%/OM*-OROT

Light buff,rusty tan

Medium-coarse sandstone
moderately-poorly scrted

quanz (50-70%)
K-feldspar {(10-20%,
plagioclase (5-10%)
Iithic fragments (5-15%)
mica (<5%})
organics,glauconite (tr)

Sitica overgrowths (<5%
fertoan, nonferroan
carbonate (5-30%)

Medium-thick bedded

AS1: tabulartrough crossbeds,
FUS**, lenticular beds

AS2: planar bedded 1o low-angle
cressbedded, CUS*®, tabular
bedded ,

trace {ossils: Oliveliites

1.090m

AS1:sharp on MMS, AS2
sharplo FBW

AS2: sharp fo slightly
gradational on MMS,
slightly gradational on
FBW/DOW

AS1: distributary channel
ASp: marine bar

[pel]

15-20%/(IM*) OM* -OROT
Butt, olive-gray, black

Clay- mudstone (silty)

Calcite, dolomite (20-50 wi%)
clay {5-s50%)

[chiorite, illite]

quartz silt (<20%)

organics (<5%)

pynie, glauconite, mica (tr)
skoletal grains (2%)
[ostracodes, sponge spicules,
Orbiculoidea, Lingula, Phestia,
sobellanid worm tubes]

Ferroan, nonferroan
carbonate

Masswve, locally laminated,
rippled, discoidal, conchoidal
weathering,

trace fossils:

Tomaculum ?

Helminthopsis ?

2.0-80m({IM9)

10.0-50.0 m (OM%)

shamp on DOW,

sharp to LPC (Hembrillo Cyn ),
slightly gradational

to FBW (Rhodes Cyn.)

ASq, AS2

Brackish or hypersaling-marine
interdistributary bay or lagoon

15-20%/IM*-OROT

Buft,pink-gray, gray-red

Mudstone

Carbonate (20-40 wi%)
clay (245%)

[chlorite, illite)

quanz silt (ir)

skeletal grains (<5-15%)
[ostracodes, gastropods,

brachiopods, rare scaphopods,

nonskeletal- fecal pellets,
phyloclasts}

Massive, discoidal, weathering
mottling/ burrowed

1.5-80m
sharp on RM, FBW,
slightly gradational to FBW

FBW nodules; fossiliferous,
phosphatic lags

Restricted or open-marine
lagoon

cs

5-25%/IM° (OM*)-PEDT
Tan, pink-gray, orangs-red

Well-sorted siltstone

Quartz (<30%)

dolomite peloids (<<40%)
K-feldspar, hematite, organic
matter, bioclasts (tr)

nonlerroan carbonate (5-35%)

Thin-bedded, planar laminated,
ripple cross-laminated,

tracs fossils:

Skolthos, Cruziana
Diplocratsrion
Pelecypodichnus
Thalassinoides

10-50m

sharp on BNG,BP,

shghtly gradational into FBW,
rarely to DOW

Eolian dust reworked into
intertidal to subtidal
marine sheets

MMS

30-35%/OM*-OROT

Drab olive gray

Clay-, mudstone, siltstone, fine
sandstone

Clay-mudstone:

clay (s 80%)

[qtz, plagioclase, chlorite)
organic matter (tr)

quarz silt (220%)
Siltstone-sandstone
quanz (40-60%)

mica {10-30%)

feldspar (>3%)

bioclasts (ir) [Dunbarinelia)

Clay/mudstone:

Ferroan dolomite (10%)
Siltstone/sandstone:
nontenoan carbonate (15-35%)

Laminated to massive, ripple
cross-laminated, thin,very thin
becded, CUS**

30-250m
sharp on DOW
gradational into AS FBW

Prodetta to dslta front

Note: *IM=inner margin; OM=0uter margin

tORO=0rogrande Basin; PED= Pediegosa Basin

“*CuUs-

coarsening-up sequence; FUS={ining-up soquence

0€l



TABLE 4 1B: SUMMARY DESCRIPTIONS AND DEPOSITIONAL INTERPRETATIONS--CARBONATE FACIES

Facws Lamnated Peloidal Carbonate Evaporitic Dolomicrte Bioclastic-Nonbioclastic Broclastic Packstone Fossiliterous Bioclastic Dark Oncodal Wackestone
Name Grainstone Wackestone
Abbreviation  LPC EDM B8NG BP FBW Dow

Occurrence
Color

Rock Typs/
Texture

Components

Diagenstic
Features

Bedding/
Structures

Thickness!
Contacts

Asssociated
Facies

Interpretation

5-15%/OM*-ORO (PED)T

Dark gray to bufl, orange

Carbonate mudstone,
wackestone, grainstone

Allochems:

Skelatal (<10-35%

[ostracodes, molluscs, forams,
calcispheres, minor stenohaline
{orms, sabellariid worms,
comminuted bioclasts}
Nonskelstal: (<10-70%;

[pellets, peloids, grapestones,
intraclasts, oncoids])
micnte/dolomicrite matrix

Common dolomitization
(Finely crystalline)

Thin bedding common,

also” mottled, laminated, rippled
beds, normally graded,
fenestral fabrics, teepses,
stromatolites, cryplalgal
laminations, mudcracks,
sheeicracks, rhizotubules

Sets of ledges upto 15m

sharp on DCM or FBW,
abrupt to DCM o MMS or CS

Restricted peritidal (sub- 1o
supratidal) platform

10-20%/IM*-OROT
Gray, bult, rusty

Mudstone-wackestone

Allochems: (<10-15%)
Skelstal:

[ostracodes, sponge spicules,
dasyclads, calcispheres,
forams

less common: fusulinids,
fragments of brachiopods,
crinoids, bryozoans, echnoids)
dolomicrite matrix

Common dolomitization:
calcttization of dolomite in upper
1 1o 5 m; calcile psuedomormphs
of nodular evapcrites

Thin to medium bedding,
mottled, burrowed,
nodular, enterolithic fabrics

ti010m
gradational on FBW,
sharp to KM

Restricted, hypersaline
lagoon

10-15% (PEDT) 5-5%(0OROT)
Medium-ight gray

Grainstone

Allochems: (40->70%)
Skelstal

[(alt tragmental) crinoids,
echinoids, fusulinids, other
forams, bryozoans,
brachiopods, ostracodes,
molluscs, dasyclads,
calcispherss, rare trilobites and
corals)

Nonskeletal

[peloids, intraclasts, ooids]

Common micrite rims, mollusc,
phylloid leaching. syntaxial
overgrowths, blocky,
nonfarroan calcite spar fills
pores, minor fbrous rims

Massive bedding,
local crude planar to low-angle
stratification

<1t05m
gradational on 8P, FBW,
sharpto LPM or FBW

Shghtly restricted to open-
marine, oxygenated shoals

5% (ORO1) to 15% (PEDT)
Light-dark gray, locally bufl

Packstone

Allochems: (40-60%)

Skeletal:

[(usually fragmental) fusulinids,
other forams, phylloid algae,
bryozoans, ostracodes,
schinoids, moliuscs,
calkispheres, dasyclads, fewer
crinoids, brachiopods)
Nonskelstal:

[peloids, intraclasts, ooids]

Common micrite rims, mollusc,
phyllcid leaching, syntaxial
overgrowths, blocky nonferroan
calene spar fills rare pores,
authigenic quartz

Medium-thick bedding,
bicturbated, local crude planar
stratification

<ito10m
gradational on FBW
grades to BNG common

Shaliow (current-influenced)
open marine subtidal

15-35% (OROT) 30-60% (PEDT)

Light-dark gray, locally buff

Mudstone-wackestone

Allochems: (<5-35%)
Skelstal:
{crinoids, brachiopods,

bryozoans, fusulinids, other

forams, echinoids, phylloid
algae, corals, subordinate
oslracodes, trilobites,
molluscs, sponge spicules,
calcispheres)

micrite matrix

Blocky nonferroan cakite spar

fills rara parosity

Thin, nodular {lower) to thick,

massive (upper) bedding,

abundant bicturbation, discrete

subvertical burrows

<tto25m
sharp on BNG, AS, DCM,
grade into BP, BNG or EDM

Shallow to “deeper” subtidal
(below significant current
influsnca) opsn marine

<0 5% OROT(OM) (PED)

dark gray-black (fresh) orange
to rusty (weathered)

Wacksstone-packstone
Allochems: (20-40%)

Skeletal:
[brachiopods, fusulinids,

crinoids, echinoids, bryozoans,

phylloid algae, molluscs; also
ostracodes, trilobites, small
forams])

nonskeletal:

foncoids, peloids, ooids,
ithoclasts, trace quartz sift)
micrite/dolomitic matrix

Blocky ferroan calcite fills rare
poras; molluscs, phylloids
neomorphosed, repiaced by
ferroan cements; local pytite,
phosphate {erroan/nonferroan
dolomite and farroan dolomite
and (orroan calcite micrite,
matrix

Thin-medium ledges,
bioturbated

2102m
abrupt on FBW, BP, BNG, MMS
shamp to MMS or FBW

“Transgressive™ (condensed)
deposition shallow to deep
subtidal dysoxic/anoxic.

Note Terminology lor carbonate textures follows Dunham (1962)
*IMw=mnner margin sections, OMeoutsr margin sections
tORO-Orogrande Basin sections, PLD« Pedregosa Basin sections
**CUS=coarsening-up sequence; FUS«lining-up seqeunce

L€t



132

TR S
B | _ [ :n/.._u
18I0
E
=2
thal ikl =
18UU| STV
o E
e lils
HIsY] H vi
i oluqwan) Jaing
[{e]
8r= 5
-
T T : m
%“ 9, o ; _ﬁ«_ -ﬁlv
(sapouy) JainQ

LI (X
O
2\t :
< LI m _
Jau| <
o0
=9
28
mTl
>0
gl
E 5H v
'Tw D022
b ~ccl
@ing . YL oL
NO23§
+| £ Odwm
{2 Lol
il OB of
Jauy) 020
» 0pOE
© Qo= =
= = %) s O =z 2 38 >033¢E
0
SMCCSM%DNPBOmm chmm
> © T o o < = 24 w o m w O 2a CV.,OQ.W.
w 4 © o
X OV C=C
] H2H -@n 02802
o ke ) B2500
] u@ - @ m&.mfn
R—e Y o Ty I 31VYNOgHYO —— nEs0%
SO LA
p2* 00
35535
tocO8




133

ORO 2, ORO 3, and ORO 4 cycle types all contain significant fluvio-deltaic
siliciclastics. Within inner margins, the siliciclastic phase consists of red mudstone (RM
facies) of fluvial floodpiain systems, and/or fossiliferous calcareous mudstone (FCM
facies) that records lagoonal deposition. Dark calcareous mudstone (DCM facies) of
interdistributary bay systems, or micaceous mudstone-siltstone (MMS facies) and
arkosic sandstone (AS facies) that represent defta-front environments occur in outer
margins. Nearly invariably, the siliciclastic component yields upward to pure carbonate
facies with minimal intergradation. Carbonates include wackestone that grades
upward to lagoonal dolomicrite (EDM facies; inner margins), or to packstone (BP
facies), grainstone (BNG facies), or peritidal carbonates (LPC facies; outer margins).
ORO 2 cycles occur in middle and upper Missourian, ORO 3 cycles in middle Virgilian,

and ORO 4 cycles in lower and upper Virgllian strata of the Orogrande basin.

Glacioeustasy and Pennsylvanian Cyclicity: An Inadequate Link?

A growing body of geologic evidence implicates glacioeustasy as the
fundamental control responsible for Pennsylvanian stratigraphic cyclicity (Chapter 3
and references therein). Glacioeustasy readily produces parasequence boundaries in
epeiric strata; many studies further link lithologic variation within cycles, especially
mixed carbonate-clastic types, 1o depth-controlled changes in sedimentation tied
solely to glacioeustasy (e.g., Yancey, 1986; 1991; Figure 4.4). In this view, carbonate
deposition occupied the photic zone intfermediate between nearshore and oftfshore
siliciclastic belts; these discrete belts migrated laterally in response to changing sea
level to produce a Waltherian-type vertical stacking of depth-dependent facies (Figure
4.4).

Indeed, most recent studies of Pennsylvanian epeiric strata emphasize the

eustatic control on facies and facies stacking, as the evidence for baselevel change is
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Figure 4.4 Concept of depth-controlled deposition of regressively skewed
carbonate-siliciclastic cycle. In this model, carbonates occur juxtaposed between
clastic belts. Clastic-induced turbidity thwarts carbonate deposition in nearshore regions
whereas insufficient light precludes it in outer regions. Fine-grained siliciclastics are
dispersed across the carbonate zone to the outer zone by gravity-driven pulses.
Presumably, some carbonate-siliciclastic facies mixing could occur at zone contacts.
Note that this figure depicts only "regressive” half of a cycle; the final "full’ cycle could
contain either one or fwo carbonate phases depending upon paleocgeographic
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unequivocal (Chapter 3). However, the facies types and facies relations exhibited by
most Pedregosa and Orogrande cycles, and other Pennsylvanian sequences, suggest
that a purely eustatic, "Waltherian" view inadequately explains the sedimentologic
signal in these cycles. For example:

(1 Although paleobathymetric differences between component lithofacies do
exist, Figure 4.5 illustrates that significant overiap apparently occurs among both
carbonate and siliciclastic facies, including those that coexist within a single cycle
(e.g.. CS-FBW facies, or DCM-FBW facies). Presumably, such overlap precludes a
purely eustatic, depth-controlled explanation for the sedimentologic expression of
these cycles.

(2) Although subtidal wackestone (FBW facies) and shoal-water grainstone (BNG
facies) could form within offshore carbonate belts proximal to flanking siliciclastic belts,
peritidal carbonates (LPC facies) of the Pedregosa and Orogrande systems apparently
formed shore-attached, yet these facies contain little to no siliciclastic contamination,
as would be expected in the model illustrated in Figure 4.4,

(3) Laterally adjacent belts of carbonate and siliciclastic deposition (Figure 4.4)
would probably induce facies mixing; yet marked mixing of carbonate and siliciclastic
facies occurs rarely within the Pedregosa and Orogrande strata. Even shoal-water
carbonate facies are uncontaminated, or contain only traces of siliciclastics. Selected
siliciclastic facles (e.g., DCM, FCM, and CS facies) locally contain a significant
carbonate cement component only, attributable to penecontemporaneous
deposition and diagenesis within tropical, carbonate-oversaturated waters. The
discrete intercalation of compaositionally pristine carbonate and siliciclastic rock types
suggests that these facies coexisted only minimally. Alternatively, scarce mixing could
represent a preservational artifact, since Mount (1984) noted that such mixing appears

uncommon in the geologic record.



AS DCM FCM CS MMS LPC EDM BNG BP FBW DOW

Siliciclastic Facies 'r Carbonate Facies

_____________________________________ MHW
©
0- = 5 = | Sehilk/\elml
————— T e T s O it 18t lk————————| |---MW
=8 3 2 =
25 @ f2] i o
=
= = c $ )
@ 3 8 5 L 2T
10- £ Bl |5 88 |
Y — = o=
D 3 25 = .
e o . 13- L —— o= L | | _ _Fairweather
E £ o ‘_g Wave Base
T = G =
h g N T = S - L]l | 2| _ Photic zone
] - o @ 2 (upper)
&) 1= 3 @
z Rk 2
D = @
0 5 o]
2 £ 2
B 3p——————————— — — e T N S | | © | —— Storm _
< 3 e Wave Base
e N
;
40-
[ Photic Zone
B ri O L 1 _ towen_

Figure 4.5 Relative water depths estimated using proxy indicators of exposure, and energy and light levels. MHW=mean
high water; MlW=mean low water. Assigned (absolute) depths are estimates only and are based on typical values for
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The features cited above are specific to Pedregosa and Orogrande cycles, but
analogous relationships exist for many examples of Pennsylvanian cyclostratigraphy.
Glacioeustasy played a significant role in creating Pennsylvanian cyclicity, but
constitutes only the eustatic manifestation of a process that was fundamentally
climatic. Although Cecil (1990) asserted the importance of climatic influences on the
sedimentologic expression of Pennsylvanian cycles, few studies have considered the
composite influence of linked eustatic-climatic change. An exception is Johnson et al.
(1988), who postulated glacioclimatic change to explain nonmarine fluvial-eolian
cycles of the Pennsylvanian-Permian Eagle basin. Documentation of these, entirely
nonmarine, cycles corroborates the inference that glacioclimatic change was
significant, since glacioeustasy acting alone could not have produced such cycles.

Further evidence derives from Quaternary analogy, as documented below.

Milankovitch Climate Change in an icehouse World:
A Pennsylvanian-Quaternary Analogy

Predictable perturbations in the eccentricity, obliquity, and precession of the
Earth's orbit create latitudinal and seasonat variations in the distribution of insolation that
drive climate fluctuations (reviews by Imbrie and Imbrie, 1980; Fischer, 1986; and Crowley
and North, 1991). During "icehouse" eras, such as the late Paleozoic and late
Quaternary, climate fluctuates between extremes of interglacial and glacial conditions.
At these times, insolation perturbations theoretically cause not only periodic
construction and ablation of high-latitude ice sheets and, thus, glacioeustasy, but
expansions and contractions of circulation (Hadley-Ferrel-Polar) cells, which affect
climate at low- and mid-latitudes (e.g.. Samnthein et al., 1981; Perimutter and Matthews,
1990). During the latest Quatemnary, for example, Perdmutter and Matthews (1990)

hypothesized that the arid belt associated with Hadley-cell downwelling migrated from
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a glacial position of 15°-20° N to an interglacial position of 35°-40° N, while the
intertropical convergence zone (ITCZ) expanded to reach 10° N during the interglacial.
Apparently tracking these intracyclic circulation shifts were changes in precipitation
(e.g., very humid to subhumid, or humid to dry) capable of inducing order-of-
magnitude fluctuations in siliciclastic sediment flux to continental margins (Perimutter et
al., 1991; Perimutter and Matthews, 1992), and thus impacting the depositional record of
a climate cycle. Notably, paleogeographic reconstructions place the Pedregosa and
Orogrande basins af §° to 10° N latitude (Scotese and McKerrow, 1990; Witzke, 1990),
within a latitudinal zone that potentially experienced significant glacial-interglacial
climatic shifts.

Indeed, proxy evidence from the Quaternary record indicates that equatorial
lowlands experienced widespread aridity during the last glacial maximum (ca. 22 ka to
14 ka BP). Studies of lake-level changes from low-latitude regions of Africa, Central
America, and Australia all document very low or falling levels around 18 ka BP (e.qg..
Bowler, 1976; Street and Grove, 1976, 1979; Street-Perrott and Harrison, 1985; Markgraf,
1989). Further, palynological and biogeographical data show that tropical rainforests of
South America, Africa. and New Guinea retreated 1o isolated “refugia’ during this phase
(Whitmore and Prance, 1987; Cecil and Dulong, 1591; Crowley and North, 1991). These
changes required net precipitation-minus-evaporation reductions of 20 to >50% (cf.
Leyden, 1985; Sestini, 1989: Crowley and North, 1991), which likely influenced
sedimentation significantly. Additionally, windblown dust from deep-sea cores records
glacial increases in wind intensities of 20 to 50% (Samthein and Diester-Haass, 1977;
Samthein et al., 1981; Crowley and North, 1991, references therein) that exacerbated
precipitation decreases. Strengthened tradewinds induced expansion of sand deserts

in both the Saharan (Samthein and Diester-Haass, 1977; Sarnthein, 1978), and the Kalahari
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(Lancaster, 1981) regions, such that, for example, Saharan ergs shifted southward to
nearly 10° N latitude.

Quaternary climatic perturbations induced major changes in depositional
systems by controlling amounts and nature of siliciclastic sediment flux, Within Nile
cone sediments, for example, tripartite cyclothems consisting of sapropel, siliciclastics,
and calcareous ooze reflect late Quaternary climate changes: the sapropels record
marine stagnation due caused by excessive, interglacial freshwater influx, whereas the
calcareous ooze reflects excessive evaporation during times of glacial aridity
(Adamson et al., 1980). If a Quaternary-Pennsylvanian analogy is valid, then glacial-
interglacial climate change probably constituted a major control on the
sedimentologic expression of Pennsylvanian stratigraphic cycles as well.

Although the Quaternary example reflects a high-frequency, precession-scale
event, rather than the low-frequency, eccentricity-scale type apparently typical of the
Pennsylvanian (Chapter 3), the analogy probably remains valid, since both
fundamentally represent insolation changes that perturb zonal circulation. A more
substantial difference between these time periods is the predicted change in
siliciclastic flux, and thus sedimentary response, as governed by precipitation-
vegetation relations. Quaternary vegetation included grasses and flowering plants,
whereas Pennsylvanian vegetation was limited to lower vascular plants and early
conifers (DiMichele et al., 1986). Accordingly, whereas increased equatorial
precipitation during Quaternary interglacials may have dampened sediment flux, the
same increase probably stimulated siliciclastic flux in the Pennsylvanian world (e.g.,

Schumm, 1968; Figure 4.6).
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Figure 4.6 Hypothetical relationships between precipitation and sediment yield for
various geologic times. Curve 1=no vegetation; Curve 2=primitive vegetation; Curve 3=
primitive plus flowering plants and conifers; Curve 4=modern vegetation (addition of
grasses) Curve for Pennsylvanian would probably fall between curves 2 and 3
(hatchured region). Increased precipitation induces increased sediment yield to a point,
beyond which the relationship plateaus or reverses due to the stabilizing effect of
vegetative cover; the inflection point moves to the right (higher precipitation) for older
geologic times. Note predicted antithetical response o same precipitation change ((a)
to (b)) in modern versus ancient worlds. Arid, semiarid, subhumid and humid labels are
meant as relative designations only. Modified from Schumm (1968).
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Paleoclimate and Intracyclic Climate Change in the
Late Pennsylvanian Pedregosa and Orogrande Basins

Table 4.2 lists proxy indicators of paleoclimate observed in Upper Pennsylvanian
strata of the Pedregosa and Orogrande sections. To avoid time-averaging of climate
signals and to highlight potential intfracyclic variation, indicators are listed according to
approximate position within a glacioeustatic cycle (e.g., highstand versus lowstand.,
see footnote to Table 4.2). The main interpretations are summarized below; details
appear in Table 4.2 (also, Chapter 2).

As apparent from Table 4.2, locally significant amounts of wind-blown siltstone in
the Pedregosa basin, and abundant calcareous paleosols with apparent aridosol- and
vertisol-like features in the Orogrande basin record the driest conditions within any
cycle, The eolian component reflects a relatively strong wind regime, hence the
apparent aridity could be due partidlly to increased evaporation attendant with
windiness. In subtle contrast, evaporite pseudomorphs that occur unassociated with
intense desiccation features and paleo-subaerial exposure surfaces with abundant
phreatic and sparse vadose textures record conditions of significant precipitation
accompanied by high evaporation (cf. Goldstein, 1988). Rise-to-highstand-phase
features listed on Table 4.2 include the occurrence of abundant plant debris, notably
silicified conifer material, that suggests precipitation sufficiently in excess of
evaporation to support woody forests. Diagenetic and faunal evidence in these facies
record locally hyposaline conditions consistent with the inference of excess
precipitation over evaporation. Evidence for seasonality of precipitation throughout all
phases of cycle deposition (Table 4.2) include occurrences of (1) the red and orange
hues of the Red Mudstone (RM) and Calcarecus Siltstone (CS) facies, which require
ephemeral wetness for formation, (2) ventisol-like textures (e.g., blocky peds.

slickensided surfaces) of calcareous paleosols that record alternate wetting and



TABLE 4.2: PROXY INDICATORS OF PALEQCLIMATE FROM UPPER PENNSYLVANIAN CYCLES OF THE PEDREGOSA AND OROGRANDE BASINS

Facies Feature Abundance Origin Proxy Indicator of... References
Calcareous Siltstone  Quartz silt Pervasive  Qrigin as eolian dust from expanded low- Relatively dry conditions (large erg systems Gyllenhaal, (pers. comm., 18992); Clemens
(CS} composition latitude dry belt favor s200-400 mm MAP), strong winds and Prell, (1990)

Red/orange color Pervasive  Precipitation of Fe-oxides on grain Warm, dry to ephemerally wet, oxidizing Glennie, (1970); Walker, (1979);
surfaces; survives subsequent abrasion conditions. Sarnthein and Diester-Haass, {1977)
Red Mudstone Red color Pervasive  Alteration of Fe (hydro)-oxide to hematite = Warm, dry or ephemerally wet, oxidizing Walker, (1967); Tumer, (1980);
(RM) conditions (above water table) Retallack, (1981)
Granular, slickensided  Pervasive  "Pedoturbation” via clay shrinking and Dry but seasonally wet, oxidizing conditions Retallack, (1988); Nettleton and Petsrson,
peds in paleosols swalling from cyclic drying and wetting (above water table) (1983); Mack (1992)
Carbonate glasbules,  Abundant  Hydrolyzation of Ca-bearing minerals; Relatively dry conditions (<750mm MAP for  Retallack (1988); Mack, (1992); Gyllenhaal,
coalesced glaebules in subsurface precipitation of CaCO3dueto  formation on non-carbonate parant} (pers. comm., 1992); Cerling, (1984);
paleosols evaporation at wetting front Goudie, (1983)
Smectite content Significant  Alteration from palygorskite precursor(?) Relatively dry conditions Watts, (1976)
{>>5%) (<400 mm MAP for palygorskita)
Surfaces of subaenal  Dark laminar caicretes Commoen Precipitation of cryptocrystalline CaCO3 Waterlogged conditions, but high Goldstein,(1988); Multer and Holimeister,
exposure on subtidal  {<15 cm thick) from soil-dsrived CaCOg3; reduced evaparation potantial (<1250 mm MAP for  (1968); Robbin and Stipp, (1979});
carbonates conditions formation upon carbonate parent) Gyllenhaal, (perds. comm., 1992)
Cryptokarsts (<4m thick) Locally Carbonats dissolution by acidified Precipitation sufficient for significant Walkden (1974); Jennings, (1985)
common groundwater carbonate dissolution and clay eluviation)
Diagenetic features of Waterlogged (phreatic) conditions
surfaces, e.g. Pervasive  precipitation in phreatic zone, minor dominant, but possible water-table Goldstein, (1988)
dominance of phreatic vadose fluctuations (vadose textures); significant
(over vadose) textures precipitation with high evaporation.
Evaporitic Dolomicrite  Calcitized Common Penecontemporangous growth High evaporative potential but insufficient ~ Kinsman, (1969)
(EDM) psuedomorphs of (s35%of  asscciated with hypersaline lagoon for extensive evaporite formation
anhydrite-gypsum rock) environment
nodules
Micaceous Mud/ Plant material: Common Derivation from lowland-upland forests Precipitation sufficient to support woody
Sandstone (MMS) MMS-macroscopic, e.g. capable of supparting significant forests with minor (7) seasonality (subte
fern and conifer; vegetation that included arborescent conifer rings illustrated in Pol, 1982)
Dark Calcareous timited evidence (see {woody) floras
Mudstone (DCM} Pol, 1982) for subtle
growth rings in conifer
Fossiliferous wood)
Calcareous Mudstone DCM/FCM dissem-
(DCM) inated fusain material
Dark Calcareous Polkilitic calcite cements Rare to Poikilitc calcite indicates hyposaline Hyposaline conditions aftributable to Folk and Seidlecka, 1974;
Mudstone (DCM) in local sabellanid common conditions excass precipitation over evaporation (?)
boundstone

Orbiculoidea/Lingula
(also in DOW facies)

Orbiculoidea and Lingula commonly signal
brackish conditions

Gibson (1984); Gibson and Gastaldo (1987)

Note: Indicators listed in order of inferred stratigraphic position (eustatic phases) within a cycle: CS, RM, EDM and exposure features all record falling to low sea level; MMS abd DCM features record rising
to high sea level, but note that CS facies could bridge gap to incipient rise phase.
References typically apply to generalized information listed in either “origin® or "proxy” column, but not to specific interpretations applied to the Pedregosa or Orogrande strata.
MAP=mean annual precipitation.

[AY!
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drying. (3) diagenetic evidence for repeated precipitation-dissolution of evaporite
nodules in the Orogrande basin (documented by Pol, 1982), and (4) subtle growth rings
within conifer wood collected from deltaic facies in the Orogrande basin (illustrated in
Pol, 1982).

When examined on an intracyclic, rather than stage-averaged scale, the
above indicators record the alternation of lowstand, semiarid and highstand, subhumid
conditions, both marked by probable seasonality of precipitation. This interpretation is
consistent with generalized, Stage-averaged climatic determinations from paleosol
and varied lithologic evidence presented by Prather (1985), Schutter and Heckel (1985),
Joeckel (1989; 1991), and Goebel et al. (1989) for the Late Pennsylvanian of the
Midcontinent paleoequatorial region. Joeckel (1991) explicitly noted the possibility of
intracyclic wet-dry climate change based on oxygen isotope and facies data from the
lower Permian of the Midcontinent. The proxy climatic data from Pedregosa and
Orogrande strata also is consistent with the inferred paleogeographic position of these
basins: 5° to 10° N Iatitude, generally just marginal to the ITCZ and equatorward of the
low-latitude arid belt. By both Quaternary analogy and predictions of the effects of
Milankovitch cycles, this region would have experienced intensified aridity or intensified
humidity during extremes of glacial or interglacial climate, respectively. During peak
glacial phases, Hadley-cell upwelling is reduced, the arid belt expands southward, and
tradewinds intensify. During peak interglacial phases, the ITCZ expands, thereby
boosting precipitation throughout a wide equatorial belt, and tradewind strengths
diminish.

Despite the paleo-equatorial positions of the Pedregosa and Orogrande basins,
indicators of extreme humidity, such as coal, never occur within their stratigraphies.
Peat formation is favored by excess precipitation over evaporation or poor drainage,

and continuity of precipitation (everwet conditions; Ziegler et at., 1987). Inthe
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Pennsylvanian of the Appalachian basin region, for example, stratigraphic alternations
of coal and siliciclastics or lacustrine carbonates reflect the relative influences of
everwet versus seasonally wet conditions (Cecil, 1990). In contrast, the Late
Pennsylvanian Pedregosa and Orogrande basins Iay on the far westem, more arid side
of the Laurasian land mass, within the regional and local rainshadows of the
Appalachian-Ouachita and Pedernal highlands, respectively. This geography may
explain the apparent overrepresentation of drier indicators in Table 4.2; additionally or
altematively, the skewed distribution may reflect the common preservational bias of

regressive phases of the sea-level cycle.

An Integrated Eustatic-Climatic Model for Stratigraphic Cycles of the
Late Pennsyivanian Pedregosa and Orogrande Basins

Quaternary analogy and sedimentologic evidence from the Pedregosa and
Orogrande basins thus both suggest that coupled glacioeustatic and glacioclimatic
change influenced Pennsylvanian cyclostratigraphy. These processes acted within the
confines of basinal paleogeography to dictate the final sedimentologic expression of
the cycles. Three fundamental paleogeographic scenarios controlled the range of
cycle types observed in the Late Pennsylvanian Pedregosa and Orogrande basins,
designated as follows: Case I--Absence of any siliciclastic source; Case Il--Presence of
distant eolian siliciclastic source; and Case lll--Presence of proximal highland
siliciclastic source. Considered below for each of these cases is the integrated
influence of climate and eustasy for the two extremes of a single cycle: highstand,

subhumid; and lowstand, semiarid.
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Case |--Absence of Any Siliciclastic Source (Figure 4.7)

This scenario characterizes the Missourian through middle Virgilian Pedregosa
basin (PED 1 cycles), as well as the early (-middle) Missourian Orogrande basin (ORO 1
cycles). During this interval, the northem Pedregosa basin lay isolated from proximal
highland regions, and received no distally derived siliciclastics; similarly, uplift of the
Pedemal and other highlands surrounding the Orogrande basin had not yet occured.
The all-carbonate cycles that resulted from both of these scenarios record a minimal

climatic and maximal eustatic signal, as follows:

Eustatic Rise to Highstand (Subhumid Conditions; Figure 4.78)

Starved or minimal deposition prevailed; siliciclastics were not available and
carbonate deposition was outpaced by rapid glacioeustatic rise. Resultant highstand
carbonate facies ("deep'-water wackestone), if present, exhibit dark colors reflecting
oxygen deficiency, and thin, wavy bedding attributable to attenuated accumulation
under unfavorable conditions of relatively deep water. Excessive freshwater runoff
aftributable to increased precipitation (or precipitation minus evaporation) potentially
exacerbated unfavorable conditions by promoting formation of a freshwater cap that

would induce brackish, stagnant conditions, especially in nearshore zones.

Eustatic Fall to Lowstand (Semiarid Conditions; Figure 4.7C)

Reduced precipitation coupled with shoaling sea level favored rapid, thick
carbonate accumulation. Light-colored, fossiliferous wackestone (FBW facies),
packstone (BP facies), and grainstone (BNG facies) record oxygenated, well-lit
conditions within a fully stenohaline environment. Common subaerial exposure of
subtidal facies suggests that carbonate accumulation occurred predominantly during

sea-level fall, and was commonly terminated by complete sea-level withdrawal. Local
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Figure 4.7 CASE! all-carbonate cycles (PED 1, ORO 1). (A)
Inner-margin-outer-margin cycle pair with plot of water-
depth estimates for recognized facies (left) and inferred
eustatic curve (right); analogous construction is used for
Figures 4.8 and 4.9. Note that the sedimentologic record of
CASE | cycles dlone does not unequivocdally indicate the
preferred eustatic curve; rather this curve is based largely
on analogy with CASE Ill cycles, in which the linked
eustatic-climatfic signal is more evident. The dashed
curve shows an alternative eustatic interpretation . (B)
Highstand conditions: possible nearshore brackish cap
due to excessive runoff; "deep” water, probable minimal
deposition. (C) Lowstand conditions: rapid carbonate
accumulation during fall as conditions improved. At
lowstand, calcrete crusts form in inner margins and very
shoal-water facies occur in outer margins.

Facies depth abbreviations here and in Figures 4.8 and 4.9:
$=sea level, F=fairweather wave base, S=storm wave
base, D="deeper" subtidal.
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occurrences of now-neomorphosed aragonitic cements, oolitic or heavily coated
grainstone, calcrete, and dolomite all were favored by semiarid conditions of
impending and full glacial phase.

These cycles invariably appear asymmetric, or skewed toward conditions of
fall-lowstand, and thus preserve only a weak intracyclic climate signal. The introduction
of siliciclastics to the system amplifies the climatic signal, as demonstrated in Cases |l

and lli, below.

Case lI--Presence of Distal Eolian Siliciclastic Source (Figure 4.8)

This scenario characterizes the middle and late Virgilian Pedregosa basin (PED 2
cycles). Although the northern Pedregosa basin remained far from proximal highlands
during this time, distant tectonic and/or climatic events released significant volumes of
eolian dust that was blown (by the tradewinds) toward the northem Pedregosa basin
from arid, low-latitude desert margins of the Colorado Plateau region and beyond
(Chapter 5). Consequently, cycles of this time slice are characterized by a mixed

carbonate-siliciclastic signature.

Eustatic Rise to Highstand (Subhumid Conditions; Figure 4.8B)

With impending interglacial conditions, eolian dust influx diminished
progressively as humidity increased and wind intensity decreased. By highstand, eolian
dust ceased to reach the study sites, and carbonate deposition was minimal due to the
unfavorable conditions described above (Case ). Minimal deposition at this point was
marked in some localities by a thin interval of dark, pyritic oncoidal carbonate (DOW

facies).
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Figure 4.8 CASE Il carbonate-silt cycles (PED 2). (A) Inner-
margin-outer-margin cycle pair with plot of water depths
and inferred eustatic curve asin Figure 4.7. Asin CASE I, an
alternative eustatic interpretation is shown dashed. (B)
Highstand conditions: analogous to CASE | (Figure 4.7).
Minimal deposition; silt influx absent due 1o subhumid
conditions and aftendant weak winds. (C) Lowstand
conditions: essentially same as CASE | with addition of fine
silt influx due to reactivation (desiccation) of distal sources
and subsequent transport by invigorated tradewinds.
Note that potentially large amounts of silt become
incorporated into the marine system.
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Eustatic Fall to Lowstand (Semiarid Conditions; Figure 4.8C)

Sea-level fall and aftendant transition to semiarid conditions initiated rapid
carbonate accumulation analogous to that described for Case I. Upon lowstand,
marked either by exposure (inner margins) or shoal-water grainstone (outer margins),
intensified aridity and tradewind strength induced eolian dust influxes from low-iatitude
desert regions (Chapter 5). Eolian dust was incorporated into subtidal, intertidal, or
possibly coastal environments of the northern Pedregosa shelf; in marine environments,
dust was syndepositionally or postdepositionally reworked (CS facies; Chapters 2, 5).
Upon incipient sea-level rise, eolian dust continued to accumulate and undergo
reworking; with continued and late rise, however, climatic transition to relatively wet
(subhumid) conditions with diminished winds effectively terminated further eoclian

transport.

Case lll--Presence of Proximal Highland Source (Figure 4.9)
This scenario characterizes the middle to late Missourian through late Virgilian
Orogrande basin (ORO 2, 3, and 4 cycles). Uplift and intensified tectonism along the
Pedernal and adjacent Ancestral Rockies highlands induced siliciclastic influx and
subsequent deposition in fluvial, deltaic, and intervening lagoonal and bay
environments of the marginal Orogrande basin. Accordingly, all cycles display a mixed
carbonate-siliciclastic sedimentologic signature. Siliciclastic dispersal in fluvio-deltaic
systems potentially responds to baselevel perturbations. Hence, CASE lll cycles present
the most complex scenario to decipher in a linked climatic-eustatic context, and
require a brief consideration of the critical factors that may influence siliciclastic
responses to baselevel change, as addressed below.

Predictions of fluvial responses 1o baselevel change typically draw upon the

"graded’ river ideal (cf. Leopold et al., 1964). Posamentier and Vail (1988) and Miall
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Figure 4.9 CASE Il carbonate-siliciclastic cycles (ORO 2,
ORO 3, ORO 4). (A) Inner-margin-outer-margin ORO 3
cycle trio with plots of water depths and inferred eustatic
curves as in Figures 4.7 and 4.8. (B) and (C) Intended
primarily to illustrate ORO 3 situation, but ORO 2 and ORC 4
scenarios are similar. (B) Highstand conditions: abundant
sediment flux aftributable to subhumid conditions possibly
exacerbated by highstand-phase fluvial degradation.
Fluvio-deltaic siliciclastic deposition dominates. In this
(ORO J3) case, sedimentation paced sea level rise such
that excessive water depths do not occur. (C) Lowstand
conditions: sediment flux is markedly reduced as a result
of semiarid conditions and potential fluvial aggradation
attendant with lowstand phase. Carbonate deposition
dominates in outer-margin. Carbonate exposure or fluvial
aggradation occurs in inner-margin. Given sufficient time,
fluvial aggradation could extend to outer margin regions.



153

$ FS D Windy Nonwindy
(B) Incipient Highstand (subhumid)

<—— Outer Margin— - — Inner Margin

]
i vﬂ ,.' o
Water |::
Interred
B Depth Eustatic
—+ I Curve
Faciesf—— Sea
__E Depth| - Level
4 _
E .
™ Low ¥ High g =
111 Dry W%l © EJ:
|

! | i
$ FSD Low™ High
Dry et
Wwindy Nsnwindy

!
perennial.
degrading
fluvial system

interdistributary bay
(brackish water)

underlying % Z
cycle 0 r Pro}?_inﬁ
ighland
2

< Source

(C) Late Lowstand (semiarid)
<«—Quter Margin— - -+ —Inner Margin——>

carbonate o
tidal flat —_s~

Z~%Ephemera .
aggraairc
fluvial syste™

calcrete
surface



154

(1991), for example, both used the graded-profile concept 1o predict fluvial
aggradation or fluvial degradation, respectively, upon a baselevel fall. Their
predictions diverge because each assumed a different siope profile, and, in a graded
system, a sea-level fall potentially creates fluvial degradation where the shelf declivity
exceeds that of the adjacent fluvial plain, and aggradation where the declivity contrast
is reversed (cf., Angevine, 1991; Posamentier and Allen, 1991; Figure 4.10). The former
prediction probably applies to most modern (and Quaternary) continental margins (cf.
Miall, 1991; Figure 4.10A); but Pennsyivanian strata preserved throughout much of North
America accumulated in low-gradient epeiric seas with flanking orogenic highlands
(e.g., the Ancestral Rocky Mountains, the Appalachian-Ouachita-Marathon chain),
and thus probably corresponded to the opposite slope configuration. In this case,
glacioeustatic fall could induce fluvial aggradation (Figure 4.10B). Linked to this system
is the role of sediment storage. which is especially critical in the marginal marine system.
Sea level rise, for example, induces formation of estuaries, which potentially trap
significant volumes of fine-grained sediment (Schubel and Carter, 1984). Note however
that, in the presence of sufficient siliciclastic flux, estuaries rapidly fill (103 to 10? year life-
spans; Schubel and Carter, 1984) and subsequently release sediments basinward.
Within the Orogrande basin, the combination of (hypothetical) fluvial degradation upon
seq level rise and active Pedemal tectonism potentially created a large siliciclastic flux
to the Orogrande basin--perhaps sufficient 1o overwhelm at times the trapping
capabilities of the estuarine system.

Theoretically, then, three key principles govemn the relationship between (fluvio-
deltaic) siliciclastic dispersal and baselevel change: (1) Coastal aggradation versus
degradation hinges at least partially upon fluvial plain-to-shelf declivity contrasts, which
are linked to (paleo)geography: (2) In general, estuaries effectively trap fine-grained

sediment, especially during transgressions; (3) Excessive siliciclastic sediment supply,
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fueled tectonically or climatically, could override either (1) or (2). Note, however, that
these are potential responses, and that actual fluvial-marine dynamics are much more
complex than depicted here. The siliciciastic signal in Case lll cycles also derives from
paleo-precipitation fluctuations which, as inferred here (see Figure 4.6), acted in phase
with the predicted baselevel influence. Indeed, the climatic control may well have

been the dominant, and less hypothetical drive for the siliciclastic signal.

Eustatic Rise to Highstand (Subhumid Conditions; Figure 4.98)

The transition toward interglacial (highstand) conditions initiated a series of
effects that are unigue to a system influenced by fluvially transported siliciclastics.
Firstly, rising sea level induced the release of nutrients from marginal marine bays,
lagoons, and upland areas (Hallock and Schlager, 1986); siliciclastic influx aftibutable to
fluvial degradation that potentially accompanied sea level rise may have augmented
nutrient flow . Excess nutrients cause diminished light tevels, calcium carbonate crystal
poisoning. and biological stress, and are thus deleterious to photosynthesizing,
corbonofe-produéing organisms (Hallock and Schlager, 1986). The predicted climate
change (o subhumid) further aggravated these conditions: higher precipitation
intensified Pennsylvanian sediment yield (Figure 4.6), which boosted nutrient-rich,
siliciclastic-rich runoff. Moreover, increased rates of chemical weathering further
intensified production of suspended and dissolved sediment, which directly influenced
organisms by fouling feeding filters (Wilson, 1975; Enos, 1991).

Accordingly, initial rapid rise immediately thwarted most carbonate deposition,
but climatic transition to subhumid conditions and predicted outer-margin siliciclastic
delivery may have lagged. Thus, the sole outer-margin record of earliest rise (and,
locally, tater rise as well) commonly consists of the dark, pyritic, oncoidal (DOW) facies,

which records slow deposition under deepening. stagnating conditions. Within inner
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margins, the correlative horizon consists locally of a thin lag that marks the passage of
the shoreline over fluvial floodplain (RM facies) strata. Continued rise to highstand
conditions intensified siliciclastic influx owing to increased, subhumid-phase
precipitation and potential fluvial degradation. In ORO 2 and ORO 3 cycles, fine-grained,
restricted- to open-marine siliciclastics were deposited in lagoonal and interdistributary
bay systems that probably released sediments to basinward deltas once bypass
began (coastal accommodation filled). During ORO 2 and ORQO 3 deposition, limited
accommodation space within inner-margin sections led to basinward bypass relatively
early, as recorded by condensed horizons at the lagoonal mudstone-subtidal
wackestone contact; within outer-margin sections, however, sedimentation and
accommodation paced one another, producing locally significant thicknesses of
shoal-water bay (DCM) facies. Faunal and diagenetic features of this facies (Tables 4.1,
4.2) indicate that brackish conditions possibly caused by excessive freshwater runoff,
prevailed following initial ise and attendant climate change, but yielded upward to
increasingly marine conditions as sea level "caught up." Siliciclastics of outer-margin
ORO 4 cycles record basinward delta deposition. At highstand, siliciclastic bypass
through the filled shelfward bays allowed delivery of subhumid clay-rich sediments to
the prodelta environment. Further deltaic construction and progradation occurred

dominantly during late highstand and early fall.

Eustatic Fall to Lowstand (Semiarid Conditions; Figure 4.9C)

With sea-level fall, climate change to semiarid conditions produced a gradually
coarser, diminished siliciclastic supply. In ORO 2 and ORO 3 cycles, this reduction
allowed incipient carbonate sedimentation as the water clarified. Pristine, fully marine
carbonate deposition ensued by early eustatic fall, and yielded upward to

progressively restricted facies, with further fall accompanied by increasingly arid
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conditions. Lags of reworked dolomicritic intraclasts within upper reaches of bay (DCM)
facies indicate that, locally, fall and associated aridity led to restriction even during
waning clastic sedimentation. Deposition of coated grainstone (BNG facies),
dolomitized peritidal carbonate (LPC facies; outer margins) and evaporitic dolomicrite
(EDM facies; inner margins) accompanied increasing aridity and lowstand restriction
during late fall. Calcrete and/or cryptokarst surfaces developed on subtidal
carbonates of outer and inner margins, respectively, record the the last vestige of
subhumid conditions and the transition to a semiarid climate. If siliciclastic supply
allowed., fluvial aggradation occured at lowstand within inner-margin areas.

Incipient fall and impending aridity in outer-margin ORO 4 cycles was marked by
continued but tfruncated deltaic progradation. Rarely, small debris-flow bodies in delta-
front (MMS facies) strata that contain clasts of penecontemporaneous carbonates
indicate that waning siliciclastic deposition locally accompanied incipient, shelfward
carbonate deposition. As in other cycle types, late fall to lowstand and fully semiarid
conditions in ORO 4 cycles typically are marked by thin caps of shoal-water carbonate
and/or paleo-subaerial exposure in outer margins, and environmentail restriction (EDM
facies) followed by subaerial exposure in inner margins. Local absence of even thin
carbonate caps on selected outer-margin deftaic sequences indicates that siliciclastic
influx (fluvial bypass) precluded carbonate development during times of excessive
lowstand siliciclastic supply. This "highstand siliciclastics-lowstand carbonates” pattern
parallels the generadlized view of Orogrande basin stratigraphic cycles expressed by

Wilson and Jordan (1988).
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Summary

As interpreted above, the sedimentologic signals observed in Upper
Pennsylvanian cycles of the Pedregosa and Orogrande basins reflect the integrated
effects of eustatic, climatic., and tectonic controls that acted individually as follows:

(1) Glacioeustasy: (@) constituted the fundamental influence on Pennsylvanian
cycles by dictating absolute baselevel change. (b) potentially influenced episodes of
fluvial plain aggradation versus degradation, and thus affected siliciclastic and nutrient
influxes to outer margins where fluvio-deltaic sediments were available. (¢) allowed
trapping of siliciclastics in coastal sinks so long as accommodation exceeded
siliciclastic supply.

(2) Glacial-Interglacial climate: (a) controlied precipitation and tradewind
intensities, which influenced influxes of fluvio-deltaic and eolian siliciclastics.
respectively, where such siliciclastics were available, and influenced nutrient flux. Peak
precipitation during interglacial phases yielded peak fluvio-deltaic sediment flux,
whereas intensified windiness during glacial phases provoked eolian influxes.

(b) influenced character of chemical sedimentation.

(3) Tectonics: constituted the ultimate influence on siliciclastic supply by
controling geography of sources. Tectonics was capable of eclipsing either of the
above processes at any time.

Because carbonate sedimentation is sensitive to fine siliciclastic and nutrient
influx, the importance of the above conirols on cycle facies stacking is most
pronounced in sedimentologically mixed (carbonate-siliciclastic) sequences.

Note that Cases Il and Ill both concern sedimentologically mixed cycles, but
whereas siliciclastic influx in the form of eolian activity was initiated at eustatic fall in Case
Il, influx in the form of fluvio-deltaic deposition occurred at eustatic rise in Case lil. This

contrast serves to highlight the paleogeographic contrasts between the Pedregosa
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and Orogrande systems, and emphasizes that the occurence of either carbonate or
siliciclastic lithofacies cannot be linked absolutely to either eustatic rise or fall. Rather, all
results hinge upon the nature of the siliciclastic source, the nature of the transport
mechanism, and the influences of climate and eustasy on transport. Within the systems
discussed here, primary siliciclastic supply (increased precipitation and possible fluvial
degradation) accompanied sea-level rise, whereas redistribution (wind transport)

accompanied sea-level fall.

Discussion: Are Pennsylvanian Cycles Non-Waltherian?

Sedimentologically mixed cycles are a hallmark of Pennsylvanian stratigraphy
worldwide. Typically, such mixing has been explained by models in which carbonate
and siliciclastic depositional systems are contemporaneous and laterally adjacent,
and vertical stacking of facies to form sedimentologically mixed cycles occurs through
facies migration that tracks glacioeustatic seg-level fluctuations (e.g.. Yancey, 1986,
1991). Such cycles would thus obey Walther's Law, in that

The various deposits of the same facies areas and similarly the sum of the

rocks of different facies areas are formed beside each other in space,

though in a cross-section we see them lying on top of each other. As with

biotopes., it is a basic statement of far-reaching significance that only those

facies and facies areas can be superimposed primarily which can be
observed beside each other at the present time (italics mine; Walther,

1893-1894, as translated by Middleton, 1973).

Given a context of linked glacioeustatic, glacioclimatic perturbations, however,
Pennsylvanian cycles may not fully obey Walther's Law: that is, carbonate and
siliciclastic facies vertically juxtaposed within any cycle may have rarely co-existed in
laterally adjacent environments. If true, Pennsylvanian cyclic stratigraphy cannot be
forced into a Waltherian framework.

A strictly Waltherian view of Case lll cycles, for example, implies that large, clay-

rich deltas and expansive shallow-water carbonates co-existed. Although certainly not
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impossible, specialized conditions must prevail to shield the carbonate systems from
the detrimental effect of siliciclastic sedimentation. Santisteban and Taberner (1988)
documented the occurrence of arc-like fringing reefs upon and within thick deltaic units
in the Cenozoic of Spain. They attributed the association largely to an autogenic
confrol, wherein lobe abandonment allowed reef colonization and growth, and
subsequent reactivation of terrestriat influx inundated the carbonate system. Further,
Friedman (1988) demonstrated contemporaneous carbonate-siliciclastic deposition in
the Holocene Java Sea in which carbonates occur unimpeded in a zone isolated from
siliciclastics by the action of longshore currents. In both of these cases, carbonate-
siliciciastic co-existence hinges upon specialized conditions of geography and/or
marine circulation. Yet, invoking such conditions for the sedimentologically mixed
Orogrande cycles seems contrived since stratigraphic evidence demonstrates that
Orogrande carbonates range from relatively unrestricted subtidal facies basinward to
increasingly restricted but pristine (uncontaminated) peritidal fracts shelfward. These
were not isolated carbonate patches developed atop offshore shoals; rather, they
were coastal carbonate belts that developed under predominantly uncontaminated
conditions.

A conceptual obstacle to the Waltherian view is an infracycle climate change
sufficiently severe to reconfigure depositional environments. Indications from
Quaternary analogs suggest that the same facies mosaic probably could not prevail
unaffected throughout such a change. A second obstacle is Hallock and Schlager's
(1986) findings that excessive nutrient influx poisons carbonate systems even beyond
active siliciclastic depaosition. Invoking circulation peculiarities to direct insidious
turbidity elsewhere is possible (e.g. Friedman, 1988), but fails as the simplest explanation,
particularly given the global occurrence of sedimentologically mixed Pennsylvanian

cycles.
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An alternative to the Waltherian view is that two, largely discrete
paleogeographic scenarios prevailed within any given cycle, such that, for example,
rapidly prograding, clay-rich deltas only rarely lay seaward of carbonate platforms.
The suite of environments and facies characterizing the glacial world were Waltherian,
as were those of the interglacial world, but the transition between the two was nof.
Accordingly, vertically adjacent carbonate and siliciclastic facies within a given cycle
could not fully satisfy the Waltherian criterion of complete lateral coexistence (Figures
4.7-9). Minor stratigraphic evidence does suggest limited coexistence of carbonate
and siliciclastic facies at climatic transitions. For example, the rare occumrences of
delta-front debris-flow lenses with clasts of penecontemporaneously deposited
carbonate (Chapter 2) perhaps record sedimentologic mixing analogous to
carbonate-siliciclastic interactions in Red Sea fan-deltas (e.g., Hayward, 1982;
Friedman, 1988), in which shelfbreak carbonate reefs coexist with landward siliciclastic
fans. Although colonization of inactive lobes (cf. Santisteban and Taberner, 1988) plays
a role, the prevailing Red Sea climate is a key to the mixed sedimentology: aridity
produces infrequent, predominantly coarse-grained terrigenous pulses that
carbonate-secreting organisms effectively tolerate. The analogy is not perfect, but
emphasizes that fledgling carbonate systems may take root even as diminished
volumes of relatively coarse siliciclastics produced in an ard or semiarid climate are
channeled to waning deltas.

A final point worth considering that bears on the "Waltherian® question is the role
of time in cycle construction. Table 4.3 documents estimated values for time
represented by deposition and hiatus within a cycle. Assuming a 400 ka cycle duration,
these calculations demonstrate that carbonate and siliciclastic components of a cycle
occupy a small fraction of the alloted cycle duration. The most conservative estimates

(i.e., those calculated using long-term accumulation rates) indicate that <<10 to slightly
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TABLE 4.3A: SEDIMENTATION RATE INPUT DATA

“Facies Abbreviation Sedimentation Rate (mm Initial Porasity
MIN
Carbonate Sheit
peritidal (LPC, EDM) 500 2500
<8 m depth , 1000 5000 50%
8-30 m depth FBW, DOW 750 3750 (carbonate)
30-50 m depth FBW, DOW 200 1000
"Eolomarine” (CS) ~100 ~500 60%
(siltstone)
Fluvial floodplain (RM) 20 20,000 70%
(mudstone)
Bay/lLagoon (DCM) 1000 10,000 70%
{(FCM) {mudstone)
Shallow Deita (MMS) 1000 10,000 50%
(AS) (sandstone)
Calcrete .- 25 5 --
Cryptokarst - 5 16 -

Note: Sedmentation rates largely from compilation of Enos (1991). Chose rates based on modem analogy (e.g. used rates of
Guadalupe-type (small) deltas rather than Mississippi-type). Initial porosities quoted range toward maximum values, to yield
most conservative completeness estimates. Rate estimates also shown for calcrete formation (from Robbin and Stipp (1979),
and cryptokarst-induced surface degradation (from Walkden, 1974) on subtropical carbonate surfaces.

TABLE 4.38: CYCLE INPUT DATA

“Facies — Facies thicknasses for 5 sample cycle types
PED 1 PED 2 ORO 3a ORO 3b ORO 3¢ ORO 4

Penuaal -- -- - s .- -
<8m 5 2 8 2 1 -
8-30m 8 4 8 -- 4 5
30-50 m 2 .- 2 -- -- -
Eolomarine -- 4 -- - .

Fluvial floodplain .- -- .- - 5 --
Bay ALagoon -- - > 12 2 --
Shallow Delta - -- .- .- 10

Note: These are typical measured thicknesses for companent facies of “sample” cycles. Thicknesses chasen err toward
maximum, rather than minimum values. However, all fall within ranges observed for these cycle types.

TABLE 4.3C: RESULTS OF CALCULATIONS

Time represented by rock Percentage ot a
(yrs) 400 ka cycle

Sample Measured Decompacted

Cycle thickness (m) Thickness (m) MIN MAX MIN MAX
PEDT £ 25 7700 38,500 19 95
PED 2 10 154 15,000 75,000 37 187
ORO 3a 43 69.5 12,850 85,500 32 214
ORO3b 18 24 5,040 35400 1.3 88
ORO 3¢ 12 194 2665 55,400 07 138
ORO 4 15 239 3,640 26400 09 6.6
Calcrete 15 - 40,0007 30,000 10 200
Cryptokarst 50 -- 30,000 100,000 7.5 250

Note: Decompacted values calculated using initial porosity estimates listed in (a). Most conservative values for completeness
shown in right hand ("MAX'? column. Assuming 400 ka cycle duration, a maximum of ~20% of time is recorded by rock (bold
pe). Surfaces of subaerial exposure (calcrete, cryptokarst) could account for an additional 20-25% of cycle time.

Incorporates a startup lag time of 10 to 20 Ka estimated for calcrete formation by Robbin and Stipp (1979).
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>20% of cycle time is represented by rock; the remaining 75 to 90% consists of
nondeposition, rather than eroded section. These values approximate the 3 to 30%
completeness estimates calculated for Phanerozoic carbonate cycles by Wilkinson et
al. (1991). They also corroborate Quinn and Matthews' (1990) modeling resuits from post-
Miocene Eniwetok Atoll demonstrating that deposition occupied <10% of elapsed time
during high-frequency sea level changes. These numbers are no surprise, and in fact
the non-Waltherian view of Pennsylvanian cyclostratigraphy becomes more
imaginable in the context of depositional bursts that occurred significantly separated in

time.
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CHAPTER §

PRESERVATION AND PALEOCLIMATIC SIGNIFICANCE OF
EOLIAN DUST IN THE ANCESTRAL ROCKY MOUNTAINS PROVINCE

Abstract

Upper Paleozoic (Pennsylvanian-Permian) silty strata of the northern Pedregosa
basin (southern Ancestral Rocky Mountains province) exhibit distinctive features that
suggest origin of the silt as eolian dust prior to deposition in marine environments.
Studies of mechanisms controlling modern eolian dust accumulation imply that
combined marginal marine-epeiric sea environments constitute an ideal sink for eolian
dust. Accordingly, Pedregosa siltstones may reflect the prevalent mode of eolian dust
preservation downwind from coeval ergs, and significant volumes of eclian dust may
be preserved within analogous epeiric strata. Because eolian dust reflects conditions
of aridity and windiness. it bears on paleoclimatic and paleogeographic
reconstructions. Recent studies within several basins of the Ancestral Rocky
Mountains suggest an eolian derivation for many siltstones, and thus corroborate
inferences of increasing aridity and concomitant monsoonal conditions for western
Pangea. Further regional analysis may provide valuable insights for refining concepts

of the zonal to monsoonal transition that accompanied Pangean assembly.,

Introduction

Eolian dust forms deposits of loess that occur today dominantly within mid- to
high-latitude periglacial settings, but also around margins of low-latitude deserts. The
Quaternary record contains vast deposits of loess, yet only recently have
geoscientists begun to recognize and document pre-Quaternary eolian dust deposits.
Johnson (1989) provided the first comprehensive facies model for recognition of

ancient continental dust ("loessite”) deposits in a study of Pennsylvanian-Permian
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siltstones of the Eagle basin. Nearly simultaneously, Fischer and Sarnthein (1988) drew a
discerning analogy between Permian deep-marine sandstones and siltstones of the
Delaware basin and demonstrably wind-transported but water-deposited ("eolo-
marine") Quaternary sediments of the marginal Saharan Atlantic. In this paper |
document volumetrically significant occurrences of eolian dust within upper Paleozoic
strata of the Pedregosa basin (southern Ancestral Rocky Mountains). Siliciclastic-rich
units within Pedregosa depositional systems display distinctive atftributes consistent
with an eolian dust derivation, followed by final preservation within a marginal epeiric
region intermediate between continental and deep marine environments.
Recognition of ancient eolian dust deposits commonly is complicated by the effects
of noneolian processes, but recognition of the eolian influence is important because

eolian dust acts as a valuable proxy indicator of paleogeography and paleoclimate.

Regional Tectonic and Stratigraphic Setting

The Ancestral Rocky Mountains are a series of yoked intracratonic block uplifts
and adjacent sedimentary basins that occupy a northwest-trending belt of the North
American craton. Although their exact origin remains enigmatic, most investigators
agree that the Ouachita-Marathon ocrogenic belt of the southem United States and the
Ancestral Rocky Mountains province of the western United States are genetically
linked and that they represent marginal and intracratonic effects, respectively, of the
Late Paleozoic collisional suturing of southem Laurasia and Gondwanaland (Kluth and
Coney, 1981).

The Iate Paleozoic Pedregosa basin lies at the southwesternmost exiremity of
the Ancestral Rocky Mountains province (Figure 5.1). Although Mesozoic and
Cenozoic cover and structures obscure much of the basin, Greenwood et al. (1977)

drew the boundaries 1o include Pennsylvanian strata >600 m thick to define a northwest-
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Figure 5.1 Late Paleozoic paleogeography of Pedregosa basin and surrounding region.
Uncompahgre and Pedernal uplifts formed significant mountain regions. Florida islands
and Kaibab, Sedona, and Zuni-Defiance arches apparently formed barely emergent
positive areas. Carbonate deposition (brick pattern) dominated in Pedregosa basin,
but yielded northward to shoal water-paralic silt (fine stipple) and southward to deeper
water muds (dash pattern). In contrast, mixed carbonate (brick pattem) and siliciclastic
(coarse stipple) sedimentation occurred throughout neighboring Orogrande basin.
Large stippled arrows coming from northern Arizona indicate prevailing wind directions
for late Paleozoic time determined by Peterson (1988) and Parrish and Peterson (1988).
Northeast-southwest diagonal line depicts approximate 5° to 15° N paleolatitude
(Witzke, 1990; Scotese and McKerrow, 1990). AZ Arizona, NM New Mexico, TX Texas,
MX Mexico. Modified from Kottlowski (1963), Blakey (1990), and Blakey and Knepp (1989)
and other sources.
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trending trough. The slightly emergent “Florida Islands" bordered the Pedregosa basin
to the northeast (Kottlowski, 1963); the Zuni-Defiance, Kaibab, and Sedona arches
formed distal positive regions, separated from the Pedregosa basin by the Central
Arizona shelf (Ross, 1973; Blakey and Knepp, 1989; Blakey, 1990). Apparently, the
Pedregosa basin deepened southward to a terminus against the western extension of
the Ouachita-Marathon thrust front (Dickinson, 1981; Amin, 1987). Paleogeographic
reconstructions for late Paleozoic time (Witzke, 1990; Scotese and McKerrow, 1990)
indicate that the Pedregosa basin occupied tropical (<10° N) and subtropical (15° to
20° N) Iatitudes from Early Pennsylvanian to middie Permian time (Figure 5.1).

Within the Pedregosa basin and adjacent shelf, the Pennsylvanian to Permian
Naco Group (Figure 5.2a) forms a nearly continuous record of deposition. Although
carbonate deposition dominated in the Pedregosa basin, siliciclastic influxes
occurred several times, notably during the (1) late Desmoinesian (middle Horquilla
Limestone); (2) middle to late Virgilian (upper Horquilla Limestone-Earp Formation); (3)
Wolfcampian (Earp Formation); and (4) late(?) Leonardian (Scherrer Formation). The
Pennsyivanian pulses are comparatively subtle, generally consisting sheffward of
siitstone and calcareous siitstone that yield basinward to silty limestones. In contrast,
the relatively siliciclastic-rich Earp and Scherrer formations record significantly more
intense Permian incursions. Consistent with most glacio-eustatically influenced,
Pennsylvanian-Permian sections worldwide, the Naco Group displays a well-
developed, parasequence-scale cyclicity commonly marked by aiternations of
carbonate lithofacies. Each of the above siliciclastic pulses, however, produced
sedimentologically mixed cycles defined by carbonate-siliciclastic intercalations.
Carbonate/silicicliastic ratios throughout the Naco Group decrease quite abruptly

shelfward, from average values of 95% in extreme southeastern Arizona 1o as little as



169

South A Noth  South B North
Gy A Rain Valley ] | T
Concha S TR
LE
c
@
£l '
s ||E 44
a of Hermit Ll : |
WF (-g g : £
8 ‘:'. . 8
[14] N =]
ZF HH o\
Vi N = v 2
T E
= Mo 35
g (2]
= |om
) frnend
c
SIAT
o
MW Watahomigi Y

NW

Figure 5.2 A) Pennsylvanian-Permian stratigraphy of carbonate-dominated Naco
Group from northern Pedregosa basin (NPB) northward through Pedregosa shelf (PS)
and southern Central Arizona shelf (CAS) areas. Only units with some sitty or sandy
component are patterned (brick pattern in Earp Formation schematizes carbonate
interbedding in this unit). Fine stipple indicates silty zones, coarse stipple in Scherrer
Formation signifies eolian sandstones. Arrowheads at right of column denote four
pulses of siliciclastic influx to Pedregosa basin, as discussed in text. RCC/CRCC red
chert clast horizon of Armin (1986, 1987). MW Morrowan, AT Atokan, DM Desmoinesian,
MO Missourian, VI Virgilian, WF Wolfcampian, LE Leonardian, GU Guadalupian.

B) Pennsylvanian-Permian stratigraphy of southem Colorado Plateau from southeast to
northwest. For simplification, coarse stipple is used for all units containing some eolian
sand(stone) component, but Manakacha and Wescogame formations contain minor
proportions of eclian sandstone relative to Esplanade-Queantoweap and Coconino
units, wherein large-scale dune deposits predominate. Esplanade-Queantoweap
represents first major episode of Paleozoic eolian deposition in Arizona. Note close
correspondencz in time between Colorado Plateau eolian activity (as inferred from
eolian sandstones) and silt-sand influxes into Pedregosa basin. Manakacha Formation
represents sole equivocal tie: it is largely Atokan, but as young as Desmoinesian in
northwesternmost Arizona; thus, it may relate to oldest (Desmoinesiany silt pulse of
Pedregosa basin. Data for A and B from Armin (1986, 1987), Peterson (1988), Blakey and
Knepp (1989, and Soreghan (unpublished).
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50% in central Arizona (Ross, 1973; Blakey and Knepp, 1989). Presumably this indicates

a source to the north for the siliciclastic component.

Siliciclastics of the Late Paleozoic Pedregosa Basin

Naco Group siliciclastic strata consist almost exclusively of tan to red, locally
peloidal, quartzarenitic (framework quartz >90%) siltstones. Carbonate cement in
varying proportions has produced calcareous siltstone to silty limestone compaositions.
Although grains range from medium sitt to very fine-grained sand, the vast majority of
the siliciclastic component is lower coarse silt (0.02 to 0.04 mm). Minor amounts (<2%)
of potassium feldspar are present locally in the detrital fraction; plagioclase feldspar,
mica, heavy minerals, and marine bioclastic debris typically are present in trace
amounts only (Lodewick, 1970; Armin, 1986; Chapter 2). Although the Pedregosa
siliciclastics are sometimes termed "mudstones’ or "shales." close examination
reveals a pervasive dearth of clay sizes. Detritus coarser than sift is present at only two
horizons within the Naco Group: (1) chert pebbles and sand-sized siliciclastics within a
discrete horizon of the middle-upper Earp Formation (Amin, 1986, 1987); and (2) fine- to
medium-grained sandstones within the lower and upper members of the Scherrer
Formation (Luepke, 1971). Exclusive of these units, Pedregosa siliciclastics are present
as sheetlike siltstones typically <510 15 m thick (within a single parasequence) and are
apparently devoid of any channellike features, progradational relations, or significant
lateral thickness variations.

Where observed, basal contacts of the silistones are sharp. though not
erosive, atop shoal-water carbonates that locally (notably shelfward) display
exposure features. Upper contacts grade slightly into overlying subtidal carbonates of
the superjacent parasequences. Thus, silistone members occupy temporal and

physical gaps between conditions of lowstand (local exposure) and highstand (fully
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marine). Carbonate members form the more resistant parts of parasequences.
Distinctive sedimentary structures in exposed silistone units include abundant planar,
swaley, and high-angle ripple cross-lamination, and bioturbation fabrics (dominantly
Cruziana and Skolithos ichnofacies) that typically intensify to near completely
carbonate-siliciclastic admixing upward within a siltstone unit (Armin, 1986; Chapter 2).
Facies analyses of the Pedregosa siltstones indicate that final deposition
occurred in marginal marine-intertidal to shallow marine environments (Armin, 1986; T.
Demko, 1992, personal commun.; Chapter 2). Although Lodewick (1970) advocated a
deltaic origin for Earp siliciclastics, key evidence for such a point-source dispersal
system (e.g., channel and Iobe morphologies) is conspicuously absent. Rather, Naco
Group siltstones within the Pedregosa basin largely represent marine sublittoral sheets
fed to the shoreline via a line dispersal system. The sole deviations from this are the
red chert-clast conglomerate (RCC/CRCC) horizon of Armin (1986, 1987), inferred to
represent a brief episode of fluvial deposition related to tectonic flexure of the
Quachita-Marathon foreland region. and the Scherrer sandstones, which record

deposition within an eolian dune-beach system (Luepke, 1971).

Pedregosa Siltstones--Eolian Dust?

The most viable explanation for the origin of the voluminous Naco Group
siltstones is that they represent dust delivered to the northem Pedregosa shelf and
basin via winds blowing off distant source regions. Several features of the Naco Group
siltfstones corroborate an eclian dust origin, most notably trends in (1) petrography and
physical stratigraphy. (2) paleogeography, and (3) chronostratigraphy and regional

correlation.
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Petrography and Physical Stratigraphy

Pedregosa siltstones exhibit a remarkably restricted grain size distribution
dominated by medium and coarse silt with anomalously little clay or mica. Such a
pattermn characterizes the bulk of moderately traveled modem eolian dust deposits
(Pye, 1987:; Tsoar and Pye, 1987). Medium to coarse silt typically travels in short-term
suspension or modified saltation and may be "captured’ by a moist surface or water
body. In contrast, clays and micas travel at higher atmospheric levels than siit and
may stay suspended for long periods over extensive (>103 km) distances (Pye, 1987),
Water bodies and moist surfaces represent ideal and permanent dust traps, and dust
concentration decreases rapidly downwind of such areas (Pye, 1987). This effect may
explain the abrupt decrease in siliciclastic content southward from the Pedregosa
shelf into the Pedregosa basin area (Figure 5.2a). Bed geometries are also consistent
with an eolian dust origin, since eolian dispersal would facilitate development of the

laterally persistent sheets typical of the Pedregosa siltstones.

Paleogeography

Permian-Pennsylvanian paleocurrent and modeling analyses by Peterson
(1988) and Parrish and Peterson (1988) indicate north-northwesterly paleowind
directions for low latitudes of western North America (Figure 5.11). Accordingly, the
Pedregosa basin lay directly downwind from several sources of silt-sized detritus, e.g.:
(1) ergs and dunefields of the southern Colorado Plateau; and (2) desiccated sabkha,
mudflat, and fluvial deposits of the Central Arizona sheif and beyond (e.g., Paradox
basin, Uncompahgre Plateau). With no intervening barriers, silt that averted
permanent capture within the Central Arizona shelf region could be constantly
resuspended and subsequently transported farther southward, 1o final deposition within

the proximal marine northern Pedregosa shelf and basin.
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Chronostratigraphy and Regional Comrrelation

If the siltstones of the Pedregosa basin derived from and/or shared a
provenance with Colorado Plateau ergs, then episodes of widespread eolian activity
in northern and northwestem Arizona should correspond with pulses of Pedregosa sitt
influx. Comparison of the Pennsylvanian-Permian stratigraphies of the Pedregosa
basin and the southermn Colorado Plateau indicate that Pedregosa silty episodes
correlate well with eolian sandstones of the Plateau region (Figure 5.2b). Lodewick
(1970) provided physical evidence to corroborate a possible Pedregosa basin-
Colorado Plateau connection by comparing heavy mineral suites (e.g..
zircon/tourmaline ratios; tourmaline pleochroism; grain shape analyses) from the Earp
and Supai formations. Additionally, the eolian sandstones of the Scherrer Formation
are contemporaneous with those of the Coconino Sandstone on the Colorado Plateau

(Blakey, 1990; Figure 5.2).

Preservation and Paleoclimatic Aspects of Late Paleozoic Eolian Dust

Documented pre-Quaternary loessites are anomalously rare (Johnson, 1989).
This probably stems from a lack of recognition, rather than a lack of formation or
preservation. Given the necessary source (silt), transport energy (wind), and sink
(accumulation site), the key factor for geologic preservation is that the sink lie within a
subsiding area (Tsoar and Pye, 1987; Johnson, 1989). Eolian dust sinks are present
primarity within two major regions (Pye, 1987): (1) continental basins, where dust
commonly is preserved in blankets buttressed against (paleo)highs; and (2) marine
regions downwind of major contfinental dust sources (for the Quaternary, this
commonly implies ocean deeps). Pennsylvanian-Permian loessites studied by
Johnson (1989) and Murphy (1987) represent cases of primarily continental

preservation. In contrast, siltstones of the Pedregosa basin record marine
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preservation. In the first case, the mode of transport is the mode of deposition and.
excepting possible pedogenesis, minimal syndepositional and postdepositional
overprinting occurs. In the second, sedimentary structures and facies associations
indicate final marine deposition, but an eolian source and delivery mechanism are
inferred largely from trends in pefrography and paleogeography.

The fundamental contrast in these preservation modes stems ultimately from
the difference in accumulation mechanisms. Whereas, e.g. Maroon Formation loess
collected against the Sawatch uplift (Johnson, 1989), eolian dust blowing toward and
into the Pedregosa basin likely became trapped by the surface roughness of the
Central Arizona shelf-northern Pedregosa basin paralic region. Parasequence-scale
cycles of dust generation and transport within the southern Ancestral Rocky Mountains
probably reflect periodic aridity intimately linked to glacial-interglacial climatic
fluctuations (Chapter 4). Dust began blowing toward the basin during glacial lowstands,
and it either (1) attained a marine signature upon reworking by subsequent
transgression, or (2) continued to blow and became progressively incorporated into
the nearshore system as transgression proceeded. Dust transport ceased entirely
upon transition to full interglacial (highstand) conditions. A number of marginal marine
Pennsylvanian-Permian sandstones and silistones described from several Ancestral
Rocky Mountain basins are probably eclian-marine deposits of similar origin (see. e.qg.,
Driese and Dott, 1984; Borer and Harris, 1991; Goldhammer et al., 1991a; Mazzullo et al.,
1991 and others already cited).

The presence of such apparently large amounts of Pennsylvanian-Permian
eolian dust has paleoclimatic significance, for dust represents a proxy indicator of
aridity and windiness. Pye (1987) documented that short to moderate (<103 km)
transportation leading to significant accumulations of modern (glacial and desert)

loess occurs as a result of strong, dry winds associated with either (1) depressions and
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cold fronts, or (2) monsoon-influenced circulation, specifically circulation downwind of
moist monsoon systems, such as the "harmattan” winds of modermn Africa and the
Middle East. The first type represents the predominant cause of duststorms and glacial
loess accumulation worldwide today (Pye, 1987), but the second type controls major
dust transport in low latitudes and thus may provide a more realistic framework in which
to view the Pennsylvanian-Permian siltstones.

Stratigraphic and modeled circulation studies suggest a general trend of
increasing aridity within western Pangea from Pennsylvanian through Permian time
(e.qg., Witzke, 1990). Most investigators attribute this trend to two interrelated
paleogeographic events: (1) northward drift of Pangea from fropical to subtropical
latitudes; and (2) final supercontinent assembly that apparently induced the transition
to monsoon-influenced circulation (e.g., Parrish et al., 1982). Eolian dust influx into the
Pedregosa basin intensified progressively from the subtie pulse of the late
Desmoinesian to peaks within the Wolfcampian and Leonardian; this corroborates
inferences of increasing aridity and intensified, perhaps monsoonal circulation. The
Pedregosa basin may represent a particularly faithful barometer of the climatic
transition from zonal to monsoonal circulation because of its position, far from major
basement highlands. Intervals of quartzose siltistone within the Pedregosa basin do not
necessarily correlate with episodes of peak basin subsidence and appear to reflect
extrabasinal climatic control on sediment dispersal. This pattem of paleodispersal
contrasts greatly with, for example, the nearby Orogrande basin, which formed
adjacent to the Pedernal highland. Texturally and compositionally immature clastics
poured into the Orogrande basin via fluviodeltaic dispersal systems that intensified with
peak basin subsidence (Chapter 3). Even if far-traveled eolian dust reached the
Orogrande basin, it was mixed within a dispersal system that reflected the dominance

of intrabasinal (tectonic) controls.
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Summary and Conclusions

Siltstones within Upper Paleozoic strata of the Pedregosa basin exhibit features
that suggest an eolian dust origin, but many record depositional overprinting by
noneolian processes. Deposition of eolian dust within the marine realm may represent
an important mode of preservation for ancient eolian dust. With an adequate sift
source and arid wind regime, volumetrically significant loess deposits will accumuiate
given a suitable site within a subsiding basin. Inherent to any "suitable site” are trapping
capabilities, commonly a physical barrier in the form of topography or surface
roughness. Epeiric seas and their margins create ideal surface-roughness barriers that
could rapidly and efficiently trap eolian dust. In this case, marginal marine processes
greatly influence the preserved depositional signature, but the recognition of an
ultimate dust contribution is critical for paleogeographic and paleoclimatic
reconstructions. The serendipitous coincidence of Pangean aridity and
megamonsoon inception and widespread, periodically exposed epeiric basins
generated ideal conditions favoring formation and preservation of huge volumes of
low-latitude eolian dust. Biostratigraphic age resolution and preservation potential are
greatly enhanced in marginal marine systems relative to ancient erg sequences.
Consequently, recognition and study of eclian dust-derived marginal marine deposits
could yield a highly resolved record of climatic behavior during the poorly understood

transition to the Pangean climatic interval.
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APPENDIX A

MEASURED SECTION DATA

This Appendix inciudes detailed graphic logs and location data for each of the
eight sections measured in the Pedregosa and Orogrande basins.  All sections were
measured using a brunton compass and metered Jacob Staff. Sections were
sketched and described in the field at a scale of 1 inch = 1.5 meters, but are here
presented at a condensed scale of 1 inch =5 meters. Graphic logs are annotated with
observed lithologic and biostratigraphic data, and with inferred facies designations
(from Chapter 2). A key to symbols and conventions used throughout this appendix
appears below. Where possible, sections begin in middle or upper Desmoinesian
strata, and proceed into lower Bursum or Wolfcampian strata. In the field, Middle
Pennsylvanian (Desmoinesian) strata can be distinguished from Upper Pennsylvanian
strata by the presence of macroscopic index fossils such as Chatetid sponges(?),
Prismopora triangulata (a ramose bryozoan), and Komia.

Structural complications encountered in measuring are annotated con the
measured sections. In general, most structures were minor and could be effectively
avoided: significant structural disruption occurs only in the Dragoon Mountains and
Hembrillo Canyon sections. Although sections generally follow a single primary
fraverse, many lateral traverses were made in every section to obtain better exposure,
assess lateral stratigraphic variation, or avoid structural complications. Observations
from these lateral traverses are included on the sections, to form a composite data
base. Note that the exposure percentages quoted for each section include exposure
gained through exploring laterally.

Specific notes or features of each section are included in the introductory page

accompanying each section,
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KEY FOR GRAPHIC COLUMNS

Abbreviations for lithologic notes

bda=beddin bra=brachiopods CS=calcareous siltstone

cgﬁ,snzcami%imge bry=bryozoans RM=red mudstone

cl=claystone - cri=crinoids FCM=fossiliferous calcareous mudstone

cryptal lam=cryptalgal laminite ech=echinoids DCM=dark calcareous mudstone

grst=grainstone for=forams AS=arkosic sandstone

mdst=mudstone fus=fusulinids MMS=micaceous mudstone-

pkst=packstane gas=gastropods fine sandstone

sit=siltstons ost=ostracods

ss=sandstone Ph?’=PhY"°'d algae . .

wkst=wackestone pel=pelecypods LPC=laminated peloidal carbonate
rug=rugose coral EDM=evaporitic dolomicrite )
syr=syringoporid coral BNG=bioclastic-nonbioclastic grainstone
spo=sponges BP=bioclastic packstone

FBW-=fossiliferous bioclastic wackestone
DOW=dark oncoidal wackestone

Abbreviations for biostratigraphic data

B=Beedeina CAR=identified by C.A. Ross
Br=Bradyina GLW-=identified by G.L. Wilde
D=Dunbarinella D=Desmoinesian
E=Eowaeringella M=Missourian
K=Kansanella V=Virgilian

L=Leptotriticites B=Bursum

O=0Okstaella W=Wolfcampian
S=Schwagerina e=earl

Sb=Schubertella m=middle

St=Stafella I=late

T=Triticites

W=Wedekindellina
P=Prismopora triangulata
(ramose bryozoan)

Lithologic and Sedimentary Structure Symbols
Limestone
=== parallel laminations Ak rhizoliths
=T cross-laminae ~e~  intraclasts 773 Dolomite
—aassacanr ipple-laminations
ripple —y—y— calcrete Mu dst,)tone
- (carbonate
S S cryptalgal laminations il lacy texture or siliciclastic)
tHt burrows w <o evaporite nodules
454 mottling e cryptokarst Siitstone
o®o oncoids B\ slump features
o chert nodules A AN tepee structures Sandstone
——— mudcracks
\v} QQ‘Q
Oecr|  Conglomerate
Notes:

Only Missourian-Virgilian stratigraphic cycles are recognized and labelled.
-Sub-stage level determinations accompanying fusulinid identifications are those provided by C.A. Ross and G.L. Wilde
+Notes on columns are coarse field observations, not detailed petrographic observations

+Facies designations are generalized, many more subfacies exist than can be depicted here. Also, contacts between
facies locally may not appear as sharply defined as depicted here.
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Naco Hills Section
Locdation: South-central/southwestern Naco Hills, Cochise County Arizona.

Quadrangle: Bisbee Quadrangle (1978) and adjoining Hereford Quadrangle (1983).

Access: From I-10 take highway 80 south just beyond Bisbee, then State Route 92
southwest around tip of Naco Hills; go north on dirt road that follows section 31-32
boundary, tum east on road that follows section 29-20 boundary, and follow this into the
southeast comer of the northwest corner of section 26 (T23S, R23E). Section begins at
base of exposure in the draw between the words "Naco" and "Hills*
(southwesternmost quarter of section 27) on the Bisbee Quadrangle, and follows spur
northward to base of major cover.

Previous Work: Measured section in vicinity by Totten (1972)

Road Condition: Good until final reaches, where 4WD required.

Permission Required: None.

OQutcrop Access/Quality: Good: 75% exposure. Recessive bases of cycles

commonly covered, but otherwise excellent outcrop. easy hike, minimal structural
complications.
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Dragoon Mountains Section
Locdtion: Northemmost tip of Dragoon Mountains, Cochise County, Arizona.
Quadrangle: Cochise Quadrangle (1985) and adjoining Dragoon Quadrangle (1985).
Access: From [-10 take Triangle T/Dragoon exit southeast through town of Dragoon
and continue east ca. 4.5 mi; tum south on dirt road that straddles section 23-24
boundary, veer westward toward prospect pits. Section begins in draw located in
north-central part of section 26 (T16S, R23E).
Previous Work: Measured section in this area by Micklin (1969,
Road Condition: Good; fair (4WD useful) in final reaches.
Permission Required: None.
Outcrop Access/Quality: Access good (easy hike), but qudility is relatively poor.
Exposure exceeds 90%, but fault complications exist that cannot be easily
circumvented, and section has been slightly to strongly metamorphosed by Dragoon

Mountains intrusion. Intensity of metamorphism decreases upsection, but still
precludes clear facies and cycle designations.
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Pedregosa Mountains Section

Location: Southemn Chiricahua/northern Pedregosa mountains region, Cochise
County, Arizona.

Quadrangle: Swede Peak Quadrangle (1986); (also see Bruno Peak Quadrangle
(1986)).

Access: From I-10 (Road Forks exit), take New Mexico state highway 80 south to
graded road that heads through Tex Canyon. Follow this road north-northeast, tum off
onto dirt road in section 13 (T208S, R29 E); take this to jeep trail that heads toward South
Bruno Canyon (on topographic map) and continue to saddle in middle of section 22
(T20S, R29E), near Limestone Mountain. Section begins at a buff fusulinid bed located
about 35 m above a prominent gray limestone ledge near westemn edge of section 23
(northwest quarter of southwest quarter of section), and continues upsection eastward.

Previous Work: Reconnaissance section of upper Paleozoic measured in this general
region by Epis (1956).

Road Condition: Jeep trail is barely negotiable. Sturdy 4WD necessary.

Permission Required: None, but check in with ranchers (the Glenns) at J-A Ranch ca. 2
miles west of section; address for ranch is: Box 1195, Douglas, AZ, 85608.

Qutcrop Access/Quaility: Fair to good access (some steep slopes); 85% exposure of
Upper Pennsylvanian section, provided you follow beds laterally to best exposures.
Minor structural complications that can be avoided.
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Chiricahua Mountains Section

Location: Northeastern Chiricahua Mountains, Cochise County, Arizona.
Quadrangle: East-central portion of Portal Quadrangle (1987).

Access: From |-10 take Portal Exit south toward Portal/Cave Creek areq; park off road in
vicinity of section 13/24 boundary (T175 R31E); hike west-southwest through section 23,
heading toward top of Limestone Hill (marked on topographic map). Section begins
on hillside in draw near the top of the "H" in "Hill' just east of center of section 22), and
continues foward and beyond cairn at top of Limestone Hill.

Previous Work: Upper Paleozoic reconnaissance section measured in general area
by Sabins (1957).

Road Condition: Excellent; graded dirt road, 4WD not required.

Permission Required: None.

Outcrop Access/Quality: Significant hike to top of hill (ca. 1.5 mi laterally and 1800 ft
vertically), section terrain fairly steep. Exposure exceeds 95% for Upper Pennsylvanian

section, provided you follow units laterally to best exposure. Minor fault complications
that can be avoided.
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- o ] C105base| 1y, nodular bedding
BNG /\ 7 C104f cni dobris
Grainstone lenses
50 C104e

syr mat

FBW

sparse cn debris

Gray color, cn, rug, bra
medium, wavy bedding
BNG
BP crni, bra, bry, rug
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- I
—I j: sparse cn debris
FBW — c11od
] l [ abundant phy
BRP n | [] Medium-thick bedding
115:‘J\F—L increasing phy
<8> : sparso phy
FBW| = ®= T Modium bedding
j C110¢
110
/\ . ‘ C16b Locally buff color,
BP - dolomicrite
. ‘ C110a
- Gray color
- cn debris,
/7 7 syr, rug
\>1 05
K. sp. - o - C109b Medium bedding
(CAR, IM-eV) FBW| == 5 sparse cn debris
@ D oy -
@ : Buff color, bry. cn, spe
- >, - thin-medium bedding
BNG /\100: I l C108b ) ~ bra, rug, cn debris
e — Thick bedding
BP = L
@ P oo b
@ Doy -:
7 C108a
T
- @P T
FBW 07 {c107¢
— Bioclastic
-
90 7] Gray color,
] thick bedding
T. primarius _ ‘
T homec&eij‘(ensis\ ] 51070 Medium bodding
(CAR, M) ——{cio7]
/ \ . Thick bedding,
bioctastic
85"
FBW @P -
b medium bedding ora, cn
T'r.fpr{_m:;r[us ) X R3 - C107a m e
or T. cf. T. ohioensis ]
orT. hogeé:rizzkensiﬁ I C106d Abundant fus
(CAR. M) “
Fusulinids (')\QC’ Rock Names and

Lithologic Notes
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— ;rracoqduni] ml;th\?l/ard on hill
— a
BP ] 0 avoid minor faul
- C113d.e
- G lor,
(191 55—' lhlr(ajzggddrlﬂg
A\ -
FBW 7 ————-0113c
150 ]
: Cii3a Thin-medium bedding  bra, rug
A~ C1i2d
BNG ]
-] ] i, by
145: Dolomitic horizons e, bra, bey
BP : cri debris
J - Cli2c
@ —
NS —
7 C112b
140__
- thie boad
— n
FBW - ?
T. cf. T. secalicus -
(CAR, eV) :—jé{;
- . C112a
Virgilian -
— 135
Missourian —~—n / \ :tﬂ CiTi6 Bufl-gray colof,
T. cf. T. homecreekensis| | pC | ——— _ {ocally dofomiic
(CAR, IM-eV) S ) —T—J—/ Cilla
_::Jj: Gray cokr,
: thick bedding
BP 1307 ___—'-{—C‘iTOhI
- c1oi Bioclastic
@P = !
BNG 3 C110g gas bra
n
1257
g |_[——cof Thick bedding
FBW —
T. primarius — l
T. h%fzacr&ekf\,}nsis - = ——————@
( , IM-eV) —T_\r— Gray color,
-— modium bedding
8
. >
Fusulinids & S& ¢ Rock Names and
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- [
— bry, bra, ech,
@ D oy - rvg, spi
= Lo : Thin-modium bedding
ZII
o Do b
A D ) R
i bra, cri debris
: Thin, wavy bedding
~ BP ] AN
T. coronadoensis 190 pra. fus
(CAR, V) FBW — rug. syf
—CS ] E ;Ri;\.nodular bedding,
Of=
185
FBW] T=< A O
BP 1443 - Gray co'or
FBW| 4 -]
180}
BP Buff color, silty bry
BNG -
T. aff. T. subventricosus .
(CAR, V) 1
fus, bry, rug,
FBW QZ) . br:?cri%eft;lrg:s
17571
Cs i Buff color
[FBW] +++ Gray cokor
cs =
D Buf! color
Ty /\ 1701 = Rusty color at top
BP — gas, bra,
cti debris
FBW -: Thick bedding
ol
165 ]
BP | & =&, -] Thick bedding
> P : sparse cn dabrig
@ D oy —
.. =) \'bd
Fusulinids &S & & & Rock Names and
v 6‘6\&‘3 \\e,@’ o Lithologic Notes
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K. sp. 235 ] Thin bedding
(CAR, V) /S
- r— gﬁoaésrv? bedding,
I astic
230 L CHad
T ot 7_O. sp. .
. aff. T. ventricosus -
(CAR, V) —— 225 Massive bodd
T. cf.GTIZ_ risf{;zmae - biodiastic 0" fus,bra
(GLW, mV) 5 -
FBW Op=
: -CH4b Bioclastic bra, cni, gas
220 "]
T. aff. T. ventricosus 3
' m Gray color,
T. arcuosoides — —_u thick bedd fus
T. cf. T. coronadoensis -1 I "
T. cf. T. secalicus ]
(GLW, eV-mV) =
= T 215__
K. sp. o o - Modium beddi
Py - um
7}5}&"&?‘\’/‘;"__ - - CH3b NS5W 418E
- — CH3a
NG A3 —
BP 210 ‘ I CH1b Bioclastic bra, bry, cri
. Thick bodding fus
K. sp. (undescribed) FBW Gs) 3
RESTIEN -
(CAR. = - {crzm
20571 C123a
_ C122a
l Dark-gray color,
/\ ) medium bedding
BP ]
=} —
FBW W
3 — syr
Fusulinids & e, % Rock N d
¥ &P @ ock Names an
« D @6\ G\O & Lithologic Notes
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T wherstonensiV BP i
(CAR, V) N ]
=
Eé - Thick beddi
FBW 275: ick-massivoe ing
- phy, cri, rug debris
7] Chéb
/\ : abundant syr
270_
BP -] |_—1 Chébase
: E Thick bedding abundant phy
- 265 |
7] Chsb
(18) —
(19 -
- Medium bedding
FBW -
260}
T. callosus ]
e " ] s
. — : undant syr
T. of. T. acutus - Chdj
(GLW, mV) — ‘
. Thin-medium bedding
255_7]
T. consobrinus - -
AR NS
BP -
= T 250__] Thick bodding
= - Chah
e
FBW . Mgésc:\szacboddmg, r0g, bra
2457
-
-]
wma || 3
- abundant rug
-
Fusulinids & ﬂ‘\'bc‘: S Rock Names and
N
%3 6\6\?}‘)@ F® ¢ @Q\z Litholegic Notes
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e /J) —
CS ——— \23 : Buff color
—_— -: C6a
=N [ J\ Cso
—— 315_: I
T. cf. Tb%o;sl\(;;)rinus BNG — _,] :_aegr;ses of fus
(CAR, 7 CS5b
T, imperialis ™~ - /-
T. ct. T. jeffordsi ] C5a
(GLW, V) @2 _7
310 /
sBNGS BES [\ // e
?7? —7—‘17“ <
305:\L'_J/ Ch8h " Butl-rusty color,
- Dolomitic
@ J1 1=
FBW :
300__]
-
: Thick bedding,
— bioclastic fus, cri, phy
295 7]
BNG /\ ] r l r Ch8e Coated bioclasts
_—. - Thick bedding, gas, fus
d bioclastic
290
- -
20) ]
FBW jD - Chab
L
: I Gray color,
T. varianus — thick bodding, phy,cn
T. ex. gr. moorei - bioclastic
T. pierceae
7. Fotfordsi BNG N S
(GLW, mV) @ ]
BP Q\ ] fus, gas
Fusulinids &% @ﬂ‘\z{a o Rock Names and
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TR AN NN AN

END OF SECTION
Stopped measuring on

350, western side of Limestono
HiRl-structural complications
exist above this horizon
Coated bioclasts
BNG
_ ]
FBW 345 ___;::
77
=Y
BNG| 00 :‘F_J”T_l\]"
+ ‘. ', -— Tl
e - :
CS —adiadanac 340: .t Butt color
T. cf. T. ventricosus —antanacnar I -
with large proloculus —_— ] :
T (CARieB?)_ . tacnta E Cég
. ex. gr. imperialis. — fus, rug
- T ex. gt:' feffordsi \ BNG — l cat b”riii‘z?s
. ex. gr. bensonensis —
Sc. sp. 335 — ——{Cge
(GLW, 1V) ]
BP :
occo -
Bursum —
Virgihan S Y f\ cad
— b \
- largo gas
330"
24 : Thick bedding
BP -
T. southensis(/)
(GLW, V) ————] . _{c8c]
oo 32577
27 A
/\ — Buft do\oglgic patches,
T cf. Tbcl:\cg;sl\c;frinus BNG ’ coatod biociasts
( ' el C7b ‘
T. imperialis ] 53 ] ) ech, cri, gas
(GLW, IV) ocao - C7a Bioclastic
it
cs | 444!
P
Fusulinids o ) Rock Names and
3 § e 0 r
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Mud Springs Mountains Section
Locdation: Northern tip of Mud Springs Mountains, Siera County, New Mexico.
Quadrangle: Center of Cuchillo Quadrangle (1980).

Access: From |-25 take Williamsburg exit (ust south of Truth or Consegquences); from
Williamsburg, find road that heads west-northwest under I-25 and into Mud Springs
Canyon (on topographic map): follow this road toward Mud Springs Tank No 1 (on
topographic map). then veer off on road toward Mud Springs Tank No 2 (on
topographic map); park just north of center of section 11 (T13S, RSW). Hike north-
northeast toward and into pronounced canyon (unnamed on topographic map, but is
‘Whiskey Canyon” of Thompson (1942)). Section begins just beyond pronounced
southward bend in canyon, in southwest quarter of southwest quarter of section 1 (T138S,
RSW).

Previous Work: "Derry’ (Atokan) and Desmoinesian sections were measured by
Thompson (1942).

Road Condition: Good, graded dirt road through Mud Springs Canyon, but final
reaches require 4WD,

Permission Required: None.

Qutcrop Access/Quality: Access good (easy hike through canyon). Exposure is a fair
70 to 75% if you search for it; like the Caballo Mountains section, most covered intervals
can be ascertained to be mudstone. Cover is especially pronounced in lower-middle
Virgilian part of section. Minor structural complications: dip changes (synciine-
anticline couplet), minor faults that can be effectively avoided.
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EEVY [ ]
BNG [ I [ HM9a | Coated biocksts
BP -1 Gray color bra, cd, bry
FBW — l | I Buff-rusty color
FBW? -] ;7 £
/]
35
FBW? — Thin bedding
O v///
Fow e R T
30 . Poor exposure
FCM?
BNG /\ | ] TTH M7¢c Gray color abundant gas
FBW Z;: - | M7a ¢n, bra, for
_7
25 % M7b
4§44 - Gray color bry, cfi
1 - |
FBW C) ] b
p— _.____- ry, cfi, bra
— m Bulf~rus(l’y color,
— thin-medium bedding
L
20 ://
Missourian ~ %
Desmoinesian 45 — Maf Gray color
44 -
e 3 bra. ech, ¢n
FBW- 15 ] ‘
EDM _ Butf-rusty color
-
BE, | _'ﬁt ‘ Wiac] o
E2BP 3 _ L "Mad Locally cover
FCM 10 Mab]
B. cf. B. sulpherensis [BNG] ° ee T QA'O@OoQ (Maa ) Conglomeratic channe!
(CAR/ID) | FBW ] Gray colo
- M3d y coror
BP j‘l\-l—_1/b M3c syr hoads
—jj abungant bra,
5 ] ory. cn
FBW :D Ve Rusty color
=T s
B. sulphurensis BP "‘\—1—-—1—'\——r seanered cr
(CAR, ID) BNG | tHt m il i [TM2 Ooliic
FBW N — [ M1 S&D NaSW 21NE
<
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FBW ::E; lthﬁgg(s’ldxoolor, abundag!br::i
i inbodding e
- BP 3 ’  — abundnat eri dobris
7
e /\ =1/ /7 Buff, pink color,
LPC —-7V/ POOF GXPOSUITe,
75 '—/ algal
N7z
FBW :% Gray mottled bra, ech
© _7
o 7] 'é ——___[Mi7a]  Bkehste
B 7 -
R,
Sia /\ 7 I > l M16b Gray, bioclastic
T "] [wie] ol
EOM | 2 =2 o e
oy
FCM ( - {Misb]
7
-/ .
LFC /\ ] / I/ Rusty dolomite cap
§
EDM — seD NsswssNE  O%hPO
BP —‘\'\I—‘/r Gray color,
——y bioclastic
W=7
/I
6) ___f_[ﬁ———L As below
= gl
I sl
FBW .
55 —.:ﬂ Bhtljﬂ-gugld){eolol.
f— - thin bedding
:% _ Abundant bioclastic lenses
Y s N
4
—
FBW ” /\ ] Gray color bra, ech, cri
50 ]
s o) :////4; SN S
! W owe .
caw 45 _ﬁ (M12a] ray color ag]izdgrr;lz;
@ o 45::[:;]: Buft-rusty color
B I
> & _ T ‘
D o — ]
BP > SO ___/\\—_{/_‘ Buif-rusty color bra, rug, cri
FEA(" T T~ |—{MNa
AR me
FBW e / ] | Gray color
<
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v,

- rr— -
/ \ - ay color
: G lor, bry, bra, cri
FBW 15— (M27b | Sdumbeddng o
(D) 1
- Gray-fusty color bry, bra, cri
FCM Olive-greon color,
1 10__/ / fissilo
/ L/ Obsarved latorally in
BNG 554 \ . croekbed to south of
Whiskey Canyon
RM 19 - Local conglomeratic lonses
105
Virgilian
VIESouran 1T
/\ ] Rubbly, mottled with
= :ﬂ red mudstone
jz r S&D N20W 28NE
FBW | s 100_7] Gray color, ‘
444 ] thick badding bra, brv.g cag
454 -
ol (© s
| FCM ] v
:7 24a
95 i / mmgﬁ'm interval
S
N d 1
— I
FBW ::L\F_/ Gray color och, bra, bry
o0 1]
R
. Gray color
o=
FBW : !?]usly g(rjay c%locrjd
— -—_- thin-modium beddin
- abundan? bry, bra, cri
85__]
g c’oZF? i i ﬁ\ . - | M21a
mM)
IlaenSIs/ 7 9 Gray color tusv o oh
T. cI ohioensis FBW 7
(GLW. mM) | |
QA
Fusulinids & Rock Names and
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1/ A
FEW :7 M30f Bufl-gray color bra, gas
.
FBW _mﬂ cri, bra, bry, gas
DOW?| oco 155 ] - Buft-rusty calor cfi, rug
(19 7]
] Poor oxposure
:M%o@oqqoon M30d conglomerate
RM 0399905 lonsae locally
150
Poor exposure
A, <oarse 025, pol
FBW | — Gray coet o
RM ( 145__F——= fl\gggggni:\rprmls?one
(9 :7//
=,
L - - T M30
T. coronadoensis_~ FFBBl\DN— / \ 140} [ [ ] —{M30g] Obsarved laterally in
T. cf, T. grishamae 7 ég: dor:y of :m’skey
(GLW, e-mV) :/// lauh.z, h'l'r)l?ssimerval
O
135 /
130 %
- BP AN == '
T. cf. T. coronadoensis - /
(CAR,eV) _
T. ex. gr. coronadoensis -] A
K. plicatula~——_}+Fp\wWH —_ T ——{M30a | fus
(GLW, eV) ~ n —7
1257
q2> -
—] // S&D N2OW 27NE
:FBW: f scaltered cri, bra
] Lmﬁz %oljs;s%or?o
— in this interval
Fusulinids & @0\@ o Rock Names and
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FBW
T. cf. T. capaxoides
(CAR, m-lV)
T. callosus
(GLW, mV)
=-FBW3 44
~RM ]
—yr—y—
4§54
rBw|
TclT id Be
. cf. L. turgidus =
(CAR, mgV) / [FBWI
T. arcuosoides FCM
. ex. gr. coronadoensis
(GLW, mV)
RM

FCM

- BP

\

©®

-

trrrlind

wn

19

190

-—
o]
(4}

lrrnadvrr bl

180

HAEEENRNEE

7
—— ] Jl M36e
— T
175 =1
— :QQQ;QQ'Q;.:C?_ %? °o°°° M35b

oo d

abundant phy

Gray color, abundant phy
thick-massive bedding

cti, bra,
Buff-rusty color,
modism-thick bodding O 8
This is final
large "ciiff* of
Whiskey Canyon
Gray color cri, bry dobris

Bulf-rusty color

S8D N3SW2ONE i 1ys, bra,
bry, rug

Green mudstone with
abundant wkst nodules

Red color,
0XposUre

Chert-pebble
conglomerate

Fissilo
T. cf, T. arcuosoides | BP M3z2a Hummacky top
Ief 7(CAR, mV . |FBW- tus, bra, ost
. cf. T. coronadoensis w@ Nodular baso
(GLW, mV) EDM
Fusulinids G‘Zf’ Rock Names and
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| 7
- //
FBu s i85
235_"] /
- 9
s
RM = | Red color
 ——————|
FBW il :-—J\‘__,_I' Rubbly weathering bra, cri
RM - Red color
FBW _"_L‘T‘_—'L‘i Rubbly weathering bra
RAM Red color
225,
e = -M‘Mb bra, cri, ech
FBW 444 . Green-ted mottles oy, bra
T. creekensis 54 I ———{M4d4a] abundant fus
(CAR.B) — | =
—_— M43b
- Red color
220
RM —] T
o] S0 OB°CI"9 Conglomerate lenses
\BﬁL:;I'IJar:: | Very, rubbly, mottled  bra, bry
1133 -
215_] al
RM 22 Lﬁicpb:l;t‘)k(;g‘!x?oo:ssol)
orizons
plialeliy /\ : - Rubbly weathering
T. cf. T. asperoides 545 7
(CAR, m-IV) FBW - abundant fus
3
T ex. gr. T. jeffordsi 210 Buoclastic
r ( AR_énV) @D : bra, fus, phy
. coronadoensis —~ RM~] —{M40c
T cf. T beedei [ N Flod cdler
(GLW' mV) - Mudstono chips
: in lloat
T. ct. T. subventricosus -
- (CAR, mVJ 203
. arcuosoides ~—|- - }————{M39a]
T whetstonensis -FBW] 44 /\ a Mottled fus, cri
(GLW, mV) -]
20) ]
FBW] " 1A T M3ga
2
Fusulinids & N ¥ e o Rock Names and
«® o ) 6\Q\® Lithologic Notes
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R - M53c
FBW R - Gray color
—_— M53b bry, ech

\

275 T
Gray-butt color, i
FBW —— v Sk e

HERENEERE NN

FBW| 4 270__;/))\ Aubdly wostharing
7
E
E
.

Py gy R SaD NOSW 28NE
RM ASA ) SO Y O VA Chort-pabblo

canglomerale lense

FBW] 444 Rubbly weatharing
RM
. =3 \'b\\\
Fusulinids N & & Rock Names and
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cne oo been e beee bveenboeen bt e berea by

. o @ onQ Chent- i
RM %gg’oo? 37 3 M55a cor?glopnemg?a?o channel
- o QO
-
_/'/
290_] //
CRM 3 -%w T Conglomoralo ansa
FBW T :\__I/—L Gray color
FBW UG
. <& \’b\*
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Caballo Mountains Section
Location: Southeastern Caballo Mountains, Sierra County, New Mexico.
Quadrangle: Mcleod Tank Quadrangle (1985) and Apache Gap Quadrangle (1985).

Access: From I-25 take Garfield Exit, turn right onto good graded road heading into
Caballo Mountains; proceed past Red Hill Tank and Broken House Tank (see
topographic map); at intersection of dirt roads in northeasternmost corner of section 14
(T17S, RAW), turn northward and take road that branches to northeast; follow this to
vicinity of Mine Tank. Hike up canyon northeast of Mine Tank. Section begins just
beyond fault at canyon narrows (middle of section 32, T16S, R3W), and proceeds
northeastward through canyon to northeasternmost edge of section 32.

Previous Work: No published sections in this exact location, but other section in
Cabaillo Mountains by Kelley and Silver (1952).

Road Condition: Initial road fair 1o good; Iater reaches are rocky (ledgy) or are
periodically washed out, 4WD required.

Permission Required: None.

Quicrop Access/Quality: Easy hike from "parking” area as described above to
section location; easy access to section through canyon. Exposure approaches 75%,
but most covered intervals can be ascertained 10 be mudstone. Dips change through
canyon (section begins steeply overturned), as section traverses a syncline;
otherwise, structure is fairly simple.
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- -
- cpm —_: bry, bra, cn
-
— Gray color with
= rusty mottles bry, bra
-y
ao_/
- / Rubblo of sil
- found in covered
— interval
B. cf. B, sulphurensis FFBWH 25 ] % CBBa gas
(CARID) ™ BP | = - l I CB7b
. i
- O ranguis
FBW -
- — ] T v G
FEP | 2 CBBC] SRR achgus
FBW ::!j:E
o —— —
= BP = T T CB6a | bfy.aguf;‘fg'a’g%a
DCM? Black color,
15 @ fissilo
B. bowiensis 7] ‘ (CB4b ]
(CAR, |D) — Gray color bra, cn,
FBW — - [CB4a] phylus
/A
BP tit - | | CB3b
10 | I
E - Buff-gray color  sparse gas, ech
FBW -
{ CB2
DCM? 5 Semor.
fissile
844 - '
- Gray color, bra, ach,
—_ ! —_- thick badding phy, cn
FBW | ® ® = ]
- P = | S&D N4OW 655W
=1 (Overturned)
Fusulinids c‘,\“’f’ Rock Names and
% Lithologic Notes
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-1 |
— BP 3 “ZT" A //f/// I CB17a Gray color
an @ JE
EDM ey X v.o] 75 ._-7—"\,—
75 /
- Bufl- lor,
s B
» o T
I ==
W N oS R e e
70 = —[CB15
FCM Q)
N Fssile
Scattered bioclasts
EDM /\ 65_::_l._'——I CB14 Gray color
Light gray-butf color,
FCM : {CB13c punky mudstone
S&D N40W 83SW
{Overturned)
BP — } —[CB13a] Abundant bioclasts
7
p— ——y——"]
FBW- —r Bufl-rusty color cri, bry, bra
DCM? ——
7
-—1
N /
2
R,
{CB12a
277
N L [CBa]
ot Gray color
50 sparse bra,
] I I ech debris
EDM __,_(_,./
- CB10b
—_— 3.l weathoring,
ot colomitic, fissile,
sarren
(1 — N .
N 45: s : Locally similar to DCM facies
— CB%e
- BP o @ abundant cri,
ECM cBad _.ght gray calor, bra debris
-FBWH ———1 !:ssile, mudstone
Missourian FCM :%
Desmoinesian BE Y ~— | I CBab Gray color bra, bry, cri
FBW \ -1
\)
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7
EDM| o=« —% Butf-rusty color with
- gtay nodules
J’//
115_"]
Virgilian ] A
Missourian N == —{CB22c]
EDM? il CB35 Buff color scattered bra
—f L] =
= FBWS —— CB22a "b“""a;‘r;'_’[fg{;?é
FCM 110 —t
/g) = S&D N3BW 64NE
S (upright)
=7
J = Butf color, punky
FCM _— —{ CcB21 l
105~
i /A ES&D' rrllgow 76NE
———— 7 [CEz03) worig
445 /\ -—_'_J—- CB20a Gray color
] yas
EDM a» X B - f g Euﬂ-rusly color,
8 : arren
- o \)100_‘___7__;“—-CB190
17—
- —
D O
FBW | 1 abundant bry,
T ‘{CB19bl Gray color cri, ach, debris
/
wen | i
«® o 95 .:7_—':_
— ! CB19a Buff-rusty color
EDM o | :—’"7‘ sparse bra debris
7> I
N 17
adl | B ==va
@ 90 :_’7— S&D N28W BSNE
——7] (uorighty
EFBWS T ) Gray color abundnat bra
o N A
] 7 Bulf-rusty color,
7 barren
85 %
/
6 :
DCM WD B8 Blac co
A
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» ao :J/‘,_"-— bra, bry, ech,
T CB28a cri debris
FBW I oy Al Bult-rusty color,
B _m medium-thick bedding
-/
—V
155 /
Tch T '?AcFI{sb\c;roensis . /\ - /A
(CAR, eV) g S
T. coronadoensis 74 150 1| : fus, cti, bry
(GLW, eV) 485 ]
EBW 444 - CB27a Poorly exposed intervals
:ﬁ S&D N65W 03NE
= 4T
@ -
C 145 '—m CB26a Gray color
FCM —g abundant bra
] 7/
140:/
- ///
RM CB24c
P g W ay Wiay BN —
e /\ = Very rubb
135:;?; roejrymrgdsto'no mottling
A :x S8D N1SE 0BNW
vy CB24c
] . Gray color abundant bra,
@B o : bry, cn
FBW 130" Butt-rusty color
: R
) ‘ medium-
_.% brg',gn.
—— ach, bra
_,.j\—‘/ CB24b
—7
J,CBzda]
FCM? Buil color,
128 _F—— bissila
[ 1 I : )
=] ey = -{CBQ(}b l Abundant bioclasts
. . |
T. cf. T. jacksboroensis Fééj— | A - T
(CAR, eV) 44 ] L
T. coronadoensi. —L/
(GLW, eV) FBW @ - ! CB23 Gray color
- oo %ﬁ/'\ a y fus, bra, bry.
p— ach, cn
A
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|- BP ~ Y I I CB33c Gray color gas
-—_\—
- ; CB33b
o g
:I; Rusty-buff color
o T _ ; with gray nodules
EDM 195 ":::
@ 117} ]
(D 4 1
- @ :ji
— S&D N43W 1IN
_% Bﬁ"-rus?sleolyf wF?lh
ra 05,
FBW 190_n v megium bedding
CB32b
/\ : ‘ - Gray color abundant
BP ] CB3%a bra, bry, cri
_7/
185" /
B 180~
16 -~
175_:/
T. cf. T. subventricosus -
S g
. beedei el T tus, phy,
T o e LEBW | i3 A _7—"\r CB30a Gray color bra. och
(GLW, mV) -] /
170_:/
14) -
(19 ../
W—T;T: A" \FJ,/’—‘—-CBQQE‘ i reg rudsione
oD D -
EDM e : Local poor oxposute
QS
[e.v.v v v -
T. cf. T. secalicus ? - braf.] b‘ry,
(CAR.eV) ™| FBW [ ==o® . CB28b g"g;':gétl‘gm with  ech. 1us
A
>
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Ny
FBW| 4 —VI/J Gray, mottod
3 —///’ ' CB39
T Cf. gAgé.lslcamV'FBW _7/‘// a Gray color fus
A "BNG] /\235: I/ I CB38d Rusty top
BP_] 1 L]
-FBW- (2‘() i # Poor expasure
EFBWS N 7
CBPT 4 A f T CB3ge Gray color
T. cf, T, capaxoides =L CB3Bb|  Grayoul ol ing. " sch.ges
T(EAR, m-IV) FBW 230 |— /~L- CB38a
. bensonensis _:l;—_-_j: —
close to »
T. plummeri maximus _
(G Y
CDCMJ —E
© 77
2257 /
R
{CBG7C
DCM? Gra e°°'°"
s BP | I {CB37b l Abundant bioclasts
ARM 220 Red color
wls] T — /A\ T T 1CB37a Gray color abundant gas
45 —ﬁ
D S 1 As below
__L,,_/,N CB36b
- :E Thin-medium bedding
2157
a® &> —]://-7—-——'-08353 Blm-rusly wéml
- with gray nodules
—:]:: scattered bra
D O '-—[\S/
_?
> o 210 — 7 _
C Bp /\ I ™ Bioclastic
] CB3s5b Gray-bufi color bra, bry
T. cf. T. ventricosus —_ bra 1 )
T(CA'RhmV) FBW — ra. fus, bry, cri
. grishamae — T
(EIW, mv) J————}—{CB353]
e
g 2057 J‘ CB34b
D=
FCM- N
DCM1 -
@ Futﬁgray color,
— 155100
17/
v
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FBYV]
EBNGS -
FBW | —57= = Barron
T. creekensis _—1 BP 44 2o abundant fus.
(CAR, B) ] bgmg p A
e I
CFBW- 270 _ gas, pol
:_FEXVE 44 - Gray color gas
BP 454 — s .
LN N L s 0,
260}
EFBWE 454
255 7]
- FBW- 554 N 4
Bursum
-— =
Virghan - BP —or m:__"‘- rusty, maroon color,
— motiled top
—RM]
24 —
250
EFBW= —= : och, gas
T. cf. T. ventricosus BM — Poor expasure
(CAR, IV) -
T. ct. T. bensonensis —
TctT c%rgg.adoenﬂs :FBW: §4% 24£ This unit is truncated laterally
(GLW, mv) by a conglomerate lanse
] Local conglomerate
RM = lenses
tus, scattored cri
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e B b bbb boror e v b b b borvr b des

28
445 I END OF SECTION
> o j:'r Gray color with
EDM rod mottias
T. meeki @ > '
S. longissimoidea __\'_;—/,\ —{CB54¢] Gray-butl color
(CAR. W T
NG R CB54b 125 gas. s
*
. >
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Hembrillo Canyon Section

Locdtion: Central San Andres Mountains, at border of Siera and Dona Ana counties,
New Mexico.

Quadrangle: Hembrillo Canyon Quadrangle (1981), Hembrillo Basin Quadrangle (1981).

Access: From west of mountains, take |-25 to Upham exit, continue through maze of dirt
trails northeastward through Jornada del Muerto toward Hembrillo Canyon Road
(consuli Hatch 1x2° sheet). From east, take White Sands Missile Range Road 7 to
gravel road 306, take westward into Hembrillo Canyon. From either direction, park near
hairpin tum just north of Victorio Peak in Hembrillo Basin region (see topographic map).
Base of section (H1 to H36) begins just northeast of center of southwest quarter of
section 10 (T16S, R3E), and continues up draw southeastward. Upper part of section (tfo
H54) begins at nook of hairpin tum (middle of section 9, T16S. R3E) and continues
westward toward and into eastern half of section 8. Section data compiled from
several traverses; moved laterally (north-south) ca. 1 km or so to document lateral
trends and attain maximum exposure. Additional section was measured beyond unit
H54 and into basal Wolfcampian, but later biostratigraphic work showed H54 was fault-
repeated (contains early-middle Missourian fusulinids as identified independently by
both C. A. Ross and G. L. Wilde), and secticn above this unit could not be reliably
correlated to basal section, thus is not included or used in the dissertation,

Previous Work: This traverse approximately follows that of Kottlowski et al. (1956), but
note that apparently major fault at the base of my unit H54 was not recognized by these
authors (it is not obvious in the field).

Road Condition: Poor; many washed-out portions, many ledgy areas; 4WD required.

Permission Required: Permission of U.S. Army White Sands Missile Range is required.
Write to: Commander, U.S. Army White Sands Missile Range, Atin: Stews-NR-PR,
White Sands Missile Range, NM, 88002.

Quicrop Access/Quality: Access good. easy hikes from “parking” area. Upper
Pennsylvanian section is 80% exposed if willing to search laterally for exposure. Major
fault complications that cannot be easily avoided.
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_j H6t
FBW g 7 Thin bedding
\?')3 5 " H6b
] Hba
-—Q Micritic nodules
.—7
A 30 "%
] [H4 ]
- Medium bedding,
- bioclastic
abundant whole
— cri stems, bra, bry
: As balow bra, bry, cri
25 1
- Had
FBW e .
(D 7
20 ]
_ H3c
— H3b
15 -: Dark-green color,
— interbeds of wkst-
— calcareous shale,
] thin bedding bra, bry, ¢ri
Missourian — /A
vesmoinesian BP : H3a Butf coor
[ BNG] =11 I Hea
=
FBW i e Fissilo bra, cri
=
CBNGY =——= g o
\T/J_—T—l ! Hib bra, bry, cri
g v i § Wkst nodul h
5 T Aia Ionglcrr‘i s(ltjar?éw"
il
— T
FBW —— E:s'il}(agray color bra, cri
p— ———t
R ——y
—_
:::‘,:
]
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MMS? alll |
Laminatod,
scattered plant
- fragmeants
75
H10e
e /\ -1 I { H10o Ootic
BP H10c,d
" :#ﬁ:/ﬂ H10a Gray color cri, bra
- H10b
MMS?
70:7
- Laterally, the H10
- limostone thickens
B . ﬁﬂg:msoon inthis
\‘D ] /
65
MMS?
—_ ] H8c
BNG | = |\eo | 1
- | HBb
BP -1 Thick-massive bedding
— H8a
in the vicinity ]
E. aff. E. ultimata FBW 55 ]
oRionsi, <3> - Hre Modium-thick bedding
etal., 1956 ]
jf///
Y
50
FBW _ | Maidum bedding
=== N I H7a _
7 i itorval plus
BP ': lk?kllsi:'l';erval !grms
- A75 prominent clift
L~ —
2 — Hée
9 -g
FBW @ D o, _: syr mat
- Hé6c Thick bedding
- Meaium bedding
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pSEessy 4
LPC | mexers "77‘ Gray-buff color
LPG iy @) e : / BGuﬂycoloI;
: ray color
w7
= PC 115 ///;'/ Pelalds gas
Al I_I ]
LPC -_- ,I I I :ﬁ:gb Butf color
- —T T 77 {Hm1ga]
=LPCS il 7 I
=L PCS 545 0 :7////// -] Gray-butf color pol
-1 »,
- D, ey —
LPC ”ﬁ?’*’ — I —{ Hm17bl Buff color, fenestral
- = 77
hed T T {Fmi7
- — _7/1 1 mil/a pel
105
o /
NS -
- -%
LPC | ==~ (Moo ! Bultcor
FCM 7 x —{Hm15top] Gray color
:// Dark gray color,
) calcareous shale fioat
e - ﬁ 2 g é
6 e
FCM 44 \>95 e Hm15 gas
LFC :7/ 4 Sé‘&%%:”{'?)
-z~ = // va N 25W 14SW
/\ - 7 / /] Sheet crac ks
90 _ ] 7'_ L H12d digitate stromatolites
LPC | == ~ .
m— - AHID] e
_-’/,‘7__ - dolomitic
(5 3
85 "]
MMS? Thicknass of shale
i bTt e
P
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Plant fragments
Q
11
MMS (1
1585,
Finsly laminated
HL36a
o Thin badding
Modlum-thick
T bedding
AS o
AR H36b
IS =R Thick bedding
B\ 1457} L Locally conglomeratic
__i H36a ' atbase
140
/ —
\'9 -
135__]
MMS ]
130__]
:_:_:_ Mudstone-
e siltstone
125 Mudstone
Virgilian ] Shoat cracks
Missourtan E TS / 1 Hm216 Black calcaroous shale
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T. chTc]fa%{rsl;orﬁ? FBW. :_ H3%a Gray color
(CAR, e-mV) HL38c
T. lepidus SRR
T. cf. T. [effordsi AS
(GLW, mV) T w@;‘rgthld(
P simnorce g
T. cf T bungerensls
, e-m ) taaasaroa: Locall h
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n MMS facies
185 : HL37d Latoralh
e 500 fino-medium
grained ss hato
ofE:
180__J
fﬁbundant pl'r?lm
MMS I rcantod ey
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thin, ting ss interbeds
L Cy \'bd
Fusulinids @ & & Rock Names and
<% N \\C}Q‘ Lithologic Notes
S -




236

TPC oo ] y.4 /I o
LPC :.J‘r__l_— ALa3 Gray color bra, rug, bry
235 { HL43 I
DCM (13)
230
HL43b
Dark gray-black color,
_ tissile
- I 1 { HL42a|
DOW? e
oco / = ]/ I/ I {Hdte |
\ - . H41d Silicified wood locally
O ) —7/ /
LPC :7—[—7" Modium bedding
17
220_".%7‘
—ﬁi -HL4’1 b Buit color,
: fenestral
H40
DCM <
=LPCHd ooo Ty
PG| moomes | | 215 JELLLL gas
o= _[A40d]
Par)]( gray color,
DCM 210 issilo, poor exposure
H40b
B | 20 | H40e
=LPC3 /\ H40a sabollariid boundstone
DCM This carbonate unit
not present in section
A X\ — above deons flow
=<~ 1) ]
Eny Ay - N25W 12SW
LPC -
-t 8uff colot,
o _ H3%b tenestral fahrnic
3
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H48 Black color,
fissio
DCM
——
275,
LPC| =& 1+ -
- .
(19) ..//
~LPC 270Y, 4
DCM Black color
fissiio
:tgg: A: b abundant pel
= g oco
,\A). L\\ Gray color
LPC ——A': = / v /7_ / HL47¢ Buft color
Soln M4 T ! T J' J Gray color
77
LPC 4 _4 3\ 260—_— /_, z Buff color
/)
LPC S T I I_I_‘} [HL47a] Gray color tug, cri
3 { H46 l
DCM 255 Eslgglécolor.
/ —
L pc (19 3
:{I)-EEA: =11 %# T )-———LHL_46J gas. pol
250:/ Probably DCM facies
{ HL45 ]
DCM !ti)si!l’l(aoo'm'
245 _F—————
A%)} A /\ _,7——~,~l - Butf and lo
LPC . pu— ; HL44b ult and gray colors gas
13 j/
Aizlon I Ll
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315
N
MMS
GD Poor
oxposure
310
N3OS T
AS K - ] - —{H50Db | Modium bedding
e IR Y|
@ T
MMS 800=
LPC PNy /\295_/,//// Buff color
:E ).:Ek ] [, — ,r - Gray color
—N 7 7| Bulf colol
LPC |=—= — HL4%e vreee!
— i o R AN A
Vv
LPC | z—emew —-,L /]
P 290_"] | Gray color
LPC 1/ 4
e 7 HC49a]  Butcoor
o @5) n /.
B —/
SLPC ~ =~ _///1////{1 T HL49d Gray color
L PCe s 285:(5 £
P — I
A F A\ 7
LPC 2 Buft color
C A Butf color
LPC — Gray color
N
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=
395
M =
390
e Qrlented {lute casts
=== and load casts (N40W)
on underside of thin
- ss beds
AS A 385__] . Hs52a Laterally discontinuous
- S H52b
380_]
375"
MMS -
9 3
\ S — —
370
Silty-shale
365 _
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T.ct. E A’dm%ius(?) - o saing
. ohioensis FBW — H54b
T. muscerda - Buff cofor
T sp. - L s,
(GLW, e-mM) __// (H54a |
sgs_,/
:/
: Laterally see tloat
7777, Sty shanores
390_ limestone
_J/ Large (thrust?) fault must
— occur within this covered
_ interval l'osaecch:‘n(tgglrw
by mg!u‘r’ian fusulinids)
385"
380 %
37571 %
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MMS =
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< \’bc\
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Lol ooyl e

420
[y gy AD°QI7808 |9 S idation,
BP | oee 0' I lv° |#}—{H54d broectaran "
415"
-] HL54a
FBW ]
- Massive bedding
— unit forms prominent cliff-
410_ but note that cliff diminishes
southward and ultimately
- disappears south of road--
- attributable to faulting (?)
]
BNG 408 ] | [ -{H54c]
FBW -
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Rhodes Canyen Section
Location: Northern San Andres Mountains, Sierra County, New Mexico.
Quadrangle: Hardscrabble Mountains Quadrangle (1981).

Access: From west of mountains, take New Mexico state highway 52 east from Truth or
Consequences; this road becomes White Sands Missile Range Road 6 that continues
through Rhodes Canyon. Section can also be reached from east on Range Road 7 to
Range Road 6. Base of Upper Pennsylvanian section begins near intersection of this
road with lesser road into Bosque Canyon (see topographic map; about 7.5 miles east
of range boundary), and continues westward up ridge, through section 14, and ends at
flattop in easternmost central edge of section 13 (T13S, R2E). Upper part of section
(beginning with unit R27) begins at draw in middle of section 12 (T13S, R2E) and
continues northward up draw toward section 12-section1 boundary.

Previous Work: This traverse essentially follows that of Kottlowski et al. (1956). Note
large landslide (Toriva-type block) in lowermost Permian portion of section (straddling
section 12-section 1 boundary) not recognized by Kottlowski et al. (1956).

Road Condition: Good; graded gravel, 4WD useful.

Permission Required: Permission of U.S. Army required (see Hembrillo Canyon section).
Outcrop Access/Quality: Good, relatively easy hikes, some steep hillsides. Upper

Pennsylvanian section 80 to 85% exposed; minor structural complications that can be
avoided.
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tHt 1 Thin, nodular budding bry
FBW| th¢t =
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FBW 544 ] R11'a Buff color
-V,
5 J///A o]
- -————R103] Thin-medium bodding
FBW —% phy, bra, rug
75 1/
—— /\ _ l RQa gas
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FCM

LPC é.néag}u/\

o || e

ELPC —‘%1
110

. T —% Ri7 Buff color

R17i Buff color

|

Kl N B
;C= e e —7.////ﬁ— Gray color gas
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) entlo slopes. Coverod
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1
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MMS | —eeaeaaane 150" %mz‘?%%ﬁ%’?“
: siltstono and fine ss
————n : Plant fragments
e | | 1457
T. sp.
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e
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'i ); t\ ] Rusty-buff color
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AS 190 s et
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bored hardground
Fusulinids Rock Names and

Lithologic Notes




248
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|

Poor exposure

DCM 275
5)
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T
pow -
T. cf. T. elegantoides 265_:~—L'\L
— Thick-massive bodging,
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— directty uphill from
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(CAR, eV) —
260
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BNG e
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455 7
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FBW

Thick bodding
RL27d phy, cri
MMS - 7
7
- / Poor exposure,
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-] olve-green mudstone-
.../ siltetone
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e
o] DOW| eeo 4 [ TH——MR@7c]  ausyoangorn
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el TT—T Gradationai cotac
=7
395 /
| ] //
TDOW] /\ 1 L R33b Orange-butf color
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Y p—
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/\380 -
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AS =+ Carbonato patchos
MMS
[BNG ] \
435: abundant phy
BP -
—
T. cf. T. imperialis .
T. cf. T. beedej . cri, gas, fus, bra
T. cf. T. arcuosoides -
(GLW, IV) 430
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=
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