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ABSTRACT 

The Taos trough is one of several tectonically active cratonic basins related to late 

Paleozoic ARM deformation. Two competing basin models for the Taos trough were 

tested in order to better discern the evolution of the ancestral Rocky Mountains in 

northern New Mexico. The opposing models were pure flexural foreland basin versus 

multiple basins separated by intrabasinal uplifts. The composite section from Highway 

518 Holman grade and Forest Service Road 723, in northern New Mexico, records 949 m 

of middle Pennsylvanian fluvial deltaic deposits. Conodonts recovered from the base and 

top of the composite section indicate that the deposition occurred during the early to 

middle Desmoinesian. Sedimentologic and stratigraphic data indicate that the succession 

is cyclic with three separate cycle types recorded: 1) A-type, 2) B-type, and 3) C-type. 

Each cycle is defined by cycle-top facies composed of variable water depths. Twenty one 

cycles are exposed in the study area with 11 being A-type, 7 B-type, and 3 C-Type. 

Control on the cycles was largely variations in tectonic subsidence while correlation of 

relative water depth records to far-field cyclic successions in the Donets Basin suggests 

that eustasy largely modulated the cyclic successions. 

Sediment transport data was used to discern the likely provenance region for the 

sediment in the study area. The data indicate a predominantly westerly transport 

direction, supporting an eastern source. Sediment dispersal indicators in fluvial and 

deltaic facies are easiest to reconcile with a nearby highland, rather than the Sierra 

Grande uplift (~ 80-100 km away). Thus, the El Oro-Rincon uplift is the preferred eastern 

highland shedding sediment into the study area. Previous studies, on the west side of the 
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Taos trough axis, record an easterly sediment transport direction and were previously 

used to bolster the inference of a flexural model. Our westerly sourced data combined 

with the easterly sourced suggests that clastic material funneled into a central axis of the 

Taos trough. 

A backstripped subsidence model indicates that basin subsidence began during the 

Early Pennsylvanian, and that rates increased rapidly during the Early Desmoinesian. 

Subsidence rates greatly decreased in the Late Pennsylvanian, indicating a period of 

tectonic quiescence, but uptick again in the Early Permian. The activity created nearly 

5km of total Late Paleozoic subsidence in the eastern Taos trough. The tectonic 

subsidence curve compares to both strike-slip and flexural derived foreland basin curves 

and indicates that the basin likely experienced a combination of both strike-slip and thrust 

systems.  

Comparison of the subsidence model and sediment transport data of the Taos trough 

indicates that the Taos trough is difficult to characterize as a purely flexural basin or a 

strike-slip basin. A potential unifying structural model may involve transfer of Early 

Pennsylvanian sinistral slip from the Pecos-Picuris fault into the basal thrust of the 

intrabasinal El Oro-Rincon uplift. In this scenario the bend in the Pecos-Picuris fault 

system south of the ancestral Brazos uplift allows for sinistral slip to transfer to the basin 

center resulting in a series of basement involved thrusts within the basin. 
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CHAPTER 1 

INTRODUCTION 

 The late Paleozoic ancestral Rocky Mountains (ARM) were an intraplate collage 

of Precambrian basement-cored highlands that shed arkosic sediment into adjacent basins 

(e.g. Hubert, 1960; Mallory, 1972; Wilson, 1975). The structural trend of the ARM is 

largely northwest-southeast and located far inland (>1500 km) from any coeval plate 

boundary (Kluth and Coney, 1981; Ye et al., 1996; Dickinson and Lawton, 2003; Fig. 1). 

Age progression of peak ARM subsidence appears to have begun in Early Pennsylvanian 

in easterly basins and progressively younged to more westerly located basins, 

culminating in earliest Permian (Kluth and Coney, 1981; Kluth, 1986; Dickinson and 

Lawton, 2003). Moreover, this east-to-west trend of peak ARM subsidence correlates 

with diachronous foreland basin development along the Ouachita-Marathon front (Kluth 

and Coney, 1981; Dickinson and Lawton, 2003). Some ARM plate tectonic models 

utilize this correlation in peak subsidence to propose causal deformation mechanisms—

intraplate indenture from an irregularly bounded craton edge (Kluth and Coney, 1981; 

Kluth, 1986; Fig. 2) and intracontinental strain migration from intercontinental sequential 

suturing (Dickinson and Lawton, 2003; Fig. 2). Assessing this theme of models is 

difficult because: 1) age resolution within basin fill is extremely crude making the term 

“peak subsidence” hard to reproduce (Sweet and Soreghan, 2010), 2) models provide no 

predictive framework for structural development of the basin, and 3) all ARM basin 

sediment may not be equivalent to the same tectonic driver (Soreghan et al., 2012). 
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Figure 1. Late Paleozoic tectonic elements of the greater ancestral Rocky Mountains. 

Modified from Sweet and Soreghan (2010) and Baltz and Myers (1999). Location of 

paleoequator is from Scotese (1997). Abbreviations: CCT – Central Colorado trough; CA 

– Cimarron arch; PP – Picuris-Pecos fault (slip-sense from Cather et al., 2006; 

Wawrzyniec et al., 2007); TT – Taos trough. 
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In contrast to the Ouachita-Marathon tectonic models, Ye et al. (1996) suggested that the 

largely northwest-southeast structural trend, thick-skinned shortening and overall similar 

timing of initial basin subsidence were more consistent with flat-slab subduction along 

the southwest margin (Fig. 2). Assessing the flat-slab model is difficult because timing, 

geometry and kinematics of ARM faults are rarely known due to overprinting by younger 

deformational events, poor age resolution, and an ever changing paleogeographic 

understanding of individual ARM basin sand associated uplifts (Kluth, 1997; Hoy and 

Ridgway, 2002; Sweet and Soreghan, 2010) 

 Clearly, the plate tectonic setting of the ARM is far from settled, yet to reach 

consensus, individual basins need to be understood in terms of paleogeography, structural 

development and sedimentation history. For example, recent assessments of ARM basins 

within Colorado have shown that detailed stratigraphic and sedimentologic studies can 

yield information on: 1) timing, geometry and kinematics of basin bounding faults even 

when the fault is no longer observable (Hoy and Ridgway, 2003; Moore et al., 2008; 

Sweet and Soreghan, 2010); 2) presence of intraformational unconformities that help 

relatively date basin history when fossils are scarce (Sweet and Soreghan, 2010); and 3) 

complete paleogeographic reorganization of basins and uplifts (Kluth and McCreary, 

2006; Blakey, 2009; Sweet and Soreghan, 2010). Thus, continuation of detailed 

reexamination of individual ARM basins may illuminate that basin’s fit into the regional 

framework, and resolving the ARM system more fully. 

 The Taos trough is one of several tectonically active cratonic basins related to late 

Paleozoic ARM deformation (e.g., Kluth and Coney, 1981). The basin is bound to the  
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Figure 2. Pennsylvanian Paleogeographic map of North America. The red box denotes 

the greater ancestral Rocky Mountains. The orange arrow pinpoints the Ouachita-

Marathon region and the sequential suture/irregular bounded peninsula tectonic ARM 

models. The yellow arrow pinpoints the location of  the Laramide style flat slab 

subduction model. (Modified from Blakey, 2012).  
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west and east by Precambrian-cored uplifts, the Sierra Grande uplift and the southern 

Uncompahgre (Brazos) respectively (Fig. 1 and  3). Many authors (e.g., Kluth and 

Coney, 1981; Lindsay et al., 1986; Hoy and Ridgway, 2002; Sweet and Soreghan, 2010; 

Soreghan et al., 2012) have displayed the Taos trough as a single basin connecting 

northward with the Central Colorado trough. Alternatively, Baltz and Myers (1984) 

depict the Cimarron arch as a positive region that separated the Taos trough from the 

Central Colorado trough based on well data and isopach maps. The southern boundary of 

the Taos trough is defined by the Pecos carbonate shelf, which terminates into the 

Pedernal uplift (Fig. 3). Soegaard (1990) considered the Taos trough as a north-south 

trending, west-loaded, flexural basin where sediment was sourced primarily from the 

ancestral Brazos uplift across the Pecos-Picuris fault. In contrast, Baltz and Myers (1999) 

suggested that sedimentary dispersal patterns and depocenters were largely influenced by 

intra-basinal Precambrian-cored uplifts, such as the El Oro-Rincon uplift (Fig. 3). The 

objective of this study is to test the Soegaard (1990) and Baltz and Myers (1999) 

competing paleogeographic models for the Taos trough region by assessing the 

sedimentation style, sediment provenance and basin subsidence recorded in Middle 

Pennsylvanian strata within the axis of the Taos trough proper. 

If the flexural model is correct, then strata within the Taos trough should be solely 

sourced from the west and contain predominantly deep water facies due to the proposal 

study area coinciding with the basin axis. However, if the intra-basinal uplift model is 

correct, then strata within the Taos trough should be sourced from the El Oro-Rincon 

uplift as well as the westerly located ancestral Brazos uplift and facies should reflect a 
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Figure 3. A) Map of Pennsylvanian tectonic elements and isopach map of Pennsylvanian 

stratigraphy of north-central New Mexico. The red dashed lines are Pennsylvanian 

isopach contours denoted by gray numbers (300 meter contour interval). Blue dashed line 

is the zero isopach line for the Pennsylvanian. Faults show latest Cenozoic movement, 

but many were also inferred active during the Pennsylvanian. Modified from Baltz and 

Myers, 1999. Curved black line northwest of Mora and east of Taos trough axis is 

location of Holman Grade. B-B’ for figure 4 parallels the Holman Grade. B) A-A’ is the 

interpretation of the Taos and Rainsville troughs separated by the El Oro-Rincon uplift. 

Modified from Baltz and Myers (1999). PCr = Precambrian basement undifferentiated. 

IPMsa = Mississippian-Pennsylvanian lower Sandia Formation and undivided 

Mississippian strata. IPsu = Upper Sandia Formation. 
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wide range of environments due to potential intermittent tectonic activity. In order to test 

these two competing ideas for the Taos trough, sediment source directions were assessed 

from various sediment transport indicators and the tectonic component of subsidence was 

estimated using backstripping techniques on a composite stratigraphic column built from 

exposed road cuts. 
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CHAPTER 2 

GEOLOGIC SETTING AND STRATIGRAPHIC BACKGROUND 

2.1 Geologic Setting 

The ARM were a series of Precambrian basement-cored northwest trending 

uplifts separated by structurally deep basins filled with first-cycle late Paleozoic arkosic 

sediments (e.g. Kluth and Coney, 1981; Ye et al., 1996). Tectonic mechanisms for ARM 

development are problematic given the intracratonic location, approximately 1,500 km 

inboard of any plate margin (Fig. 1 and 2), and ensuing Mesozoic and Cenozoic structural 

overprinting. Currently, most tectonic models for ARM formation invoke the coincidental 

timing between diachronous closure of the central Pangean suture and east- to- west 

migration of peak subsidence within ARM depocenters (Kluth and Coney, 1981; 

Dickinson and Lawton, 2003). The collision of Laurentia and Gondwana that marks the 

central Pangean suture began in the Late Mississippian forming Appalachia, moved 

southwestward in Middle Pennsylvanian forming the Ouachita belt, and gradually 

culminated in Early Permian forming the Marathon belt (Flawn et al., 1961; Wickham et 

al., 1976; Fig. 2). ARM formation is believed to be specifically related with the collision 

from the Ouachita-Marathon Orogeny. Kluth and Coney (1981) suggested that the ARM 

ascended when a southwestern irregular bounded peninsula of the North American craton 

was pushed to the northwest by progressive suturing along the Ouachita-Marathon belt 

(Fig. 2). Dickinson and Lawton (2003) suggested that the diachronous subsidence of 

ARM basins was coincidental with the sequential closure of the Ouachita suturing and 
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that the ARM deformation was a response to intracontinental stresses occurring as 

easterly portions of the suture became locked while westerly portions of Laurentia 

continued to subduct (Fig. 2). Citing the northwest-southeast structural trend of the ARM, 

the broad coeval timing of uplift, and style of structural offset, Ye et al. (1996) proposed 

an alternative tectonic flat slab subduction model along the southwestern margin of North 

America analogous  to the Cenozoic Laramide Orogeny (Fig. 2). However, all models 

theorize that the ARM was made possible by reactivation of pre-existing Precambrian 

faults caused by rifting activity (e.g., Marshak et al., 2000). 

The ARM is recognized today by late Paleozoic, coarse arkosic sedimentary basin 

fill that lies unconformably atop or adjacent to Precambrian basement rocks. The 

sedimentary strata form geometric wedges with intervening troughs that mantle the 

Precambrian-cored uplifts, such that the sediment generally thickens asymmetrically 

towards a contiguous region of contemporaneous basement uplift. This suggests that the 

paired basins and uplifts formed synchronous to one another (Ye et al., 1996), all 

indicating that the Precambrian-cored fault blocks are being uplifted and eroded, and that 

the paired basins were also subsiding at a comparable rate with sediment fill shed from 

those uplifts. The Taos trough is an example of one of those basins (Soegaard, 1990; 

Baltz and Myers, 1999). During the late Paleozoic, the Taos trough would have been 

located in close proximity to the equator geographically (Fig. 1; Scotese, 1997).  

Overprinting of ARM elements occurred during the Laramide Orogeny. 

Precambrian basement involved thrust faulting related to Laramide shortening bisected 

the late Paleozoic Taos trough region such that the western portion of the region (our 
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study area) now resides in the hanging wall of the Laramide uplift (Yin and Ingersoll, 

1997) and forms the core of the Sangre de Cristo Mountains of north-central New 

Mexico. 

 

2.2 Stratigraphic Background 

Regional stratigraphy found within the southern Sangre de Cristo Mountains 

reflects marine and non-marine environments spanning from the Mississippian through 

Cretaceous. This study focuses on the late Paleozoic portion of the stratigraphy. The 

lithostratigraphic units discussed below are from oldest to youngest and use stratigraphic 

correlation and nomenclature from figure 4.  

 

2.2.1 Mississippian System 

The Mississippian Arroyo Peñasco Group consists of the dominantly limestone 

Espiritu Santo and Tererro Formations (Baltz and Myers, 1999). In the study region, the 

Arroyo Peñasco Group rests atop crystalline basement rock (Baltz and Myers, 1999). The 

age of the lowest unit (Espiritu Santo Formation) is poorly defined due to the lack of 

megafossils present and low abundances of microfossils, but is assigned an early 

Mississippian age by Armstrong and Mamet (1979) based on chert replaced 

Foraminifera. The upper portion of the group, Tererro Formation, has better age 

constraints with a greater abundance of microfossils. Work done by Armstrong and 

Mamet (1979) provided a late Mississippian age for the Tererro Formation. Overall, the 

Mississippian strata are in angular unconformity with the overlying Pennsylvanian 
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Figure 4. Regional stratigraphy, nomenclature, and stratigraphic relationships in the Taos 

trough region. Vertical lines denote hiatuses. Adapted from Baltz and Myers (1999). 
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strata and complete truncation occurs just north of the study area (NMBGMR, 2003). 

Espiritu Santo Formation: The name Espiritu Santo Formation was applied by 

Baltz and Read (1960) to a sequence of sandstone, sandy sandstone, calcarenite, and 

dolomitic limestone that overlies Precambrian basement rock. The Espiritu Santo 

Formation ranges in thickness from 0.6-20 m and is missing on the eastern front of the 

Sangre de Cristo Mountains due to late Mississippian and early Pennsylvanian erosion 

(Baltz and Myers, 1999). It is unconformably overlain by the late Mississippian Tererro 

Formation (Baltz and Myers, 1999). Facies of the Espiritu Santo Formation suggest 

deposition in a relatively shallow sea that was entirely marine but fluctuated between 

normal saline and hyper-saline waters (Baltz and Myers, 1999). 

The lowest member of the Espiritu Santo Formation is the Del Padre Sandstone. 

The Del Padre Sandstone is a fine to very coarse grained sandstone that contains granules 

to small pebbles (Baltz and Myers, 1999).  Bedforms present within the sandstone consist 

of parallel, undulated and cross laminated sands (Baltz and Myers, 1999). The Del Padre 

Sandstone does not reflect lithologic similarities to its underlying Precambrian gneiss, but 

reflects a lithology derived from early Proterozoic Oretega Quartzite in the northwestern 

part of the area (Baltz and Myers, 1999). The thickness of this unit varies and is relatively 

thin (<1 m) within the area of interest (Baltz and Myers, 1999). The Del Padre Sandstone 

was interpreted by Baltz and Read (1960) to be mainly a littoral deposit of a shallow 

transgressive sea. 

The upper section of the Espiritu Santo Formation is conformable with the Del 

Padre Sandstone and is divided into three main units: 1) sandy and dolomitic limestones 
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that frequently contain concentrically banded chert nodules; 2) limestone that contains 

lenses of horizontally banded chert; and 3) silty, sandy limestone (Baltz and Myers, 

1999). In the area of interest, the majority of the limestone present is representative of the 

sandy dolomitic limestone in unit 1 (Baltz and Myers, 1999). The beds are relatively thin, 

averaging about 13 cm, and are parallel to undulatory with some sandy ripple marked 

beds (Baltz and Myers, 1999). 

Tererro Formation: The Tererro Formation was named by Baltz and Read (1960) 

for a sequence of brecciated limestone, calcarenite, and calcareous siltstone that 

unconformably overlies the Espiritu Santo Formation at Tererro, New Mexico. Overall, 

Tererro Formation present in the study area indicates deposition along a flat, shallow 

marine shelf (Baltz and Myers, 1999). The Tererro Formation is also unconformably 

overlain by the Pennsylvanian Sandia Formation (Baltz and Read, 1960). It is widely 

distributed throughout the southern Sangre de Cristo Mountains, but is absent on the 

eastern front due to late Mississippian early Pennsylvanian erosion (Baltz and Myers, 

1999). In measured sections, it ranges from 1-27 m thick. The Tererro Formation has 

three members; 1) Macho Member; 2) Manuelitas Member; and 3) Cowles Member 

(Baltz and Read, 1960). Near the study area, the Macho Member is absent. 

The Macho Member is a limestone breccia composed of pebble to large-boulder 

size limestone blocks contained randomly in silt and sand limestone matrix (Baltz and 

Myers, 1999). Clasts are mostly fine to coarse grained limestone, and less commonly 

sand to pebble size chert grains (Baltz and Myers, 1999). Baltz and Myers (1999) 

observed that to the north many of the breccia clasts of the Macho Member are a similar 
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lithology to units 2 and 3 of the Espiritu Santo Formation. The Macho Member also 

contains a few well rounded pebble and cobble limestone clasts that are genetically 

similar to the overlying Manuelitas Member (Baltz and Myers, 1999). Most likely, these 

clasts collapsed into the malleable areas of the breccia, mingling with the Macho Member 

(Baltz and Myers, 1999). The Macho Member is unconformably overlain by the 

Manuelitas Member (Baltz and Myers, 1999). The unconformity is erosional and is seen 

in the thickening and thinning of the Manuelitas lenticular beds atop the irregular top of 

the Macho Member (Baltz and Myers, 1999). The Macho Member ranges from 3-9 m 

thick (Baltz and Myers, 1999). Baltz and Myers (1999) interpret that the Macho Member 

was produced by subaerial weathering and karsting of the upper Espiritu Santo 

Formation. 

 The Manuelitas Member of the Tererro Formation is composed of limestone 

pebble and cobble conglomerate, calcarenite, sandy and silty limestone, marly shale, and 

some oolite (Baltz and Myers, 1999). Nearly 50% of the calcarenite and oolitic limestone 

beds contain silt and coarse subangular to rounded quartz grains (Baltz and Myers, 1999) 

These silty to coarse quartz beds also contain crinoid and brachiopod fragments (Baltz 

and Myers, 1999). The Manuelitas Member displays well banded beds in spite of its 

lenticular nature (Baltz and Myers, 1999). The Manuelitas Member ranges from 1-15 m 

thick (Baltz and Myers, 1999). The thickness differences may be attributed to the erosion 

unconformity with the overlying Cowles Member (Baltz and Myers, 1999). The high 

abundance of clastic material, crossbeds and lenticular beds, and the marine fossils 

present indicates that the Manuelitas Member was deposited on a relatively flat and 
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shallow marine shelf that was subjected to strong tidal and wind-driven currents (Baltz 

and Myers, 1999). This may explain why the Macho Member is missing in some areas. 

The strong tide and wind currents may have scoured and eroded away the Macho 

Member in those areas (Baltz and Myers, 1999). 

The Cowles Member is the upper most unit of the Tererro Formation and consists 

of two lithologic units: 1) basal silty to sandy calcarenite; and 2) an upper siltstone with 

interbeds of calcarenite and shale (Baltz and Myers, 1999). The lowest unit consists of 

partly abraded fossil fragments and a large proportion of silt to fine quartz grains (Baltz 

and Myers, 1999). This unit is crossbedded and cross-laminated (Baltz and Myers, 1999). 

The upper unit is not as persistent as the lower unit and varies from noncalcareous shaly 

siltstone to thin bedded fine grained sandstone (Baltz and Myers, 1999). In some 

localities, the upper unit contains lenses of calcarenite. Ranges from 1.8-12 m in 

thickness and is unconformably overlain by the erosional base of the Sandia Formation 

(Baltz and Myers, 1999).  

 

2.2.2 Pennsylvanian System 

Sandia Formation: The Sandia Formation is a marine and nonmarine sedimentary 

deposit that sits unconformably atop Mississippian strata or Precambrian crystalline 

basement rock. The deposit is considered Morrowan-Atokan in age based on brachiopod 

occurrences and sparsely scattered fusulinids near Mora, New Mexico (Baltz and Myers, 

1984 and 1999). The Sandia Formation is comprised predominantly of shale with 

interbedded thin to thick sandstones and thin limestone beds. The silty shales and shaly 
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siltstones are gray to dark gray; tend to be slightly calcareous, and highly carbonaceous. 

Throughout the Sandia Formation, coaly shales and shaly coals occur as thin beds (10s 

cm). The coals are most prevalent in the lower part of the Sandia Formation. The 

sandstone beds range from a few centimeters to several meters thick and display sharp, 

undulose, or erosional bases. Grains range in size from very fine to cobble. A majority of 

the cobble-sized grains are milky or vein quartz. The cements range from silica, iron-

oxide, or calcareous cement and the matrix often contains mica flakes. The formation 

thickens to the north from only a few meters along the Pecos shelf to the southwest to 

approximately 1400 m in the Rainsville trough to the east (Baltz and Myers, 1984). The 

Sandia Formation is overlain conformably by the Porvenir Formation.  

Porvenir Formation: Baltz and Myers (1984) first applied the name Porvenir 

Formation to the mainly marine limestone and shale of the Madera Group. It is 

considered Desmoinesian in age based on extensive fusulinid and conodonts data (Baltz 

and Myers, 1984; Brown et al., 2013). The Porvenir Formation is overlain, locally 

unconformably, by the Alamitos Formation (Baltz and Myers, 1999). It ranges from 35-

492 m in thickness and is thickest east of Rociada, New Mexico (Baltz and Myers, 1999). 

Generally, the Porvenir Formation is divided into three laterally intergrading facies: 1) 

southern, dominantly carbonate facies (Pecos Shelf), 2) northern sandstone-shale-

limestone facies, and 3) a northwestern shaly facies (Baltz and Myers, 1984).  

Alamitos Formation: The Alamitos Formation is a marine to non-marine 

interbedded shale, limestone, and feldspathic to arkosic sandstone and granular to pebble 

conglomerate (Baltz and Myers, 1999). Generally, the limestones, shales and some 
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sandstones contain marine fossils which date the formation to late middle Pennsylvanian 

to Early Permian (Baltz and Myers, 1984). The age constraints are based on fusulinid and 

brachiopod samples collected throughout the formation (Baltz and Myers, 1984). The 

Alamitos Formation may be absent locally due to Cenozoic erosion and nondeposition or 

late Pennsylvanian erosion, but ranges from 55-320 m thick (Baltz and Myers, 1984). The 

contact between the overlying non-marine Sangre de Cristo Formation and the Alamitos 

Formation appears to be conformable in the area of interest but unconformable where the 

Alamitos onlaps Precambrian-cored basement uplifts (Baltz and Myers, 1984). 

 

2.2.3 Permian System 

Sangre de Cristo Formation: The Sangre de Cristo Formation is predominantly 

Early Permian in age and generally non-marine shale with interbeds of thin to thick 

sandstones and pebble conglomerates and nonfossiliferous limestones (Baltz and Myers, 

1999). The sandstones and conglomerates of the Sangre de Cristo Formation are similar 

to those in the Alamitos Formation (Baltz and Myers, 1999). It ranges generally from 90-

930 m thick, with the thickest units in the Las Vegas basin subsurface (Baltz and Myers, 

1999). Locally, the Sangre de Cristo Formation sits unconformably atop Precambrian 

crystalline basement or conformably atop the Alamitos Formation (Baltz and Myers, 

1999). The overlying contact with the marine Yeso Formation is generally conformable 

(Baltz and Myers, 1999) 
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CHAPTER 3 

METHODS 

Field data was collected at road cut exposures along the Holman Grade of 

Highway 518 and Forest Service road 723 northwest of Mora, New Mexico. Stratigraphic 

sections were measured using a Jacob Staff and Brunton Compass. Sediment source 

directional data was assessed from field measurements utilizing five data sets: 1) 

paleocurrent indicators recorded in fluvial facies; 2) clinoform dip direction; 3) dip 

direction of shoreface low-angle laminations; 4) fluvial and marine channel orientations; 

and 5) soft-sedimentary fold vergence observed in delta front successions. Rose 

diagrams, structural restorations, and stereoplots were done using StereoNet 8 version 8.0 

developed by Rick Allmendinger. 

Stratigraphic sections were correlated into a composite section through a two-step 

process. First, measured road cuts that were clearly conformable and stratigraphically 

juxtaposed, the thickness of intervening sedimentary cover was estimated using 

trigonometric calculations of map distance between the two road cuts and apparent dip, as 

outlined in Compton (1985). This process resulted in five measured sections of combined 

road cut exposures. However, combining those sections into a single composite 

stratigraphic column remains complicated because of broad folding, along strike road cut 

exposures and distance between road cuts. To correlate the five conformable sections 

described above, the second step utilized a 1:3 cross-section (Fig. 5) that assumed 

constant stratigraphic thickness for the five sections composed in step one. The final 
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result is a ~949 m thick composite stratigraphic section (Plate 1). Lithofacies and 

paleontological samples were collected at various intervals throughout the exposures 

focusing predominantly on the presence of dark shales and coals for palynological 

analysis, carbonate-rich zones for conodont recovery, and representative beds for facies 

analysis. The paleontological and palynological samples were given to professional 

colleagues who specialize in identification of late Paleozoic conodonts, pollen, or spores 

that might determine specific ages. Conodont samples are noted on the composite column 

and indicate an early to middle Desmoinesian age (J. Barrick, personal communication). 

The pollen and spores present in some samples indicated a Pennsylvanian age, but could 

not be identified at the stage level likely due to high rank from associated thermal 

overprinting (C. Eble, personal communication).  

Basin subsidence curve was constructed utilizing backstripping methods (Steckler 

and Watts, 1978) and were applied to the composite stratigraphic column built from the 

exposed road cut sections as well as published data on Mississippian to Permian strata 

located in the Taos trough. See chapter 7 for more details on construction of subsidence 

curve. 
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Figure 5. Cross-section B-B’ location shown on figure 2. Brown line is the topographic 

profile. Red line is the grade of HWY 518 along Holman Grade. Stratigraphic layering 

indicates conformable measured sections measured along road cuts. Cross-section was 

utilized to demarcate duplicated measured sections. 
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CHAPTER 4 

FACIES ANALYSIS 

The roadside exposures of the Holman Grade along New Mexico Highway 518 

and Forest Service road 723 expose 949 m of middle Pennsylvanian strata characterized 

as fluvio-deltaic sandstone, calcareous and organic-rich shale, shaly siltstone, as well as 

subordinate amounts of carbonate and coal (Baltz and Myers, 1984). The section is 

lithologically similar to the Sandia Formation reported from the Mora River area (Baltz 

and Myers, 1984), but Desmoinesian conodonts recovered from the base and top of the 

section suggest time equivalence to the largely carbonate Porvenir Formation. To 

eliminate confusion of the time constraints established for the Sandia Formation, this 

paper refers to this section, as lower described strata equivalent to a basinal facies of the 

Porvenir Formation. The analysis below is subdivided into two main facies associations 

characterized by distinctly different environments of deposition: 1) non-marine facies 

associations and 2) marine facies associations. 

 

4.1 Nonmarine Facies Associations 

The lower portion of the composite section contains stratigraphically juxtaposed 

facies consisting of channel form cross-bedded sandstone that scour into thin coal layers 

and overlain by brownish mudstone with inferred rhizoliths (see description below). 

These observations lead to nonmarine interpretation for these packages. Moreover, these 

facies appear to stack orderly such that a typical complete association consists of a basal 
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Table 1. Desmoinesian Strata Facies and Environmental Interpretations 

  Facies Name Code Description Interpretation 

Nonmarine     
 Mudstone NMm massive to weakly fissile, local 

zones of oxidation, plant 
fragments , and coal, contains 
rhizoliths 

flood plain deposit 

 Weakly laminated 
to massive 
sandstone 

NMlm Poor to moderately sorted, very 
fine-to very coarse-grained, 
contains localized mudstone 
stringers 

overbank deposit, 
flood plain 

 Coal C Friable, thin, platy laminated lignite coal 

 Crossbedded 
sandstone 

St moderately sorted, medium to 
granular grained, trough 
crossbedded, scouring base 

fluvial channel fill 

Marine      
Foreshore/ Upper Shoreface    
 Carbonate FSCpw skeletal wackestone to 

packstone, > 20% siliciclastic 
material 

foreshore deposit 

 Massive 
sandstone 

FSm moderately sorted, very coarse 
to granular, sharp based and 
uniform thickness 

foreshore deposit 

 Low angle planar 
laminated 
sandstone 

FSp poor to moderately sorted, fine 
to medium grained, low-angle 
dipping foresets, laterally 
continuous 

upper shoreface 
sand bar 

 Trough cross-
stratified 
sandstone 

FStx poor to moderately sorted, 
medium to granular grained, 
multidirectional cosets, sharp 
based 

upper shoreface  

Lower Shoreface    
 Planar laminated 

sandstone 
LSl poor to moderately sorted, very 

fine to medium grained, planar 
laminated, thinly bedded 

storm deposit 

 Hummcoky cross-
stratified 
sandstone 

LShcs poorly sorted, fine to med 
grained, truncated ripple lamina 

storm deposit 

Offshore     
 Mudstone Osc dark gray to black, laminated to 

fissile, plant and fossil fragments, 
calcareous 

pelagic muds 

 

Laminated to 
massive 
sandstone 

Olm poor to moderately sorted, very 
fine to very coarse grained, load 
structures 

gravity flow deposit 

 

Micrite Ocm massive to wavy bedded, rare 
fossils 

hemipelagic to 
pelagic carbonate 
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Figure 6. Photographs of key facies comprising the nonmarine facies association. A) 

Weakly fissile mudstone in lower two-thirds of photo. Mudstone shows rhizoliths 

indicated by red arrows. Overlying the mudstone is a thin coal layer indicated by white 

arrows which in turn is overlain by channelized sandstone. Note the local scouring of 

sandstone into the coal layer. Lens cap (~5.5 cm) in center of photograph for scale. B) 

Part of a nonmarine mudstone deposit that is about 1 m thick in total. The mudstone is 

weakly fissile with locally oxidized areas. Lens cover used for scale. C) Close-up of coal 

layer indicated by white arrow. Lens cap (~5.5 cm) used for scale. D) Massive fine-

grained sandstone exhibiting rhizoliths indicated by white arrow. Lens cap (~5.5 cm) 

used for scale. E) Channel complex composed of more than 13 individual channels. F) 

Same photograph as E, red line delineates an individual channel within larger channel 

complex. 
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mudstone facies with interbedded weakly laminated to massive sandstone, carbonaceous 

facies, and then channelized sandstone facies, which is in turn overlain again by the 

mudstone facies (Fig. 6). Individual facies are discussed below in the same order. It 

represents approximately 3% of the facies exposed overall in the section. 

Mudstone (NMm): The NMm facies is composed of siltstone, shale, and minor 

amounts of very fine to fine sand. The facies varies in color from gray, brown or tan. 

Bedding is massive to weakly fissile and intervals are often 0.4 to 4 m thick. Locally, 

zones of oxidation and organic material including plant and coal fragments occur, but are 

rare. It occurs interbedded with the laminated to massive sandstones and is below many 

of the coals. Local downward bifurcating reduced zones occur. Outcrops most commonly 

form slopes and comprise less than 1% of the overall section, but 18% of the non-marine 

association. 

 Interpretation: This facies is inferred as a flood plain deposit. The grain size is 

consistent with suspended load in turbulent conditions and massive and thin lamina is 

consistent with decreasing flow and settling (Bridge and Demicco, 2008). The downward 

bifurcation zones are consistent with rhizoliths (Retallack, 2008) and suggest localized 

vegetation. The occurrence of rhizoliths and oxidation coupled with the fine-grained 

nature of the facies are most consistent with flood plain facies, and when coupled with 

the rest of the studied section a delta plain floodplain is the best characterization.  

Weakly Laminated to Massive Sandstone (NMlm): The NMlm facies is tan to 

reddish tan, poor to moderately sorted, subangular, and very fine-to very coarse-grained. 

Internal structure is often massive with localized zones of weak lamination. These 
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sandstones are loosely packed platy to rubbly, occasionally oxidized, and contain a much 

higher amount of clay and carbonaceous material (Fig. 7). Individual beds are 0.4 to 2.4 

m thick, contain localized mudstone stringers, and occur interbedded within the mudstone 

facies (NMm). The facies comprises approximately 1% of the overall section and 45% of 

the nonmarine facies association. 

 Interpretation: This facies is inferred as overbank deposition of sands onto the 

floodplain during bankfull stream conditions. The grain size and horizontally laminations 

are consistent with traction flow under the upper plane bed regime (Saunderson and 

Lockett, 1983). Yet, the association with the mudstone facies (NMm) and lack of 

channelization suggest overbank sand deposition during peak flow conditions. Internal 

muddy stringers are consistent with overbank deposits with each stringer denoting 

individual events. 

Coal (C): The C facies is brown to black with abundant carbonaceous material, 

friable and relatively thin with a maximum thickness around 10 cm  (Fig. 6C). Internal 

bedding in this interval is platy and laminated with a significant (potentially ranging up to 

50%) siliciclastic mud fraction. Carbonaceous material includes leaf macerations and 

woody material. Palynomorphs collected from these intervals indicated high rank thermal 

overprint (C. Eble, Personal Communication). Individual layers are commonly overlain 

by sandstones that typically scour down into and through facies C (Fig 8). Overall, the 

facies comprises << 1% of the overall section, approximately 2% of the nonmarine facies 

association, and only occurs in the lower 200 m of the overall section, typically atop the 

mudstone facies. 
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Figure 7. Photomicrographs of key facies comprising the nonmarine facies association. 

A) Weakly laminated to massive sandstone facies in plane polarized light at 2X 

magnification from 38.5 m from base of the composite section. B) Same area as A, but in 

cross-polarized light. Yellow arrow indicates carbonaceous material. C) Crossbedded 

facies at 4X magnification in plane light from 72.5 m from base of the composite section. 

D) Same area as C, but in cross-polarized light. 
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 Interpretation: This facies is inferred as coal based on > 50% carbonaceous 

material. The abundant silt, friable character, and color are most consistent with a lignite 

coal. 

Crossbedded Sandstone (NMt): The NMt facies is reddish tan, moderately sorted, 

subangular to subrounded, medium to granular grained sandstone. In thin section, grain 

contacts are often tightly packed to sutured with heavy minerals concentrated within 

separate lamina (Fig. 6). Locally, micaceous minerals are abundant and occur both 

around framework sand grains and in localized laminae. Individual beds range up to 2 m 

thick and are laterally discontinuous often in channel form. Sedimentary structures 

observed range from faint crossbedding to trough crossbedding. Trough crossbedding 

foreset dips averaged 23°. Locally, beds contain internal muddy stringers, especially at 

channel edges. The basal contact is sharp and truncates underlying beds (Fig 8). The 

facies overlies coal or siltstone and comprises roughly 2% of the section, but 27% of the 

nonmarine facies association. The facies occurs only in the lower 280 m. 

 Interpretation: This facies is inferred as fluvial channel fill. The grain size, 

crossbedding and scoured base are consistent with traction flow under lower flow regime 

turbulent conditions (Bridge and Demicco, 2008). The discontinuous bedding often in 

channel geometries is most consistent with channel fill (Miall, 1978). The association 

with C and NMm facies is consistent with a nonmarine channel interpretation. 
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4.2 Marine Facies Associations 

 The most dominant facies of the composite section are marine facies associations, 

consisting of sandstones, mudstones and minor amounts of carbonates. The marine facies 

represents >96% of the overall exposures, with the upper 670 m of the section being 

entirely marine. The presence of marine sedimentary structures and fossils guide the 

inclusion within the marine facies association. The marine facies can be divided into 

three basic groups: 1) foreshore/upper shoreface facies associations; 2) lower shoreface 

facies associations; and 3) offshore facies associations. 

 

4.2.1 Foreshore/Upper Shoreface Facies Associations 

 Foreshore and upper shoreface facies are defined here as those facies that occur in 

the marine realm but above fair-weather base (Fig. 9; Walker, 1984; Reading, 1986). This 

facies is closely linked with non-marine facies described above and occurs subjacent to 

the non-marine association. Overall, this facies is contained mainly within the lower 500 

m of the section. It represents approximately 6% of the facies exposed in the overall 

section. 

Carbonate (FSCpw): The FSCpw facies is gray to dark gray skeletal packestone 

to wackestone. The facies frequently contains abundant siliciclastic material with the  
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Figure 8. A) Photograph of nonmarine crossbedded sandstone scouring into nonmarine 

weakly laminated to massive sandstones, coal and mudstone. White arrows indicate 

channel edge. Note the lateral truncation of underlying beds and scour into coal seam. 

Jacob staff held by human is 1.5 m tall. B) Interpretation of photograph shown in A. 

White arrows are indicated same in both A and B. Drawn to same scale as A. 

  



Texas Tech University, Aaron Watters, August 2014 
 

34 
 

 
 

  



Texas Tech University, Aaron Watters, August 2014 
 

35 
 

 

 
 
 
 
 

 
 
Figure 9. Coastal zones of a shelf profile modified from Coe et al. (2003).  
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wackestones periodically comprised of > 20% siliciclastic mud. The facies is comprised 

of a diverse assemblage of open marine fauna including brachiopods, bivalves, ostracods, 

crinoids, fusulinids, gastropods, and algal hash. Occasionally, borings can be found in 

thin section chiefly in the bivalve fragments. Beds are generally thin, with a maximum 

thickness of 80 cm. This facies represents < 1% of the overall section. 

 Interpretation: Lithologies comprising this facies often represent distal upper 

shoreface to proximal lower shoreface (Tucker and Wright, 1990). The abundance of 

open marine fauna and siliciclastic material suggest it was deposited in a lower energy 

environment where marine fauna could thrive; yet fine grained siliciclastics are not 

winnowed away. Thus, this unit represents a depth close to fair-weather wave base which 

approximates the outer reaches of upper shoreface (Walker, 1984; Reading, 1986). A 

lower shoreface setting cannot be ruled out, yet the close stratigraphic proximity to the 

other facies that comprise the foreshore/upper shoreface facies association (as described 

below) suggests that the facies is better characterized as above or near fair-weather base. 

 Massive Sandstone (FSm): The FSm facies is predominantly moderately sorted, 

subangular and very coarse to granular grained sandstone. Bed thicknesses are fairly 

uniform at around 1.4 to 1.8 m and internal structuring is absent. Basal contacts of beds 

are often sharp (Fig. 10 A). In thin section, the sandstone is very tightly packed and is 

chiefly quartz cemented (Fig. 11 E and F). This facies lacks abundant clay, but micaceous 

minerals are common. The underlying beds are often low angle parallel laminated 

sandstone (FSp) or offshore mudstone. 
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 Interpretation: The facies is interpreted to be a foreshore or proximal upper 

shoreface deposit because of its stratigraphic relationship above the FSp facies. A 

specific interpretation for this facies is problematic due to lack of bedforms. However, 

massive coarse grained sandstone has been documented to occur above shoreface 

deposits in ancient paralic successions and inferred as foreshore deposits (Suttner et al., 

1984; Sweet and Soreghan, 2012). 

Low Angle Planar Laminated Sandstone (FSp): The FSp facies is a poor to 

moderately sorted, fine to medium grained sandstone with local granular conglomerate 

intervals. The most distinguishing characteristic is low-angle dipping (<16.5°) foresets 

that are relatively uniform in direction and foreset height is equivalent to bed thickness 

(Fig. 10). This facies exhibits nearly uniform thickness of roughly 1 m and is laterally 

continuous throughout exposed section. It accounts for <1% of the overall section and 

accounts for 54% of the foreshore and upper shoreface facies association. 

 Interpretation: Low-angle parallel lamination characterizes facies that denote both 

the foreshore (swash) (e.g. Clifton, 1981; Longhitano, 2008) as well as distal upper 

shoreface (e.g. Bullock, 1981; Snedden et al., 1994; Longhitano, 2008). The distal upper 

shoreface is the preferred interpretation for this facies given the directly subjacent 

position to the upper shoreface trough cross-stratified sandstone facies (FStx). Snedden et 

al. (1994) documented modern sand bar development in an upper shoreface setting that 

exhibited low-angle, unidirectional gentle offshore dipping laminae and inferred storm 

genesis for the bar. It is plausible that this facies has a similar origin, although invoking a 

storm genesis is not a unique solution. 
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Figure 10.  Photographs of key facies that comprise the foreshore/upper shoreface facies 

association. A) White arrow indicates low-angle, planar-laminated sandstone and yellow 

arrow indicates massive sandstone. Succession represents 67-69 m above base on plate 1. 

B) Close up of low-angle, planar-laminated sandstone. Black lines mark low-angle, cross-

laminations. Rock hammer used for scale. C) Yellow arrow indicates trough cross-

stratified sandstone and white arrow indicates low angle laminated sandstone. Succession 

represents 56-58 m above base on plate 1. 
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Figure 11. Photomicrographs of key facies comprising the foreshore/upper shoreface 

facies association. A) Wackestone 4.75 m from the base of the composite section with 

bivalve and gastropod fragments in plane polarized light at 2X magnification. B) Same 

area as A, but in cross-polarized light. C) Packstone 4 m from the base of the composite 

section showing variety of fauna in plane polarized light at 2X magnification. D) Same 

area as C, but in cross-polarized light. E) Moderately sorted, subangular to subrounded, 

coarse grained massive sandstone 78.5 m from the base of the composite section in plane 

polarized light at 2X magnification. F) Same area as E, but in cross-polarized light. G) 

Moderately sorted, medium to granular grained trough cross-stratified sandstone 274 m 

from the base of the composite section in plane polarized light. H) Same area as G, but in 

cross-polarized light.  
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Trough Cross-stratified Sandstone (FStx): The FStx facies is reddish brown to 

tan, poor to moderately sorted, medium to granular grained sandstone. Locally, facies 

shows abundant (up to 50%) reworked fossils, chiefly crinoids and brachiopods that are 

dispersed within the siliciclastic sand. Micaceous minerals are common. Sedimentary 

structures observed in this facies are multidirectional, cosets 5.5-7 cm thick of trough 

crossbedding (Fig. 12). Dip of crossbedding typically ranges from 25-30°. In thin section, 

quartz cement is common. Beds range in thickness from 1-1.5 m and are sharp based. 

This facies is approximately 18% of the foreshore/upper shoreface facies association and 

<1% of the overall section. 

 Interpretation: This unit is interpreted as upper shoreface. The distinguishing 

character of this facies is multidirectional oriented, steep dipping trough cross-bedding 

which typifies the upper shoreface of many facies models (e.g. Walker, 1984). Moreover, 

in mixed siliciclastic-carbonate shorefaces the segregation of bioclast from the 

siliciclastic components has shown to correlate with progressive shoaling upward 

(Chiarella and Longhitano, 2012). Although bioclasts are not universally represented 

within this facies, in the exposures that do exhibit bioclasts, the facies is characterized as 

unsegregated or show a high degree of mechanical agitation where there is sufficient 

mixing of bioclastic and siliciclastic grains (segregated index of 34.5; Fig. 12). Poorly 

segregated to unsegregated successions exhibiting 10-30 cm thick trough crossbed sets 

characterize the upper shoreface section in well-studied, shoaling upward, upper Pliocene 

cyclothems (e.g. Longhitano, 2008; Chiarella, 2011; Chiarella and Longhitano, 2012). 
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Figure 12. Cross-bedded calcareous sandstone bed shown in figure 9C. Segregation 

index analysis (Chiarella and Longhitano, 2012) was completed on the facies to 

demonstrate the relative partitioning of bioclasts and siliciclastic fragments. 0.5 = mixed 

siliciclastic-bioclast; 1 = >90% siliclastic; 2 = > 90% bioclastic material. See text for 

more details.  
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4.2.2 Lower Shoreface Facies Associations 

 Lower shoreface deposits are inferred in this study as those deposits that reside 

above storm-wave base, but below fair-weather base (Fig. 9; Walker, 1984). The 

composite section contains stratigraphically juxtaposed facies consisting of sharp based 

sandstones and sandy siltstones that periodically contain fossil material, most commonly 

plant and brachiopods fragments, and bioturbation. This association sits stratigraphically 

below the upper shoreface association described above. Moreover, the association 

gradually increases in sand content upward into the overlying upper shoreface 

association. These observations coupled with the presence of local hummocky cross-

stratified beds leads to the overall lower shoreface interpretation (Fig. 13). This 

association represents approximately 6% of the overall section exposed. Below, 

individual facies making up the association are described from the typical base of the 

association to stratigraphically higher facies. 

Planar Laminated Sandstone (LSl): The LSl facies is tan to buff, poor to 

moderately sorted, and very fine to medium grained sandstone (Fig. 13 A-D). Locally 

granules occur as lenses. The sedimentary structures are most often planar laminated, but 

locally beds exhibit amalgamated laminations or rippled tops. Beds are commonly thinly 

bedded (< 1 m); sharp based, and display bioturbation, load casts and slump features. 

Occasionally, this facies contains fossil fragments including brachiopods. In the upper 

120 m it occurs as interlaminated silt and sandstones. The planar laminated sandstone is 

in association above and below the hummocky cross-stratified sandstone facies 

(described below) and range from 0.1 to 1.5 m thick. This facies is approximately 55% 
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Figure 13. Photographs and photomicrographs of key facies that comprise the lower 

shoreface facies association. A) Moderately sorted, fine to medium grained planar 

laminated sandstone with pencil for scale. B) Moderately sorted fine to medium grained 

amalgamated planar laminated sandstone with rock hammer for scale. C) Planar 

laminated sandstone facies with red lines separating siliciclastic dominant laminations 

from carbonate dominant in plane polarized light 2X magnification. D) Same area as C, 

but in cross-polarized light. E) Poorly sorted fine to coarse grained fossiliferous 

hummocky cross-stratified sandstone with rock hammer for scale. F) Close up of E with 

mechanical pencil for scale. G) Poorly sorted fine to coarse grained fossiliferous 

hummocky cross-stratified sandstone in plane polarized light 2X magnification. H) Same 

area as G, but in cross-polarized light. 



Texas Tech University, Aaron Watters, August 2014 
 

46 
 

  



Texas Tech University, Aaron Watters, August 2014 
 

47 
 

of the lower shoreface facies association and 1% of the overall section.  

 Interpretation: This facies is interpreted as storm related deposits produced by 

combined unidirectional and oscillatory flows on the lower shoreface. Bed thickness, 

sharp base with load casts and slump features indicates the facies was likely deposited 

quickly. The close stratigraphic relationship with Shcs facies (described below), 

sedimentary structures, and lenses of granules suggest a link to storm deposits (Dott and 

Bourgeois, 1982). Dott and Bourgeois (1982) infer similar granules to be a basal lag 

associate with the initiation of offshore transportation of material from shallow marine 

deposits. Walker et al. (1983) illustrate an analogous occurrence of planar laminated 

sandstones below the Shcs. Cheel (1991) and Duke et al. (1991) concluded that laminated 

sandstone intervals were deposited under combined oscillatory and unidirectional bottom 

flows based on storm wave oscillatory speeds and its location within the HCS sequence. 

Amalgamated structures may indicate the absence of well-developed hummocks in the 

HCS sequence or bioturbation.  

Hummocky Cross-stratified Sandstone (LShcs): The Shcs facies is tan to buff, 

poorly sorted, fine to coarse grained fossiliferous sandstone (Fig. 13 E-H). The facies is 

comprised predominantly of siliciclastic sand and lithic fragments with scattered 

fossiliferous material. Lithic grains are comprised of silty mudstone and carbonate. The 

silty mudstone lithics are predominantly squashed by other framework grains. Fossils 

present are commonly broken and include brachiopods, bivalves, foraminifera, 

echinoderms, and ooids. Bedding resembles truncated wave-ripple lamina. Shcs 

commonly occurs atop the planar laminated sandstone (Sl). Individual beds range from 
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0.6 to 4 m thick and are <1% of the overall section, and 45% of the lower shoreface 

association. 

Interpretation: This facies is interpreted as storm related deposits produced by 

waning, oscillatory flows on the lower shoreface. Experimental data from work done by 

Arnott and Southard (1990) using closed oscillatory-flow ducts produced 3D ripples with 

bedding surfaces comparable to HCS bedding surfaces of ancient rock. Based on Arnott 

and Southard’s (1990) data and field relationships, Cheel (1991) and Duke et al. (1991) 

concluded that combined oscillatory and unidirectional bottom flow transports sands and 

fossils seaward during the storm peaks and form the Sl facies. Subsequently, as the 

unidirectional component wanes late or post-storm, Shcs is formed during the 

predominantly oscillatory flow. Offshore transport is also evident by the occurrence of 

shallow water fossils like ooids within the Shcs. Shcs is also inferred as being storm-

produced due to its stratigraphic location. Walker (1984) illustrated that HCS is produced 

far below fair-weather wave base based on the underlying mudstones and absence of 

reworking but above effective storm wave base.  

 

4.2.3 Offshore Facies Association 

 The majority of the composite section contains calcareous mudstones with fossils 

and plant fragments that are interbedded with thin micrites and sharp based sandstones. 

The interbedded sandstones frequently contain plant and fossil fragments as well as load 

casts (Fig. 14 G and H). This association most commonly sits stratigraphically below the 

lower shoreface described above, but mudstones assigned to this association also 
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intercalate with the lower shoreface facies described above. Moreover, characteristics that 

indicate storm wave base interaction are absent in the association, thus the association is 

considered below storm wave base (Fig. 9) and termed offshore in this study. It 

represents approximately 83% of the facies exposed in the overall section. 

 Mudstone (Om): The Om facies is comprised of both shales and siltstones that 

vary in color from black to dark gray and outcrops can exhibit rapid color change (Fig. 

14). Facies is typically micaceous, thinly laminated to fissile and grades from shale to 

siltstone (Fig. 14). Fossils, sometimes unbroken, and plant fragments are locally common 

within the facies while burrow casts can be found in the base of sandstones housed in the 

shale. Fossils recovered from this facies include brachiopods, gastropods and crinoids. 

Some of the strata effervesce in acid indicating it is slightly calcareous. This facies 

periodically contains calcareous nodules, often between laminae. The calcareous 

mudstone facies is the most predominant facies exposed in the section, accounting for 

>50% of the overall section and >60% of the offshore facies association. 

 Interpretation: The facies is interpreted to be offshore mudstone deposits. Above, 

the mudstones were characterized as being thinly laminated to fissile. Fissility is often 

related to diagenetic processes rather than depositional (Bridge and Demicco, 2008). 

Laminations are frequently attributed to rapid deposition out of suspension load from 

gravity flow (Bridge and Demicco, 2008). Bridge and Demicco (2008) explain that 

deposition in the offshore regions, such as a prodelta, is commonly episodic and rapid, 

and associated with flood and storm related variations in suspended sediment load with  
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Figure 14. Photographs of key facies that comprise the offshore facies association. A) 

Succession of offshore facies associations. B) Bottom 2/3 representative of black offshore 

shale. Top tan bed representative of micrite. 5.5 cm camera lens for scale C) Offshore silt 

and sandstone successions. 1.5 m Jacob staff for scale. D) Thinly bedded laminated to 

massive sandstones. Person for scale. E) Plant material found in laminated to massive 

sandstone. Pencil for scale. F) Burrows in the offshore facies association laminated to 

massive sandstones. 5.5 cm camera lens for scale.   



Texas Tech University, Aaron Watters, August 2014 
 

51 
 

  



Texas Tech University, Aaron Watters, August 2014 
 

52 
 

turbidity currents. The dark color of the mudstone and preservation of plant fragments is 

either characteristic of oxygen depleted conditions or fast sedimentations rates. Oxygen 

depleted conditions are related to stratified water columns where water circulation is poor 

or rapid production of marine bacteria or planktonic organisms. With low oxygenated 

waters, the sediment would have presumably deposited slowly out of suspension and 

exhibit a more massive nature (Bridge and Demicco, 2008). The fossilized organisms 

located within the mudstones would be unable to survive and in these conditions and 

would have had to have been transported from shallower water. Also, it is hard to 

envision plant material from the nonmarine realm depositing solely out of suspension in 

the water column. The presence of plant fragments, as well as fossil fragments, is best 

explained through episodic sedimentation during gravity flows. The gravity flows would 

have been initiated along the shelf during storm and flooding events.  

 Laminated to Massive Sandstone (Olm): The Olm facies is tan to buff colored, 

poor to moderately sorted, subangular to subrounded very fine to very coarse grained 

fossiliferous sandstone (Fig. 15). In thin section, framework grains are tight to loosely 

packed and cements are comprised of both quartz and calcite (Fig. 14 C-E). The Olm 

facies is typically massive to weakly stratified with a sharp base and local load structures 

preserved on the basal bedding planes (Fig. 14 and 15).  Locally, granular lenses, rip-up 

clasts, and rippled tops occur (Fig. 14 and 15). Individual beds range from 0.5 to 2.5 m 

thick and are representative of approximately 6% of the exposures. 

 Interpretation: This facies is interpreted to be the product of sediment gravity 

flows. Plant material and fossils in the deposits suggest that the material originated at  
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Figure 15.  Photomicrographs of key facies that comprise the offshore facies association. 

A) Olm sandstone facies with moderate sorting and fine grained 130 m from the base of 

the composite section. Notice the laminations defined by opaque grains. In plain light 

with 2X magnification. B) Same as A, but in cross polarized light. C) Olm sandstone 

facies with multiple rip-up clasts 760 m from the base of the composite section. The large 

rip-up clast on left is from the Om facies. In plain polarized light and 2X magnification. 

D) Same as C, but in cross polarized light. E) Olm sandstone facies that is loosely packed 

with a variety of grain types and calcareous cement. Representative of a sediment grain 

flow from 754-755 m from base of composite section. In plain polarized light and 2X 

magnification. F) Same as E, but in cross polarized light.    
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shallower conditions. The sharp base and local basal load structures are consistent with 

rapid to nearly instantaneous deposition. Yet, the local rip-up clasts and internal 

sedimentary structures are consistent with turbulent conditions (Bridge and Demicco, 

2008) Thus, turbidity current is the most likely sediment gravity process resulting in this 

facies. Rippled tops are consistent with waning conditions as the flow loses turbulence. 

 Micrite (OCm): The OCm facies is silty, massive to wavy bedded, and rarely 

contains observable fossil fragments. In thin section, silt grains make up <10% of grains 

present. Occasionally, beds contain brachiopod and echinoderm spine fragments. 

Individual beds range from 10 to 90 cm thick and occur throughout the section encased in 

mudstone. The facies represents approximately 2% of the overall section, but 4% of this 

association. 

 Interpretation: This facies is interpreted to be an offshore pelagic or hemipelagic 

carbonate facies. The low abundance of marine fauna, massive nature, and interbedding 

with the dark mudstone facies suggests that it occurred as pelagic or hemipelagic fallout 

during low siliciclastic sedimentation (Tucker and Wright, 2009). 
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CHAPTER 5 

CYCLICITY IN SEDIMENTATION 

5.1 Cycle Character 

 Observable in the composite section are a series of stacked facies associations that 

represent cyclic packages. These rock packages are arranged in shallowing-upwards 

facies associations. Each cycle contains a basal offshore marine mudstone, but is 

distinguished by different facies associations comprising the cycle tops. Approximately 

21 cycles are recorded in the Pennsylvanian sediments exposed, with three cycle types 

observed: 1) A-type cycles (either non-marine or upper shoreface/foreshore facies 

association top); 2) B-type cycles (lower shoreface facies association tops); and 3) C-type 

cycles (carbonate top). 

 A-type cycles are indicated by the occurrence of non-marine or foreshore/upper 

shoreface facies associations (Fig. 16). A-type cycles are the only cycles that contain all 

facies associations (i.e. non-marine, foreshore/upper shoreface, lower shoreface, and 

offshore) but individual cycles may not contain all of the facies associations (Plate 1). A-

type cycles occur 11 times and occur predominantly in the lower 300 m but exclusively 

in the lower 490 m of the composite section. It ranges in thickness from 10 to 65 m. 

 B-type cycles are indicated by lower shoreface facies association tops overlaying 

offshore facies associations (Fig. 17). B-type cycles occur throughout the composite 

section and have 7 cycles exposed. B-type cycles are typically thicker than A-type and 

the thickest cycle is approximately 200 m.   
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Figure 16. Representation of A-type cycles. Distinguished by marine shales grading 

upward into nonmarine to foreshore/shoreface facies association cycle tops. Top 

photograph illustrates a nonmarine succession. White arrow denotes rhizoliths. Bottom 

photograph illustrates a succession of offshore to nonmarine facies associations. Mic = 

micrite; wacke = wackestone; pack = packstone; grain = grainstone; slt = silt; vf = very 

fine; f = fine; m = medium; c = coarse; vc = very coarse; g = granular. Gray = offshore 

facies association; tanish yellow = foreshore/upper shoreface association; red and brown 

= nonmarine facies association. 
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Figure 17. Representation of B-type cycles. Distinguished by offshore facies association 

grading upward into lower shoreface facies association cycle tops. A) Hummocky 

sandstone facies from Forest Service road 723 with hammer for scale. B) Planar 

laminated to massive sandstone facies from Forest Service road 723 with rock hammer 

for scale. C) Fossilized plant material in the Laminated to massive sandstone from the 

offshore facies association from Forest Service road 723 with acid bottle for scale. D) 

Micrite from the offshore facies association with 5.5 cm lens cap for scale.  Mic = 

micrite; wacke = wackestone; pack = packstone; grain = grainstone; slt = silt; vf = very 

fine; f = fine; m = medium; c = coarse; vc = very coarse; g = granular. Gray = offshore 

facies association; tanish orange = lower shoreface association; tanish yellow = 

foreshore/upper shoreface association   
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 C-type cycles are indicated by the occurrence of thick (>1 m) marine wackestone 

to grainstone carbonates as cycle tops (Fig. 18). The carbonate cycle tops overlie offshore 

mudstone. The cycle occurs 3 times and only in the upper most 35 m of the composite 

section. Cycle thickness ranges from 7 to 16 m. 

 

5.2 Controls on Cyclicity 

 All cycle varieties expressed in the composite section shallow upward, thus 

throughout each cycle-period, the rate of accommodation creation must have decreased 

relative to the rate of sediment supply upward through the cycle. This phenomenon 

occurs essentially in two ways. The sediment supply rate can increase to ultimately 

exceed the rate of accommodation or the rate of accommodation can decrease until it is 

exceeded by the sediment supply rate. These two variations have been termed “catch-up” 

and “catch-down” cycles (Soreghan and Dickinson, 1994). 

 In the marine realm, accommodation space is the amount of space available to 

receive sediment below base level. Base level is approximated by the sea surface, but can 

be lower than actual sea surface when high wave energy erodes or redistributes sediments 

in the shallow settings (e.g. Catuneanu, 2006). However, for simplicity, in this study base 

level is thought of as the sea surface because all cycles begin with sediments deposited 

below storm wave base (i.e. offshore facies associations). Thus, the controls on 

accommodation space are subsidence of the basin floor and eustatic fluctuations. 

Accommodation space is filled via sediment delivery. At any given time, the vertical 

 



Texas Tech University, Aaron Watters, August 2014 
 

62 
 

 

 

 

 

 

 

Figure 18. Representation of C-type cycles. Distinguished by offshore facies association 

grading upward into lower shoreface facies association cycle tops. A) Trough cross-

stratified grainstone that represents C-type cycle-top. Person for scale. B) Low angle-

planar laminated calcareous sandstone. Person for scale. See plate 1 for paleontological 

identification. Mic = micrite; wacke = wackestone; pack = packstone; grain = grainstone; 

slt = silt; vf = very fine; f = fine; m = medium; c = coarse; vc = very coarse; g = granular. 

tanish orange = lower shoreface association; tanish yellow = foreshore/upper shoreface 

association  
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space between the accumulated sediment surface and sea surface is referred to as relative 

sea level. 

 A-type cycles are characterized by cycle tops that record above normal wave base 

to nonmarine conditions. Thus, these cycles record nearly complete filling of the 

accommodation space (i.e. reached base level). These cycles are best characterized as 

“catch-up” cycles rather than “catch-down” because accommodation space was never 

reduced, just out-paced. Thus, A-type cycles record low-sediment supply rate relative to 

rate of accommodation creation in the lower part of the cycle and vice versa in the upper 

part of the cycle. Overall, these cycles indicate that where they are represented in the 

lower 490 m of the section, rates of accommodation space and sediment supply were 

never greatly out of balance, just alternating. 

 B-type cycles are characterized by cycle tops that record below normal wave base 

conditions. Thus, these cycles record incomplete filling of the accommodation space. 

These cycles are best characterized as “give-up” cycles because accommodation space 

began to fill but sediment surface never reached normal wave base before the area was 

drowned again. The loss of accommodation space could be attributed to basin uplift or 

eustatic changes. Eustasy is more likely due to the high frequency and repetitive nature of 

the observed cyclicity. Because accommodation loss was never allowed to progress to 

above fair-weather wave base, sediment supply never greatly outpaced accommodation 

creation for a significant interval of each B-type cycle. 

 C-type cycles are characterized by cycle tops that record conditions above normal 

wave base. Similarly to A-type cycles, these cycles record complete filling of 
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accommodation space. However, in contrast to A-type cycles, C-type cycles are most 

likely “keep-up” cycles because sedimentation kept pace with the creation of 

accommodation space as noted by the lack of deepwater facies associations. C-type 

cycles are facies incomplete and record storm wave to normal wave base conditions. 

Overall, these cycles indicate, that within the upper 35 m of the section, rates of 

accommodation space and sediment supply were never greatly out of balance.  

 

5.3 Allogenic versus Autogenic Controls 

 Cyclic sedimentation can occur under forcings internal to the system, termed 

autogenic, or forcings external to the system, termed allogenic. Often, however, allogenic 

and autogenic are both at play within a cyclic succession and deciphering specific forcing 

mechanisms is difficult. Autogenic forcing within the succession presented here is likely 

to be primarily delta lobe switching and to a lesser extent fluvial channel avulsion. 

Fluvial channel avulsion undoubtedly occurred during deposition of the composite 

section, however each type of cycle contains abundant marine facies, thus this type of 

autogenic forcing could not be responsible for the cyclic character observed 

 Delta lobe switching occurs when the delta-plain fluvial channel avulsion occurs 

and the path of least resistance leads to progradation within an adjacent topographically 

lower region. Thus, individual progradation events are recorded in the rock record as 

laterally equivalent, but not time equivalent, shallowing upward deltaic cycles (Miall, 

1984). Thus, by definition, individual cycles created by delta lobe switching should not 

correlate across a basin. Assessing lateral correlation requires a minimum of two time 
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equivalent, lateral successions within the same basin. The composite section presented 

here is essentially a 1-D section. Therefore, delta lobe switching cannot be ruled out for 

any of the cycles. However, some characteristics of the cycles within the composite 

section require some allogenic control. For example, the difference between A-type and 

B-type cycles requires increased accommodation through higher subsidence rates since 

eustatic changes alone are unlikely to create net accommodation (Soreghan and 

Dickinson, 1994). Even though varying subsidence rates likely occurred to create the A-

type versus B-type cycles, delta lobe switching may still have been the chief control on 

filling the accommodation space. 

 If cycles can be shown to correlate across or outside of the basin, then eustasy 

likely played a role in crafting the cycles. The late Paleozoic is often characterized by 

waxing and waning of glacial icesheets in Southern Gondwana (Veevers and Powell, 

1987; Algeo and Heckel, 2008; Rygel et al., 2008; Eros et al., 2012). The North 

American interior was characterized by repeated flooding owing to the icesheets melting 

in the Southern Hemisphere (e.g. Algeo and Heckel, 2008). Many authors (Heckel, 1986; 

Soreghan and Giles, 1999) invoked high frequency glacioeustatic fluctuations of 50-120 

m during the late Paleozoic. The Pennsylvanian displays a multitude of glacioeustatic 

fluctuations, in some instances up to 120 m in magnitude (Heckel, 1986; Soreghan and 

Giles, 1999). Specifically, the late Atokan to early Desmoinesian represents a period of 

low (< 40 m) eustatic fluctuations, whereas the late Desmoinesian represents high (120 

m) glacioeustatic fluctuations (Della Porta et al., 2002; Rygel et al., 2008).  
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 Many onlap-offlap curves for the midcontinent have been produced in order to 

resolve sea level change and eustatic parameters for the Pennsylvanian, but more recently 

Eros et al. (2012) has linked major cyclothems in the midcontinent with cyclothems 

found in the Donets basin of Ukraine. These correlations suggest that there is a major 

eustatic driver on deposition during the Pennsylvanian. 

 A relative sea level curve (Fig. 18) was created by estimating relative water 

depths for facies within the composite section. Comparing the Taos trough composite 

section to coeval Desmoinesian stratigraphic sections in the Donets basin, relative water 

depth models of each locality demonstrates similarities in the shape of the curves (Fig. 

19), such that relative sea level highs in the Taos trough correspond with large magnitude 

of shoreline onlap-offlap in the Donets basin. Specifically, high magnitude changes in 

relative water depth appear to correspond with large magnitude shoreline shifts in the 

Donets basin. Moreover, long term trends of both curves appear to agree well. Not all 

areas along the curves match due to local tectonic and autogenic effects. Both were 

tectonically active regions during the Desmoinesian, the Donets was an extensional basin 

and the Taos trough may have been a compressional component. Autogenically, both 

basins were affected by progradation and potential associated lobe switching and likely 

accounts for the localized out of phase comparison. 
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Figure 19. Comparison of relative seal level records from the Donets basin and the Taos 

trough. Curves were fit by matching our stratigraphic conodont ages with ages shown on 

the Donets Basin curve. 
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CHAPTER 6 

SEDIMENT INFLUX DIRECTION 

6.1 Sediment Transport Indicators 

 In order to assess sediment source direction, five different types of transport 

indicators were measured: 1) fluvial cross bed sets; 2) fluvial channel orientation; 3) 

clinoform dip directions; 4) foreshore/ uppershoreface facies cross beds; and 5) soft-

sediment fold vergences in delta front successions.  

Cross beds are indicators of deposition on the lee slopes of bedforms responsible 

for the formation of cross-stratification (Hunter and Kocurek, 1986). The deposition on 

the steep lee slopes occur as grainfalls and grainflows (Hunter, 1977) and the surface 

created is nearly normal to flow direction. Because the slope surface is nearly normal to 

flow direction, measuring the down dip direction of the surface estimates sediment 

transport direction. However, given the natural variability within a fluvial system, 

numerous localities must be analyzed within ancient fluvial systems to assess paleo-

stream trends, especially in low-gradient fluvial systems (Schwartz, 1978). If fluvial 

cross-beds are scarce, the data should be dovetailed with other data types for meaningful 

indications of paleogeographic sediment dispersal. This study utilizes the latter since 

fluvial cross-beds were relatively scarce in the composite section. 

 Fluvial channels are cross sections of a stream (e.g., Miall, 1978), thus by 

definition they are normal to paleoflow and the azimuth of the channel trend provides a 
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flow orientation (e.g. Sweet and Soreghan, 2010). However, channels do not provide 

directional data and must be incorporated with other data to assess sediment dispersal 

patterns. 

Clinoforms are inclined beds built through progradation (e.g., Miall, 1984). 

Figure 20 illustrates how these beds are inclined when compared to the beds above and 

below. The orientation of bedding clinoform surfaces within records the progradation 

direction. In turn, the progradation direction proxies mean transport direction.  

 Sediment instability along delta fronts can cause slumps even on gentle dipping 

(<1°) slopes (Coleman et al., 1998). The differential depositional and progradational rates 

between the delta mouth and prodelta results in differential slopes between the delta 

mouth and prodelta (Coleman et al., 1998). This results in slumping of the unconsolidated 

sediments on the delta front and sends slump debris down the slope (Coleman et al., 

1998). Soft-sediment folds are the product of synchronous slumping of these unstable 

sediments. Generally, the soft-sediment folds will verge in a semi-coherent fashion in the 

down slope direction even on very low slopes (<1°) (Aslop and Marco, 2013). Axial 

surface orientations of individual folds dip upslope and strike near-parallel to delta front 

(Aslop and Marco, 2013). Given these characteristics of the soft-sedimentary folds on a 

delta slope, then overall transport direction can be estimated by an azimuth 180° from the 

average axial surface dip direction. 
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Figure 20. A) Photographs of clinoforms along Holman Grade. Road sign in center of 

photograph is approximately 2 m tall. B) Interpretive lines drawn to indicate how the 

lower beds in red are inclined when compared to the above yellow beds. Notice how the 

beds outlined in red thicken from left to right.   
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6.2 Sediment Transport Direction 

 Utilizing the transport indicators above, seven individual data sets were measured 

(Appendix A). All of the data was restored to paleo-horizontal using StereoNet 8 version 

8.0 developed by Rick Allmendinger and GEOrient version 9.5.0 by Rob Holcombe. 

 Foresets equivalent in height to bed thickness occur within foreshore/upper 

shoreface facies 56 m above the base of the composite section. Thirteen strike and dip 

orientations were restored to original depositional orientation by rotating a coeval fluvial 

nonmarine bed to horizontal. The mean dip direction of the foresets is 268° (Fig. 21). 

This illustrates a westward transport direction. 

 A second set of foresets occurs in foreshore/upper shoreface facies 67 m from the 

base of the composite section. Only eight foresets were measured because the cross strata 

was poorly developed when compared to the above facies. This may be due to the coarser 

nature of the sediment at this locality. Foreset orientations were restored to horizontal 

similarly as above, that is by rotating fluvial bed attitudes to horizontal. The resultant dip 

direction displays a mean of 220° (Fig. 22). This illustrates a southwestern transport 

direction. 

 Fluvial channel occurs 73 m above the base of the composite section. At this 

locality, 13 azimuth orientations of individual channel elements were measured. 

Azimuths show mean orientations of 339° and 159° (Fig. 23). This supports 

northwest-southeastern oriented fluvial channel, but overall flow direction cannot 

be determined from this data set. 
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Figure 21. Sediment transport data derived from seaward dipping foresets within the 

foreshore/upper shoreface association. A) Planar data used to build rose diagram. Blue 

dots = unrestored data. Black dots = restored data after rotating nearby fluvial bed to 

horizontal. B) Rose diagram showing distribution of restored down dip directions. Arrow 

deliniates mean direction. 
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Figure 22. Sediment transport data derived from seaward dipping foresets within the 

foreshore/uppers shoreface association. A) Planar data used to build rose diagram. Blue 

dots = unrestored data. Black dots = restored data after rotating nearby fluvial bed to 

horizontal. B) Rose diagram showing distribution of restored down dip directions. Arrow 

delineates mean direction.  
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Clinoform geometries occur 100 m above the base of the composite section. 

Bedding attitudes (n=6) were measured from the locality. Younger deformation was 

removed by restoring coeval upper shoreface sandstone strata at 99 m above the base to 

horizontal (Fig. 24), and assumes that the shallow marine sediments were deposited 

nearly horizontal. The restored down dip direction of the restored bedding is 307° (Fig. 

24). This supports a northwesterly transport direction. 

Cross-stratification occurs in foreshore/upper shoreface facies sandstone 118.5 m 

above the base of the composite section. From this unit, cross-section orientations (n=10) 

were restored to original depositional orientation using a micrite bed at 116 m above 

base. The micrite bed was used because basinal slopes dip at such a shallow angle and 

proxy horizontal. The restored cross-stratification dip directions show a mean orientation 

of 218°, which shows a southwestern transport direction (Fig. 25). However, 

because these data are from the shallow marine realm, sediment transport direction 

may only indicate local marine currents which can range from shoreline parallel to 

shoreline perpendicular, either offshore or onshore. Thus, these data alone indicate 

more local oceanographic conditions than overall paleogeographic sediment 

dispersal. Nevertheless, the data is consistent with other data in that they 

demonstrate a general westerly transport direction. 

Fluvial cross-stratification occurs in fluvial nonmarine sandstone (Fig. 8) 187 m 

from the base of the composite section. Cross-stratification attitudes (n=10) were restored 

to original depositional orientation by rotating the bedding attitude, from the same 

interval, to horizontal. Down dip direction of the cross- stratification indicates  
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Figure 23. Sediment transport data derived from channel orientations within the 

nonmarine association. A) Line data used to build rose diagram. Blue dots = unrestored 

data. Black dots = restored data after rotating nearby fluvial bed to horizontal. B) Rose 

diagram showing distribution of restored down dip directions. Arrow deliniates mean 

direction.  
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Figure 24. Sediment transport data derived from inclined bedding within the 

foreshore/upper shoreface association. A) Planar data used to build rose diagram. Blue 

dots = unrestored data. Black dots = restored data after rotating nearby fluvial bed to 

horizontal. B) Rose diagram showing distribution of restored down dip directions. Arrow 

deliniates mean direction.  
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mean direction of 181° (Fig. 26). This illustrates a generally southern transport direction 

and is consistent with the orientation of large channel form at this locality. 

Soft-sedimentary folds occur within fine-grained off-shore facies at 755-760 m 

from the base of the composite section (Fig. 27). Axial planes (n = 13) of individual folds 

were measured. Younger deformation was removed by rotating stratigraphically nearby 

micrite beds to horizontal. The micrite beds may have been deposited on a gentle slope, 

likely less than a few degrees, hence a sensitivity test was undertaken which showed that 

the difference in axial surface restoration was negligible, if micrite beds were rotated to 

horizontal or 4°. Restored axial surface dip direction is 121°, indicating a down slope 

direction of 301° (Fig. 28). The corrected fold orientations indicate an eastward dipping 

fold axis with a vergence towards the west. 

Overall, the data presented indicates a general southwestern transport direction 

with the majority being towards the southwest (Fig. 29). There appear to be no trends 

when comparing orientations moving up the section. Overall, the data indicate that there 

was a likely eastern source of sediment for this study area. 
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Figure 25. Sediment transport data derived from seaward dipping foresets within the 

foreshore/upper shoreface association. A) Planar data used to build rose diagram. Blue 

dots = unrestored data. Black dots = restored data after rotating nearby fluvial bed to 

horizontal. B) Rose diagram showing distribution of restored down dip directions. Arrow 

deliniates mean direction.  
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Figure 26. Sediment transport data derived from cross-stratification within the 

nonmarine association. A) Planar data used to build rose diagram. Blue dots = unrestored 

data. Black dots = restored data after rotating nearby fluvial bed to horizontal. B) Rose 

diagram showing distribution of restored down dip directions. Arrow deliniates mean 

direction. 
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Figure 27. A) Photomontage of soft-sediment folds at 738-763 m from the base of the 

composite section. Note human for scale in center of photo. B) Line drawing of soft 

sedimentary folds.   
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Figure 28.  Series of three equal area stereonet plots used to analyze and restore the axial 

planes to the soft-sediment folds from 738-763 m above the base of the composite 

section. A) Raw data of soft-sediment folds (n=13). B) Poles of the unrestored (black 

boxes), restored (blue circles), and fluvial bedding (red cross). C) Restored axial planes 

of the soft-sediment folds.  



Texas Tech University, Aaron Watters, August 2014 
 

85 
 

 
 

  



Texas Tech University, Aaron Watters, August 2014 
 

86 
 

 

 

 

 

 

 

Figure 29. Summary sediment transport data derived from all indicators. A) Planar data 

used to build rose diagram. Black dots = restored data after rotating nearby beds to paleo-

horizontal. B) Rose diagram showing distribution of restored data. Arrow delineates 

mean direction. 
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6.3 Eastern Sediment Source: Did the El Oro-Rincon Uplift or Sierra Grande 

Uplift Provide the Sediment? 

 Previously, two models were presented in regards to the Taos trough 

paleogeography. With the dominantly westward sediment dispersal presented above, 

there must have been an eastern sources supplied the sediment for the study area. From 

the presented models, there are two possibilities: 1) the El Oro-Rincon uplift or 2) the 

Sierra Grande uplift (Fig 3).  

 Soegaard (1990) interpreted the majority of the Taos trough sediment as being 

sourced from the Brazos uplift to the west across the Pecos Picuris fault. The transport 

data presented here indicates that sediment in the study area had to originate from an 

eastern source. Using the flexural model of Soegaard (1990), sediment in the study area 

would have had to originate from the Sierra Grande uplift (Fig. 1, 3, and 30). If this is the 

case, the sediment would have had to travel over 80-160 km, depending on stream course 

across the Rainsville trough (Fig. 3 and 30), to reach the study area. Moreover, fluvial 

strata should be expressed at coeval stratigraphic intervals across the entire distance 

within the Rainsville trough. 

 Baltz and Myers (1999) interpreted the Taos trough to have intra-basinal 

highlands (El Oro-Rincon uplift) that would have sourced sediment to both the Taos and 

Rainsville troughs (Fig. 3). The El Oro-Rincon uplift is interpreted by Baltz and Myers 

(1999) as a westerly tilted basement-cored uplift. The surface expression, of this positive 

element would have been less than 8 km from the study area. If the El Oro-Rincon uplift 
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is the source of sediment for the study area, then fluvial strata need not be expressed 

across the entire Rainsville trough.  

 Data presented in this report shows a general westerly transport direction. In the 

fluvial strata, a mean grain size of coarse to granular was seen with an abundance of 

feldspar, quartz and mica grains. This data might indicate a source closer than the Sierra 

Grande uplift, but further studies would need to be done to test that possibility. All the 

data for the Rainsville trough is from well data, and thus largely 1-dimensional, 

nevertheless Baltz and Myers (1999) discuss a reduction in the ratio of coeval sandstone 

to shale moving from the interpreted location of the El Oro-Rincon uplift towards the 

Sierra Grande uplift. Therefore, the El Oro-Rincon uplift best fits the eastern source and 

implies it existed as a positive element during the Middle Pennsylvanian. 
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Figure 30. Condensed map of Pennsylvanian tectonic elements and isopach map of 

Pennsylvanian stratigraphy of north-central New Mexico seen early. The red dashed lines 

are Pennsylvanian isopach contours denoted by gray numbers (300 meter contour 

interval). Blue dashed line is the zero isopach line for the Pennsylvanian. Yellow star 

represents study area. Red arrows represent where sediment supplied to the study area 

would have had to originate from based on the summary rose diagram if the El Oro-

Rincon uplift was not present during the Desmoinesian.
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CHAPTER 7 

BASIN SUBSIDENCE CURVES 

 To assess the allocation of isostatic and tectonic subsidence within the Taos 

trough axis, Mississippian through Early Permian sedimentary strata, within or near the 

study area, was subjected to backstripping analysis. Table 2 summarizes the parameters 

utilized in the subsidence analysis. 

Table 2: Input Parameters for Geohistory Curve 

Interval Age     
(Ma)1  

Present 
Thickness 

(m)2,3,4 

Lithology 
(%)2,3,4 

ck 
ratio       
(m)5   

ρm 
(g/cm3)5 

ρM 
(g/cm3)5 

ρW 
(g/cm3)5 

ɸ                     
(%)5 

Wd         
(m) 

SLΔ          
(m)6 

Wolfcampian2 290 650 Silt:42 
Sand:58 

2710 2.66 3.33 1.028 40.7 0 -0.5 

Missourian-
Virgilian2 

299 287 Silt:39 
Sand:57 
Micrite:4 

2693 2.66 3.33 1.028 40.1 0 12.5 

Late 
Desmoinesian3 

306 1219 Silt:38 
Sand:45 

Micrite:17 

2683 2.69 3.33 1.028 39.4 20 15 

Early 
Desmoinesian4 

308.0 949 Silt:53 
Sand:43 
Micrite:2 

FossilLms:2 

2028 2.71 3.33 1.028 42.4 80 5 

Atokan2 312 562 Silt:72 
Sand:17 

Micrite:11 

2855 2.67 3.33 1.028 45.1 20 10 

Morrowan2 318.5 471 Silt:77 
Sand:16 
Micrite:7 

2882 2.67 3.33 1.028 46.0 10 -21 

Late 
Mississippian2 

323 33 Sand:14 
Micrite:86 

2463 2.83 3.33 1.028 30.6 10 0 

Early 
Mississippian 

343 0 n/a n/a n/a n/a n/a n/a n/a n/a 

Data from: (1) Gradstein et al. (2012); (2) Baltz and Meyers (1999), (3) Miller et al. (1963), (4) this study (Barrick, personal 
communication), (5) Hegarty et al. (1988), (6) Haq (2005) 

See text for symbology definition 
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7.1 Subsidence Analysis Model 

 The entire Mississippian-Early Permian stratigraphic section within or near the 

study area was compiled and subjected to subsidence analysis though the backstripping 

methodology developed by Steckler and Watts (1980). To assess total subsidence within 

a basin utilizing this method, the sedimentary column must first be iteratively 

decompacted to ascertain the true component of isostatic sedimentary loading. 

Decompaction involves removing the loss of porosity through burial to arrive at a 

cumulative decompacted stratigraphic column, which approximates the entire amount of 

subsidence within the basin. The decompaction equation is as follows: 

 

𝑍𝑑 =
[(Zi)(1 −Φi)]

(1 −Φd)  

 

Where Zd is the decompacted thickness of a sedimentary interval, Zi is the compacted 

thickness, Φi is the observed compacted porosity, and Φd is the predicted porosity at a 

certain depth as shown by the following equation: 

 

ɸ𝑑 = ɸ𝑒(− 𝑧
𝑐𝑘) 

 

Where Φ is the lithologic specific surface porosity (used as a constant), z is depth of 

interest (this model used ½ thickness of interval decompacted) for porosity prediction, 

and ck is the lithologic constant. Values for Φ and ck used in the analysis are ratios based 



Texas Tech University, Aaron Watters, August 2014 
 

92 
 

on the relative percentages of shale, siltstone, sandstone, micrite and fossiliferous 

limestone within the stratigraphic interval (Table 2). Values of pure lithologies (i.e. 100% 

sandstone) used in the ratio calculation are from Hegarty et al. (1988). Backstripping 

involves decompacting the first interval defined within your stratigraphic column (i.e. 

Wolfcampain), then removing that thickness and decompacting the underlying intervals. 

The process is repeated iteratively for each successive older interval. The final product is 

a decompacted sedimentary column and represents the total amount of recorded 

subsidence (Stot). 

 Tectonic subsidence (Stec) is the amount of subsidence left over from the Stot after 

removing the isostatic component due to sedimentary loading (Siso) and water loading, as 

shown by the following equation: 

 

𝑆𝑡𝑒𝑐 = 𝑆𝑡𝑜𝑡 − 𝑆𝑖𝑠𝑜 + 𝑊𝑑 − ∆𝑆𝐿 �
𝜌𝑀

𝜌𝑀 − 𝜌𝑊
� 

 

Where Wd is the estimated water depth for the interval (using water depth ranges for 

depositional facies), ΔSL is the change in sea level form the previous interval, ρM is the 

density of the mantle and ρW is the density of the water. The isostatic effect of water 

loading is represented by the right half of the equation since the Siso term is the 

contribution to total subsidence from the weight of the sedimentary column. Siso is 

calculated from: 
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𝑆𝑖𝑠𝑜 = 𝑍𝑑 �
(𝜌𝑆 − 𝜌𝑊)
(𝜌𝑀 − 𝜌𝑊)

� 

 

Where ρS is the density of the sedimentary column calculated by the ratio of the density 

of rock volume to the density of pore volume as defined by the following equation: 

 

𝜌𝑆 = (1 −ɸ𝑑)(𝜌𝑅) + (ɸ𝑑 ∗ 𝜌𝑊) 

 

Where ρR is the density of the rock. For this analysis, ρR was calculated similarly to Φ 

and ck ratios above i.e. utilizing the relative percentages of sandstone, siltstone, shale, 

micrite and fossiliferous. 

 

7.2 Subsidence Analysis Results 
 Table 3 summarizes results of backstripping and subsidence anaylsis. The Taos 

trough was inverted during the Laramide orogeny (e.g. Yin and Ingersoll, 1997) resulting 

in the erosional removal of the majority of the Middle Permian through Mesozoic section 

from the study area. Undoubtedly, those strata had some effect on compaction, but this 

analysis did not attempt to take that into effect for two reasons. First, estimating thickness 

of strata within the study that was eroded is impossible.  

 Utilizing regional thickness of strata may have served as a proxy, but the 

thickness variations within individual chronostratigraphic intervals was too great to do 

with confidence. Secondly, unroofing of the section during uplift also likely resulted in  
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Table 3: Results of Backstripping  and Subsidence Analysis 

  Age          
(Ma) 

Stot                

(m) 
Siso                

(m) 
Stec                

(m) 
Decompacted Thickness (Zd)                                                                                                                                                   

(m) 

    
 

Ma:  323 319 312 308 306 299 290 
Wolfcampian 290 700 383 317        700 

Missourian-Virgilian 299 336 188 168       336 297 

Late Desmoinesian 306 1533 774 763      1533 1477 1380 

Early Desmoinesian 308 1423 732 619     1423 1145 1128 1095 

Atokan 312 866 500 361    866 715 623 616 605 

Morrowan 319 751 443 266   751 656 573 514 509 502 

Late Mississippian 323 45 21 14  45 41 38 36 33 33 33 

Early Mississippian 343 0 0 0                 

See text for symbology definitions 
 

some inflation of the column as the overlying weight of the sedimentary column was 

reduced, especially for less lithified intervals. Thus, the second reason would counter-act 

the first reason to some effect. Another potential hiccup in the subsidence analysis is the 

absence of the effect of heat in the model. However, even though workers disagree on 

many structural aspects of ARM basins, almost all agree that crustal thinning was 

minimal (e.g., Budnick, 1986; Kluth, 1986; Soegaard, 1990; Baltz and Myers, 1999; Hoy 

and Ridgway, 2002; Barbeau, 2003; Sweet and Soreghan, 2010) suggesting that increased 

heat flow during basin formation was negligible to minimal. Thus, this subsidence 

analysis is a simplistic, one dimensional estimate of the geohistory of Taos trough. 

Nevertheless, plotting age versus Stot and Stec reveals some useful insights into the basin 

evolution during the Carboniferous through Early Permian (Fig. 31). 

 Figure 31 denotes the total subsidence and the tectonic component of subsidence 

derived from the backstripping model for the Mississippian through the early Permian.  
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Figure 31. Backstripped subsidence analysis of the study area. Inset denotes only the 

backstripped curve for the Desmoinesian composite section from this study.  
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Overall, the curve shows that Stot was minimal until the early Pennsylvanian. During the 

Morrowan-Atokan, total subsidence increases greatly in magnitude and rate. Moving into 

the early and late Desmoinesian, Stot reaches the highest rate of subsidence. Late 

Pennsylvanian, the curve shallows and Stot decreases but appears to uptick again in the 

early Permian. 

 The tectonic subsidence component trend largely mimics the total subsidence 

trend (Fig. 31). Overall, the curve shows that Stec, was minimal until the early 

Pennsylvanian. During the Morrowan-Atokan, Stec begins to increase greatly and in the 

early and late Desmoinesian, Stec reaches the highest rate of subsidence. In the late 

Pennsylvanian, the curve shallows and Stec decreases but may uptick again in the early 

Permian. 

 The tectonic subsidence indicates that ARM subsidence within the Taos trough 

began in the earliest Pennsylvanian and reached peak subsidence in the Desmoinesian. 

ARM tectonics in the Taos trough was largely over by the end of the Pennsylvanian. 

These results are consistent with timing of peak subsidence in the central Colorado 

trough (Kluth, 1986; Dickinson and Lawton, 2003) and of other assessments of the Taos 

trough (Dickinson and Lawton, 2003). However, Dickinson and Lawton (2003) suggest 

that ARM tectonism continued thought the middle Permian in the Taos trough, yet the 

model presented here indicates that tectonic subsidence was largely quiescent by the end 

of the Desmoinesian (Fig. 31). The uptick in renewed subsidence in the Early Permian is 

consistent with a late isostatic adjustment of high-density crustal root in the area as 
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proposed by Soreghan et al. (2012) and regional onlap of Lower Permian strata onto 

Precambrian crystalline basement as demonstrated by Sweet (2013).  

 

7.3 Comparing to Other Curves in Other Basins 

 Tectonic regime provides first-order control on basin subsidence, such that basin 

subsidence curves are specific to general tectonic settings (Xie and Heller, 2009). To test 

the general tectonic regime of the Taos trough, the tectonic subsidence curve is compared 

to curves from known tectonic settings (Fig. 32). The comparison shows that the Taos 

trough tectonic component has similarities to both foreland basin and strike-slip 

subsidence curves. For example, the rate of tectonic subsidence in the Taos trough 

increased through basin evolution similar to progressive flexure in foreland settings, 

however, the overall duration of subsidence was significantly less than the majority of 

foreland basins (Fig. 32 and 33). The duration of tectonic subsidence in the Taos trough 

is comparable to a strike –slip setting, but the rate of subsidence is lower than the average 

strike-slip setting (Fig. 32 and 33). Thus, tectonic subsidence within the Taos trough 

appears to show characteristics of both foreland and strike-slip settings and potentially 

may reflect both styles of tectonic forcings. Yet, care should be taken to not place too 

much importance on the comparisons until the three-dimensional basin subsidence is 

better understood. 
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Figure 32. A) Comparison of Taos trough tectonic subsidence curve (Red lines) to other 

tectonic subsidence curves (Gray Lines) from known flexural foreland basins. Solid red 

line is complete Mississippian-Early Permian curve, whereas dashed red line has the 

Mississippian component removed. Comparison data from Xie and Heller (2009). B) 

Comparison of Taos trough tectonic subsidence curve (Red lines) to other tectonic 

subsidence curves (Gray Lines) from known strike-slip basins. Solid red line is complete 

Mississippian-Early Permian curve, whereas dashed red line has the Mississippian 

component removed. Comparison data from Xie and Heller (2009).   
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Figure 33. Chart showing the relationship of tectonic subsidence rate to duration of 

subsidence for specific tectonic settings of basins. Data used to build areas of specific 

tectonic settings comes from Xie and Heller (2009).   
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CHAPTER 8 

DISCUSSION 

8.1 Linking Composite Stratigraphic Section to Basin Subsidence Curve 

 The change from A-type to B-type cycles is best explained by an increase of 

tectonic subsidence. The A-type to B-type cycle transition occurs sometime in the Early 

Pennsylvanian, as indicated by the recovery of early Desmoinesian conodonts (J. Barrick, 

personal communication) at the base of the composite section. Similarly, Stec increases in 

the basin subsidence model during the same time frame (Fig. 30).  

 The high-resolution tectonic subsidence curve built from cycles of the composite 

section (Fig. 30 inset) suggests that the basin could have experienced periods of minimal 

uplift, especially in the earliest Desmoinesian. Thus, it is also possible that the complete 

filling of accommodation space as indicated by the nonmarine cycle tops could have been 

facilitated through accommodation destruction (i.e. uplift) rather than filling. More likely, 

however, it was a function of both.  

 

8.2 Testing Competing Basin Models 

 If Soegaard’s (1990) flexural model is correct, then strata within the basin should 

contain predominantly deep water facies due to the study area coinciding with the basin 

axis (Fig. 3), be predominantly westerly sourced, and should contain tripartite deposits—

a foredeep, forebulge, and backbulge succession—common to flexural migration within 

foreland basin settings (e.g. DeCelles and Giles, 1996; Barbeau, 2003). In contrast, if the 
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Baltz and Myers (1999) model comprised of intrabasinal uplifts is correct, then strata 

within the basin should record a wide variety of facies exhibiting various water depths, 

contain east and west sourced sediments, and lack the tripartite deposit.  

In Plate1, the deep water facies is 83% of the overall strata exposed, however, 

there is a wide variety of facies exhibiting various water depths in the study area. This 

wide variety of facies is best seen in the A-type cycles. A-type cycles are indicated by a 

cycle top of foreshore/upper shoreface or nonmarine facies associations. The nonmarine 

facies periodically contain thin coals and oxidized mudstones with rhizoliths. However, 

A-type cycles primarily in the lower 300 m but exclusively in the lower 490 m of the 

composite section.  Nevertheless, this section indicates large variations of relative water 

depths that are hard to reconcile in a classic foreland flexural model. If the Baltz and 

Myers (1990) model is correct, then the study area is on the hanging wall of the basal 

thrust of the El Oro-Rincon uplift (Fig. 3). Potentially, local reactivation of that thrust 

could reduce accommodation through uplift and might be reflected in the nonmarine 

cycle tops. The early Desmoinesian subsidence curve (Fig. 30, inset) models the potential 

for periodic negative subsidence that could reflect these periods of uplift. 

The strata record a dominant western sediment transport direction which agrees 

with an easterly source (Fig. 29). Soegaard’s (1990) study, on the west side of the Taos 

trough axis (Fig. 3), records an easterly sediment transport direction inferred to be across 

the Pecos-Picuris fault. Verging sediment transport indicators from opposite sides of the 

basin agrees with the idea that there was a positive feature to the east of the study area 

(i.e. ancient Brazos uplift, Fig. 3) and both eastern and western sources funneled 
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sediment into the Taos trough axis. This relationship could be explained by either the El 

Oro-Rincon uplift as; 1) a structurally-uplifted, Precambrian-cored highland or 2) the 

forebulge of a flexural basin. Baltz and Myers (1999) infer synorogenic growth strata 

occurred within the adjacent Rainsville trough. Moreover, migration of the El Oro-

Rincon uplift, as would be expected if it was a forebulge, is not tenable with 

sedimentation in either the Taos or Rainsville troughs. Thus, a fault bounded origin for 

the El Oro-Rincon uplift is the most plausible interpretation.  

Barbeau (2003) studied the Paradox Basin in Colorado and Utah in order to better 

understand ARM tectonic mechanisms. In his study, he uses Soegaard’s (1990) study as 

evidence of other foreland basins in the ARM region. Characterizing foreland basins is a 

lateral succession of facies changes that reflect flexural subsidence as the flexural load 

migrates, termed Tripartite succession (e.g. DeCelles and Giles, 1996; Barbeau, 2003). 

The Paradox basin contains a proximal succession of boulder to pebble, arkosic 

conglomerate and subordinate trough cross stratified, very coarse sandstones that thin 

away from the structural front (i.e. foredeep succession). These conglomerate and 

sandstones grade laterally into medial fine sandstones and distal basin sediments. Also 

comprising the tripartite succession in the Paradox basin is the existence of a forebulge 

with evaporite and carbonate deposits. The conglomerates to distal basin sediments are 

seen in the Taos trough; however, the Taos trough lacks the important forebulge and 

backbulge succession that indicate flexure controlled the basin subsidence. 
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8.3 Taos Trough Basin Evolution Thoughts 

 The Taos Trough has been illustrated as being bounded to the west by the Pecos 

Picuris Fault, a north striking strike-slip fault with dextral sense (Casey, 1980; Soegaard, 

1990; Baltz and Myers, 1999). Several recent authors (Cather et al., 2011; Luther et al., 

2012) have examined the fault geometry and kinematics of the Pecos Picuris fault, but 

because of the lack of piercing points, studies of the system is difficult (Cather et al., 

2011). It is assumed, from mineralogical, structural, and stratigraphic data, that the 

system has been active in the Proterozoic (Cather et al. 2006), during the ARM (Erslev et 

al., 2004; Fankhauser, 2005; Cather et al., 2008), and continued in the Laramide orogeny 

(Cather et al, 2006). The majority of slip on the fault is understood to be dextral, but 

Cather et al. (2011) suggests that there was 3-13 km of sinistral movement during the 

early Desmoinesian. However, all other published paleogeographic maps of the late 

Paleozoic ARM in the Taos trough and New Mexico region illustrate the movement to be 

dextral (Fig. 1 and 3). 

 Given that the Pecos Picuris Fault is the westerly bounding fault for the Taos 

trough, both the Soegaard (1990) model mandates a large amount of high angle reverse 

slip movement on the Pecos Picuris fault during the Pennsylvanian. Thermochronologic 

data (Sanders et al., 2006) suggests that any dip slip movement was minimal. The 

subsidence model from the study area suggests that the basin experienced some form of 

combined strike along the Pecos Picuris fault and loading from an intrabasinal thrust fault 

(Fig. 34). Baltz and Myers (1999) portrayal agrees with this idea of combined movement,  
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Figure 34. A) Pennsylvanian Paleogeographic map modified from Figure 2 to denote a 

sinistral slip on the Pecos Picuris fault. B) Cartoon sketch along C-C’ showing basin fill 

in the Rainsville and Taos toughs and the potential problems linking the intrabasinal 

thrusts and the western bounding strike-slip system. 
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that is the basin was formed by both strike slip movement along the PPF and thrust 

faulting from the El Oro-Rincon uplift. 

 Baltz and Myers (1999) suggest that the El Oro-Rincon uplift was a positive 

feature during the Pennsylvanian and it separated the Taos trough from the Rainsville 

trough. Moreover, as argued earlier, a fault controlled origin for the El Oro-Rincon uplift 

is the most plausible interpretation. Thus, it appears that the study area is bounded to the 

east by a strike-slip system, the Pecos Picuris fault, and to the west by a hanging wall of a 

basement involved thrust.  A purely flexural model is hard to reconcile with these 

relationships. Yet, the Baltz and Myers (1999) depiction provides no unifying structural 

concept to reconcile the strike-slip system with the thrust system, especially when one 

considers the > 1.8 km of Pennsylvanian sediments accumulating adjacent to the Pecos 

Picuris fault as it is unclear how a purely strike-slip fault can create that much 

accommodation in one block only. 

A potential unifying structural model likely involves transfer of slip from the 

regional PPF into the intrabasinal uplifts. However, the most plausible scenario for slip 

transfer is when sinistral slip occurs on the Pecos Picuris fault and the bend in the system 

south of the ancient Brazos uplift (Fig. 3) could produce transpression within the basin 

center. Cather et al. (2011) inferred an early Pennsylvanian sinistral slip history of 3-13 

km for the Pecos Picuris fault based on loss of estimated 40-50 km Proterozoic and post-

early Desmoinesian dextral slip. If this interpretation is correct, then potentially slip could 

have transferred into the basin resulting in a series of basement involved thrusts within 

the basin (Fig. 3). Future studies are needed to test the validity of this model.
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CHAPTER 9 

CONCLUSIONS 

 The composite section (~ 949 m thick) records early Pennsylvanian fluvial-deltaic 

deposition. Conodonts recovered from the base and top of the composite section indicate 

that the deposition occurred within the early to middle Desmoinesian. Sedimentologic 

and stratigraphic data shows that the succession is cyclic such that three separate cycles 

occur; A-type, B-type and C-type. Overall, 20 cycles are exposed in the study area with 

11 being A-type, 6 B-type, and 3 C-type. B-type cycles are the thickest and define an 

increase in subsidence in the basin. Control on the cycles was largely variations in 

tectonic subsidence. Although autogenic effects undoubtedly were occurring, the 

apparent correlation to far-field cyclic successions in the Donets basin suggest that 

eustasy largely modulating the cyclic succession. 

Sediment transport data indicates that early Pennsylvanian sediment in the study 

area traveled in a westerly direction from an eastern source. The El Oro-Rincon uplift 

was the likely source for the sediment. Coupled with Soegaard’s (1990) sediment 

transport data, this data supports the idea that the Brazos uplift and the El Oro-Rincon 

uplift were west and east bounding highlands for the Taos trough, respectively. Thus, the 

El Oro-Rincon uplift separated the Taos trough from the Rainsville trough. 

Basin subsidence began during the Early Pennsylvanian, and the magnitude and 

rates increased rapidly during the early and late Desmoinesian. Subsidence rates greatly 
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decreased in the Late Pennsylvanian, but uptick again in the Early Permian. This activity 

created nearly 6 km of total subsidence in the Taos trough in the study area. 

Taken together, the result from this study are hard to reconcile in a purely flexural 

basin model as presented by Soegaard (1990) and appear to fit the concept of intrabasinal 

Precambrian-cored thrust blocks as originally conceived by Baltz and Myers (1999). 

Linking the intrabasinal thrusts to the strike-slip system, PPF, on the basins western edge 

is difficult. However, this study tentatively proposes that Early Pennsylvanian sinistral 

slip on the PPF was transferred into the basin a bend in PPF south of the ancient Brazos 

uplift.
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APPENDIX A 

Restored Sediment Transport Directions 

Sample Location From Base of Composite No. Strike Dip Dip Direction Mean 
 

56 m - Planar Crossbeds 1 203 7 293 268  
 2 194 8 284   
 3 188 10 278   
 4 155 14 245   
 5 173 8 263   
 6 170 5 260   
 7 190 10 280   
 8 239 2 329   
 9 144 7 234   
 10 100 7 190   
 11 159 13 249   
 12 210 5 300   
 13 190 13 280   

Sample Location From Base of Composite No. Strike Dip Dip Direction Mean  
67 m - Planar Crossbed Orientations 1 132 25 222 220 

 
 2 119 27 209   
 3 116 20 206   
 4 116 20 206   
 5 123 28 213   
 6 146 28 236   
 7 137 28 227   
 8 149 28 239   

Sample Location From Base of Composite No. Trend Opposite Mean     

73 m - Channel Orientations 1 335 155 339     

 2 340 160 159   
 3 350 170    
 4 355 175    
 5 335 155    
 6 321 141    
 7 330 150    
 8 360 180    
 9 325 145    
 10 345 165    
 11 345 165    
 12 321 141    
 13 345 165    
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Restored Sediment Transport Directions (Continued) 

Sample Location From Base of Composite No. Strike Dip Dip Direction Mean 
 

100 m - Clinoform Orientations  1 182 10 272 307  
 2 257 8 347   
 3 244 5 334   
 4 228 11 318   
 5 204 16 294   
 6 190 10 280   

Sample Location From Base of Composite No. Strike Dip Dip Direction Mean  
118 m - Crossbed Orientations 1 121 16 211 218  

 2 122 17 212   
 3 148 14 238   
 4 158 22 248   
 5 131 21 221   
 6 136 18 226   
 7 150 19 240   
 8 92 27 182   
 9 104 27 194   
 10 114 25 204   

Sample Location From Base of Composite No. Strike Dip Dip Direction Mean  
187 m - Crossbed Orientations 1 34 30 124 181 

 
 2 12 28 102   
 3 146 21 236   
 4 138 22 228   
 5 131 13 221   
 6 16 30 106   
 7 30 20 120   
 8 129 23 219   
 9 138 17 228   
 10 138 22 228   
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Restored Sediment Transport Directions (Continued) 

Sample Location From Base of Composite No. Strike Dip Dip Direction Mean 
 

755 m - Soft Sedimentary Fold Orientations 1 336 62 246 121  
 2 334 49 244   
 3 20 82 110   
 4 320 13 50   
 5 355 25 85   
 6 317 5 47   
 7 358 17 88   
 8 357 67 87   
 9 83 24 173   
 10 5 3 275   
 11 327 13 57   
 12 314 10 44   
 13 343 54 73   
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