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ABSTRACT 

The Queen and Seven Rivers formations represent back reef deposits on the 

northwest shelf of the Delaware Basin. The Queen Formation is dominated by 

sandstone, limestone, and dolomite, whereas the Seven Rivers Formation consists 

dominantly of gypsum that is interbedded with clastic and thin dolomite intervals. 

XRD results of the clay fraction demonstrated differences between the Queen and 

Seven Rivers formations with the most important being the loss of chlorite/smectite 

and kaolinite in the Seven Rivers Formation, which is more illite/smectite dominated. 

Whole-rock XRD and thin section analysis demonstrated that dolomite occurred 

preferentially near occurrences of chlorite and chlorite/smectite and was mostly absent 

in red clastic facies, but persistent in green clastic facies. The isolated occurrence of 

dolomitized beds indicates that Mg-rich dolomitizing fluid preferentially altered 

certain carbonate and clastic beds. To explain these observations, I propose a 

dolomitization model that transitions from an open marine to semi-restricted 

environment that deposits clastic and carbonate sediments. A fully restricted 

environment occurs thereafter allowing gypsum to precipitate resulting in a Mg-rich 

fluid that dolomitizes the underlying limestone and clastic units to various degrees 

also providing magnesium for chlorite formation. A red clastic facies then forms on 

top of the gypsum which represents oxidizing conditions, potentially terrestrial. The 

transition from sandstone, limestone, and dolomite to a more gypsum-rich deposit is 

thought to be related to an overall drying sequence through the Permian. The 

disappearance of kaolinite at the boundary of the Queen and the Seven Rivers 
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formations indicates a wetter environment during Queen deposition to increased 

aridification during Seven Rivers deposition.  
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CHAPTER 1 

 

INTRODUCTION 

 

 The Delaware Basin is a sub-basin of the larger Permian Basin and makes up 

an area of more than 33,500 km2 of New Mexico and Texas (Hills, 1984). Permian 

strata in this region is of particular interest due to the high production of oil and gas. 

The Artesia Group, Guadalupian in age, is comprised of the Grayburg, Queen, Seven 

Rivers, Yates, and Tansill formations, and these are credited as being prolific oil 

producers that were deposited in a back-reef environment (Ward et al., 1986).  The 

Queen and Seven Rivers formations are the primary focus of this research. These 

deposits consist primarily of shallow marine carbonate and evaporate as well as some 

clastic facies (Tait et al., 1962).  

 The Queen Formation was first described by Crandall (1929) as comprising the 

numerous sandstone and carbonate intervals that exist between the older Grayburg and 

younger Seven Rivers formations. The Seven Rivers Formation is composed of mainly 

gypsum/anhydrite and dolomite, thus indicating a progressive drying sequence from 

Queen through the Seven Rivers deposition (Dickey, 1940). Given that Permian strata 

elsewhere in North America records a strong drying trend throughout the early to late 

Permian (Tabor et al., 2008), a similar drying trend should be expressed throughout 

the Queen and Seven Rivers formations. The first objective of this study was to assess, 

using XRD, whether there was a change in clay mineralogy through time that was 

reflective of continual drier conditions, specifically an increase of magnesium (Mg)-

rich clay minerals upward, which could have dolomite implications as well. 
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 The formation of dolomite and its occurrences throughout geological history 

has been a major field of research for many decades, yet there is still much that is 

unknown. Observations have shown that dolomite is more abundant in ancient times 

than the modern (Tucker and Wright, 1990; Arvidson and Mackenzie, 1999). 

Dolomite (CaMg(CO3)2) is a problematic mineral from the standpoint that it should be 

precipitating from seawater but does not due to its more complex crystalline structure 

when compared to calcite or aragonite (Goldsmith, 1953; Arvidson and Mackenzie, 

1999). Kinematic hindrances that also inhibit dolomite from precipitating include: sea 

water having high ionic strength, calcite having fast depositional rates, hydration of 

Mg2+, low activity of CO3
-, and sulfate presence (Arvidson and Mackenzie, 1999; Folk 

and Land, 1975). Most modern dolomite is characterized as being formed in highly 

evaporative environments and are considered replacement rather than primary 

(Gunatilaka, 1991; Melim and Scholle, 1989).  

 

Mg2+ + 2CaCO3                 CaMg(CO3)2 + Ca2+ 

 

An evaporative environment helps overcome kinematic hindrances by 

precipitating gypsum, which in turn increases the Mg/Ca ratio and lowers the sulfate 

presence (Tucker and Wright, 1990; Gunatilaka, 1991). Dolomitization processes on 

Equation of dolomite forming by the replacement of CaCO3 after Patterson and Kinsman 

(1982). 
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the northwest shelf have been particularly difficult to interpret due to the fact that 

there are very few modern analogues. Multiple models hypothesized for this area 

include the following: sabkha/evaporation and seepage-reflux models (Melim and 

Scholle, 1989; Morrow, 1982). Two primary considerations in dolomitization models 

are the source of the Mg2+-rich fluid and the ability of fluid to pump through the 

formation. A second objective of this study is to determine if there is a difference in 

clay mineralogy between the white/green colored clastic intervals versus the red 

colored clastic intervals, and if so did this influence the degree of dolomitization that 

was observed within the subjacent or suprajacent carbonate facies.  If Mg-rich clay 

minerals are more significant in green beds commonly observed below dolomite 

intervals and absent elsewhere, then it implies that the source of magnesium was local 

rather than pervasive throughout the stratigraphic column and thus these results bear 

on the dolomitization mechanism.  
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CHAPTER 2 

 

GEOLOGIC BACKGROUND 

 

2.1 Basin Formation 

 

 The Queen and Seven Rivers formations are middle to upper Permian in age 

and are located on the northwestern shelf of the Permian Basin (Fig. 2.1). The Permian 

Basin region consists of multiple uplifts and smaller basins (Yang and Dorobek, 

1995). Prior to the development of the Permian Basin, the ancestral Tobosa Basin 

occupied the region and accumulated primarily shallow-water carbonate facies 

(Galley, 1958). Deposition in the Tobosa Basin continued until the late Mississippian 

when the Marathon-Ouachita orogeny segmented the Tobosa Basin through the uplift 

of the Central Basin Platform (CBP) (Hills, 1984; Nie et al., 1990). Areas of 

subsidence to the east and west of the Central Basin Platform are termed the Delaware 

Basin and Midland Basin (Fig 2.1, 2.2). The Delaware Basin is bounded to the west by 

the Diablo Platform, the north by the Northwestern Shelf, the east by the CBP, and the 

south by the Marathon-Ouachita orogenic belt (Yang and Dorobek, 1995). 

2.2 Regional Permian Climate of Western Equatorial Pangea 

 Permian paleoclimate of western equatorial Pangea is the only recorded 

transition of the Phanerozoic between icehouse and greenhouse conditions although 

most of the ice present was at the poles and south in Gondwana (Soreghan et al., 2014; 

Montanez et al., 2007). The massive size of Pangea and east-west orientation of the 

Central Pangean Mountain (CPM) range likely altered equatorial zonal circulation and 

led to an increase in temperature and evaporation throughout the region (Parrish and 
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Peterson, 1987). There are many indicators that support this claim ranging from 

vertebrate fossils, paleosols, flora, abundance of eolian sand, evaporite appearance, 

and CO2 fluctuation (Mack, 2003; Tabor et al., 2008). Climate in the area was termed 

monsoonal based off the global distribution of red beds, evaporate, and coal found in 

lower Triassic and Permian rocks (Robinson, 1973). The transition from humid to 

more arid conditions across western equatorial Pangea could also be related to the 

northward drift through climate zones (Witzke, 1990; Loope et al., 2004). However, 

there are studies that show Pangea remained at a near equatorial position throughout 

most of the Permian (Steiner, 1983; May and Butler, 1986). 

2.3 Glaciation of Pangea 

The late Paleozoic ice age (LPIA) is estimated to have persisted for nearly 70 

million years, starting in 335 Ma and ending in 260 Ma (Montañez and Poulsen, 

2013). The first indication of glaciation in Gondwana appeared in the Late Devonian 

and Early Mississippian in Bolivia, Peru and Brazil, and the Appalachian Basin which 

is supported by a positive shift in marine fossil δ13C values that coincides with an 

increase in organic carbon sequestration and a drop in pCO2 (Saltzman, 2002). 

Glaciation continued until it reached its peak in early Permian time and afterwards 

proceeded through deglaciation phases (Montañez and Poulsen, 2013). It is 

hypothesized by Montañez et al. (2007) that the contraction of wetland forests would 

have resulted in fluctuating CO2, which may have been a major factor driving global 

warming and stepwise deglaciation periods that followed the Late Carboniferous. 

Although glaciation was considered to be over by 260 Ma, there is evidence of smaller 
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glaciers that persisted in Australia during that time (Fielding, 2008). High-frequency 

glacioeustatic cycles were common in the lower Permian but diminished towards the 

end of the early Permian (Heckel, 1986; Veevers and Powell, 1987). 

2.4 Development of Monsoonal Conditions 

 Monsoonal conditions of Pangea are commonly estimated using the modern 

Asian monsoon as an analogue such that the main controls consist of sensible heating, 

cross-equatorial contrast, latent heating, and high-altitude heat effects (Parish, 1993). 

Pangea was divided by the equator and that combined with the shape of the 

supercontinent would have likely maximized the pressure contrast leading to seasonal 

cross-equatorial flow (Parish and Curtis, 1982; Parish, 1993). Pangea would have 

experienced low pressure cells in each summer hemisphere and high-pressure cells in 

each winter hemisphere resulting in winds coming from the east, which were 

attributed to the subtropical high-pressure cells (i.e. zonal circulation), and winds from 

the west associated with dominate monsoonal circulation (i.e. cross-equatorial flow) 

(Parish and Peterson, 1987). As global sea levels receded through the Permian (Miller 

et al., 2006), moisture in monsoonal circulation was increasingly removed from the 

Laurentia continent, and thus monsoon conditions are cited as a source for Permian 

drying (Parish, 1993; Haq and Schutter, 2008; Tabor et al., 2008). 

2.5 Paleosol Climate Variation and Temperature 

 In upper Pennsylvanian strata as well as lower Permian, vertisols are present 

in central and western equatorial Pangea, and over time these vertisols transitioned 

into calcisols and gypsisols (Tabor et al., 2008). The change in soil chemistry is 
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evidence of intermittent seasonal precipitation and/or soil moisture variation on a 

regional scale (Tabor and Montanez, 2002, 2004; Tabor, 2013). Observations have 

interpreted the eastern portions of Pangea as remaining relatively humid/semi-arid 

while the western portion appears to have experienced a long-term aridification (Yang 

et al., 2007). It is known that morphology and chemistry of paleosols are very 

sensitive and indicative of the climate at the time formation. δ18O paleosol mineral 

samples were collected in areas of western Euramerica, and characteristics of these 

samples indicated surface temperatures of ~22°±3°C during Late Pennsylvanian time 

and ~35°±3°C from the P-C boundary through early Permian (Tabor, 2007). 

Furthermore, Tabor (2007) concludes that the dramatic rise in temperature 

corresponds with the transition from ever wet/humid conditions to increasingly arid as 

well as the extinction of amphibians and synapsids near the end of the early Permian 

who were unable to adapt to the harsh conditions. Also, in regard to extreme 

temperature, Zambito and Benison (2013) used fluid inclusions from halite crystals. 

Since the halite deposits formed in extremely shallow aqueous conditions, the fluid 

inclusions are concluded to reflect surface temperature as well. Zambito and Benison 

(2013) found that temperatures in the Nippewalla Group ranged roughly from 23°C to 

50°C with some inclusions recording temperatures up to 73°C. These authors also 

observed that temperature increased as they moved upward in the section signifying 

increasing temperature regionally and perhaps globally through the Permian. 
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2.6 Stratigraphy of the Northwest Shelf 

The Guadalupian Artesia Group consists of the Grayburg, Queen, Seven 

Rivers, Yates, and Tansill formations in ascending order (Fig. 2.3). The Grayburg 

Formation is 360-feet thick on average consisting of mostly dolomite with thinner 

beds of sandstone and anhydrite (Kelly 1972; Tait et al., 1962). A basal sand interval 

of the formation is traceable over large areas of the shelf. The Queen Formation is 

420-feet thick consisting of very fine-to fine-grained sandstone and anhydrite with 

interbedded dolomite and shale (Tait et al., 1962). The very upper portion (~ 30 feet) 

of the Queen Formation is dominated by a fine-grained sandstone (Kelly, 1972; Sarg, 

1981). The Seven Rivers Formation is best described as 565-feet thick consisting of a 

lower evaporitic unit that is interbedded with shale, siltstone, and sandstone and gives 

way to a massive dolomite member towards the top (Kelly, 1972). The author 

continues to describe the facies as dominated by gypsum that is referred to as massive 

and dense causing prominent exposures. This lithologic change defines the Queen and 

Seven Rivers contact and coincides with a dramatic increase in the slope of 

topography. The Yates Formation is 260-feet thick and consists of anhydrite with 

interbedded sand and siltstone, while the Tansill Formation is 105-feet thick and is 

dominantly anhydrite with an intercalated silt interval termed the Ocotillo Member 

(Kelly, 1972). 
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Figure 2.1 Paleogeographic map of West Texas and Southeast New Mexico. 

Approximate locations of measured sections are represented by the two red stars, 

Modified after Friedman (2017). A-A’ is shown in cross section in Figure 2.3. Inset 

shows location of larger map with relationship to New Mexico and Texas. 

 

 



Texas Tech University, Dillon Bagnall, August 2019 

10 

 

 

 

 

 

 

 

 

Figure 2.2 Zoomed in image of study site locations denoting where they are in respect 

to the Northwest Shelf and the Delaware Basin. Also included is a paleolatitude 

estimation during time of deposition from Soreghan (2014). Inset shows location of 

larger map with relationship to New Mexico and Texas. This image uses a terrain 

background from Google Earth. 
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Figure 2.3 A-A’ cross section from Figure 2.1 of upper Leonardian and Guadalupian aged rocks along the Northwest Shelf 

and Delaware Basin. SAF= San Andres Formation, GF= Grayburg Formation, QF= Queen Formation, CCF= Cherry 

Canyon Formation, BCF= Bell Canyon Formation. The green line represents where the Queen Grade and Teepee measured 

sections occur, with section length not to scale. Modified after Friedman (2017).  
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CHAPTER 3 

 

METHODS 

 

3.1 Site Description: Northwest Shelf, Southeast New Mexico 

 Samples were collected from two localities, Queen Grade and Teepee (Fig. 

2.2). The Queen Grade site is located 10 kilometers east of Queen, New Mexico, and 

the Teepee site is approximately 29 kilometers north of the Queen Grade. Both 

outcrops are found along the Queen’s Highway (Fig. 3.1, 3.2). Each site spanned the 

contact of the Queen and Seven Rivers formations. A Jacob’s Staff was used to 

measure the sections. The Queen Grade consisted of one complete measured section 

that totaled 82.3 meters (m). The Teepee was comprised of two measured sections 

56.0 m and 40.2 m, which were used to make one composite section of 85.0 m. 

3.2 Sample Collection 

 A total of 33 samples were collected from the two locations, 12 from the 

Queen Grade and 21 from the Teepee. Samples were not collected at regular intervals, 

rather when it was apparent that there was a change in facies mineralogy, grain size, or 

color composition. The material was placed in sample bags, brought back to the lab, 

and dried at low temperatures as to not alter clay mineralogy. While collecting 

samples, stratigraphic sections were drafted using Dunham (1962) classification for 

carbonate facies and Folk (1954) for siliciclastic facies.  

3.3 Thin Sections 

 Thin sections were made from all samples except for the material that was too 

unconsolidated, 19 were made in total. Half of the thin section slide was stained with 
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alizarin red, which stains calcite. Petrography was conducted on every thin section. 

Petrographic carbonate rock classification followed Folk (1959), whereas the 

siliciclastic facies followed Folk (1954). 

3.4 X-Ray Diffraction 

 The x-ray diffraction (XRD) analysis was completed on both the whole rock 

and clay fraction (<2µm). For the whole-rock analysis, ten grams (g) of material were 

ground into a smooth, fine powder from which a 2 g subset was analyzed. The clay 

fraction also began with 10 g of sample but was gently crushed into a coarse sand-

sized fraction. This coarse fraction was bottled, mixed with water, and put into the 

Rotanta 460 RF centrifuge that separated the < 2 micron clay-sized material. The < 2 

micron fraction was allowed to settle in a beaker for about 120 hours. The water was 

decanted, and the remaining particles were piped onto a glass disk to air dry. Some 

samples required multiple coatings depending on the concentration of clay material. 

Whole-rock XRD measurements were carried out using a Bruker D8 Advanced 

diffractometer. The measurements were undertaken in air-dried (AD) conditions. 

Measurement parameters comprised a continuous scan in the Bragg-Brentano 

geometry using CuKα radiation at 40 kilovolts (kV) and 30 milliamps (mA). At a 

counting time of 320 seconds (s) per 0.02°, sample mounts were scanned from 3.42° 

to 70° 2Theta. The first analysis of clay fraction was done on a Rigaku Miniflex II and 

then interpreted. Measurement parameters involved in this case was a step scan mode, 

also using CuKα radiation at 30 kV and 15 mA and were measured from 3° to 30° 

2Theta with 10 s per step. Samples that indicated a smectitic component were re-run 
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on the Bruker diffractometer, glycolated, and ran again in order to have higher 

resolution and comparable results to whole-rock XRD (measurement settings- 40 kV, 

30 mA from 3.42° to 30° 2 Theta). A confirmed swelling component would result in a 

leftward shift in comparison to the untreated data. All XRD samples were interpreted 

using the Highscore Plus program. 

 

Figure 3.1 Outcrop view of the Teepee Site. This location consists of gypsum with 

alternating green and red clastic facies and thin interbedded dolomite intervals
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Figure 3.2 Outcrop view of the Queen Grade Site. This location consists of a lower siliciclastic unit with an upper 

carbonate unit. 
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CHAPTER 4 

 

RESULTS 

 

4.1 Correlating the Measured Sections 

 Three sections were measured in portions of the upper Queen Formation and 

lower Seven Rivers Formation. The first measured section A-A’ (Queen Grade, Fig. 

4.1, 4.2, 4.3, 4.4) was completed at the southernmost site where there was good 

exposure of the Queen Formation that quickly turned into a massive amount of cover 

where sparse dolomite beds cropped out along the steep hillside. The second and third 

measured sections were measured at the Teepee Site (Fig. 4.5, 4.6, 4.8, 4.9), which 

had good exposures of both the Queen and Seven Rivers formations. The sites are 29 

km apart and yielded no biostratigraphic information that could be useful to correlate 

coeval parts of the section. Thus, lithostratigraphic correlation was necessary in order 

to tie the sites together. 

Both measured sections were compared in order to make a lithological tie 

between the two localities. Geologic mapping indicates that the Queen Grade section 

spans the contact between the Queen Formation and the Seven Rivers Formation (Fig. 

4.1). However, existing geologic mapping was at too large of scale at the Teepee site 

and new mapping was required (Fig. 4.5), which demonstrated that measured section 

B-B’ did not span the contact of the Queen and Seven Rivers formations. In order to 

lithologically tie the sites together another measured section C-C’ was completed and 

a composite section of the Teepee was made using the first appearance of red beds and 
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gypsum to tie B-B’ and C-C’ together (Fig 4.6). Once the composite Teepee site was 

created, correlation of the two sections was possible (Fig. 4.7).
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Figure 4.1 Queen Grade site showing location of A-A’ measured section in red, as well as the geologic mapping 

of the area. Geologic mapping from Hayes and Koogle (1958). 
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Figure 4.2 Queen Grade measured section showing good exposure of the Queen 

Formation while much of the Seven Rivers Formation consists of cover. 
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Figure 4.3 Carbonate sample from the Queen Grade study location representing 

dissolution pores and possible halite casts. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4 Carbonate sample from the Queen Grade study location representing algal 

laminations.
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Figure 4.5 Teepee Site showing locations of B-B’ and C-C’ measured sections in red as well as geologic mapping of the 

area. Geologic mapping in eastern third of map is from Motts (1962). Geologic mapping on western two-thirds of the map 

is from this study.                                                                                                                                           
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Figure 4.6 Lithologic correlation between B-B’ and C-C’ measured sections using the 

first appearance of red beds and gypsum as marker beds. 
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Figure 4.7 Lithologic correlation between the Queen Grade Site and the Teepee Site 

and the projected contact of the Queen and Seven Rivers formations. 
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Figure 4.8 Outcrop image from the Teepee study location representing massive 

gypsum, thin dolomite, and a green clastic facies. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.9 Carbonate sample from the Teepee study location representing both 

dissolution pores and algal laminations. 
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 The most prominent tie was sandstone overlain by dolomite in the Queen 

Formation at both study sites. The next best facies to use as marker beds within the 

Queen Formation were thin dolomite beds as this was the only common units at both 

locations since the Queen Grade site consisted mostly of cover. There are minor 

thickness changes between the two measured sections, but comparatively speaking 

there is a good tie between both areas. Geologic mapping indicated that the contact 

between the Queen and Seven Rivers formations is roughly 30 meters above the 

quartz-rich sandstone of the Queen Formation at the Queen Grade site (Fig. 4.2, 4.7); 

however, this interval was covered in the Queen Grade measured section. Thus, it was 

necessary to project the formation boundary into the covered interval. 

4.2 Queen Formation Petrographic Analysis 

Thin section analysis of the upper Queen Formation consisted dominantly of a 

basal quartz-rich sandstone, topped by thinner micritic dolomite and limestone beds 

interbedded with clay-rich siltstone and shale. Grain-size of the sandstone ranged from 

coarse silt to medium sand (0.06-0.5 mm) (Fig. 4.10). Sandstone mineralogy was very 

similar across samples having approximately 85%-90% quartz, 5% feldspars, and 10% 

lithic grains as well as some amount of organic material. Sample QG 0.8 and QG 4.0 

both exhibited fine to medium sand with moderate to well sorting and sub-angular 

shaped grains. QG 6.4 was comprised of a very fine to fine sand with well sorting and 

sub-angular to sub-rounded grains. All three samples contained carbonate cement, QG 

0.8 and QG 6.4 exhibited dolomite cement while QG 4.0 displayed calcite cement. 
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Carbonate thin sections of the Queen Formation comprised a mixture of 

dolomite, calcite, and trace amounts of quartz (Fig. 4.11). There were no evaporate 

minerals present in the rock or thin section samples; however, sample QG 10.1 (Fig. 

4.11 I, J) potentially exhibits halite pseudomorphs. Calcite minerals tended to be larger 

and less mud rich than the dolomite minerals that were present in the same sample. 

Scarce algal laminations comprise the biological allochems observed.
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Figure 4.10 Thin section images of the upper Queen Formation sandstone units. A) (cross polarized) and B) (plain polarized) 

QG 0.8, quartz-rich sandstone with dolomite matrix and presence of clay and organic matter. C) (cross polarized) and D) (plain 

polarized) QG 4.0, quartz-rich sandstone with a calcite matrix and some presence of clay and organic matter. E) (cross 

polarized) and F) (plain polarized) QG 6.4, quartz-rich sandstone with dolomite matrix as well as some detrital mica with an 

increase in the amount of clay and organic matter.
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Figure 4.11 Thin section images of the upper Queen Formation carbonate units. A) 

(cross polarized) and B) (plain polarized) QG 6.8, calcite-rich carbonate with some 

dolomitization present as well as dissolution pores. C) (cross polarized) and D) (plain 

polarized) QG 8.2, dominantly dolomite with calcite partially filling dissolution pores. 

E) (cross polarized) and F) (plain polarized) QG 8.8, roughly an equivalent mixture of 

dolomite and calcite with some of the calcite forming in the dissolution pores of the 

dolomite. G) (cross polarized) and H) (plain polarized) QG 10.1, consisting 

dominantly of calcite with larger calcite crystals representing the algal lamination 

occurring throughout the sample. I) (cross polarized) and J) (plain polarized) QG 10.7, 

mostly calcite with dolomite rims of dissolved grains. 

 

4.3 Seven Rivers Formation Petrographic Analysis 

 Thin section analysis of the lower Seven Rivers Formation consisted of thin 

carbonate beds separated by larger interbedded clastic and gypsum facies (Fig. 4.12). 

Carbonate samples from the Seven Rivers Formation consisted dominantly of 

dolomite with some minor occurrences of calcite. Dolomite throughout the Queen and 

Seven Rivers formations demonstrated early diagenetic replacement characteristic of 

nonplanar anhedral crystals (Morrow, 1982; Sibley and Gregg 1987). Unlike the 

Queen Formation, the Seven Rivers Formation contained extensive amounts of 

evaporite minerals, predominantly gypsum and anhydrite. Most gypsum present at the 

sample locations were termed displacive gypsum (i.e. chicken-wire texture); however, 

satin spar gypsum was found intermittently throughout the section (Fig. 4.12C, D). 

Foraminifera were occasionally observed, but never comprised more than ten percent 

of the entire sample. Biodiversity of allochems is considered low due to only two 

forms of foraminifera observed (Fig. 4.12E, F, I, J). The main non-matrix features 

present are large dissolution pores, algal bedding, gypsum veins, and occasionally 

allochems. 

 



Texas Tech University, Dillon Bagnall, August 2019 

30 

 

 

  



Texas Tech University, Dillon Bagnall, August 2019 

31 

 

Figure 4.12 Thin section images of the lower Seven Rivers Formation carbonate units. 

A) (cross polarized) and B) (plain polarized) TP 28.5, dolomite-rich carbonate with 

presence of crinkle algal lamination. C) (cross polarized) and D) (plain polarized) TP 

56.2, dominantly peloid-rich dolomite with satin spar gypsum filling dissolution pores. 

E) (cross polarized) and F) (plain polarized) TP 73.5, consisting almost entirely of 

dolomite with sparse quartz grains and foraminifera. G) (cross polarized) and H) (plain 

polarized) TP 75.0, dolomite-rich carbonate with large dissolution pores and sparse 

quartz grains. I) (cross polarized) and J) (plain polarized) TP 76.2, dominantly 

dolomite with two forms of foraminifera present and some dissolution pores. K) (cross 

polarized) and L) (plain polarized) TP 80.0, primarily dolomite with calcite crystals 

present throughout the algal laminations. M) (cross polarized) and N) (plain polarized) 

TP 85.0, consisting almost entirely of dolomite with sparse quartz grains and 

preserved algal lamination.  

 

4.4 XRD Analysis of the Queen Formation 

 Whole-rock XRD analysis of the Queen Formation resulted in the following 

major minerals present: quartz, feldspar, calcite, dolomite, and mica (Fig. 4.13). Both 

localities failed to produce any evaporate facies in the Queen Formation. Clay 

minerals did not make up a very large percentage of the overall rock in most cases, but 

some had an estimated 5%-10% overall abundance. Mica present throughout these 

samples corresponded very well with the 3T polytype, which is characteristic of 

metamorphic mica indicating detrital in origin. Quartz in most cases was considered to 

be plutonic in origin; however, a peak at 22.03 °2θ potentially corresponded with the 

mineral cristobalite, which might indicate a volcanic origin. In regards to dolomite and 

calcite, there was no correlation to percent abundance with depth. Some quartz 

sandstone had dolomite cement while others had calcite cement. The same was true 

for the mineralogy of carbonate rocks as well. 

XRD analysis performed on the clay fraction of the Queen Formation showed 

a similar trend throughout the measured section. The major minerals present were 
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chlorite/smectite, illite/smectite, chlorite, mica group, and kaolinite. With minor 

minerals consisting of quartz and feldspars (Fig. 4.14). In order to determine whether 

the 14 Å clay mineral was vermiculite, chlorite/smectite, or illite/smectite, glycolation 

and heating were conducted. From the glycolation results, it is apparent that the 

mineral(s) present had a significant swelling component indicating vermiculite was 

not present. Heating results show a small 14.2 Å peak of chlorite as well as larger 12.2 

Å and 8.2 Å reflexes. These reflexes are diagnostic of chlorite/smectite that resulted 

from the original 14.4 Å super cell. An increase in the 10 Å peak after heating 

indicated that illite/smectite was also present. (Fig. 4.15). Quartz and feldspars 

throughout the Queen Formation are very minor in clay fraction, which indicates that 

weathering was minor at the time of deposition. 
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Figure 4.13 XRD patterns displaying whole-rock analysis of the Queen Formation. 

Abbreviations: Chl/S-Chlorite/Smectite, I/S- Illite/Smectite, mic-mica, Ka- Kaolinite, 

Chl- Chlorite, Qtz- Quartz, Fs- Feldspar, Cal-Calcite, and Dol-Dolomite. 

Abbreviations after Kretz (1983). 
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Figure 4.14 XRD patterns displaying clay-fraction analysis of the Queen Formation. 

Abbreviations: Chl/S-Chlorite/Smectite, I/S- Illite/Smectite, mic-mica, Ka- Kaolinite, 

Chl- Chlorite, Qtz- Quartz, and Fs- Feldspar. Abbreviations after Kretz (1983). 
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Figure 4.15 XRD patterns displaying the treated clay-fraction analysis of the Queen 

Formation. Abbreviations: Chl/S-Chlorite/Smectite, I/S- Illite/Smectite, mic-mica, Ka- 

Kaolinite, Chl- Chlorite, Qtz- Quartz, and Fs- Feldspar. Abbreviations after Kretz 

(1983). 
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4.5 XRD Analysis of the Seven Rivers Formation 

 Whole-rock XRD analysis of the Seven Rivers Formation resulted in the 

following major minerals present: quartz, feldspar, calcite, dolomite, mica, and 

gypsum (Fig. 4.16). Overall, there is an increase in the occurrence and whole rock 

mineralogy of dolomite to calcite throughout the Seven Rivers Formation but not in 

occurrence with depth. Clay minerals again make up a small portion of the overall 

rock except for TP 44.5 where the illite/smectite and gypsum compose the bulk 

composition with little to no carbonate minerals present. Dolomite percentage in 

carbonate rocks was generally >90% except in sample TP 80.0 which was comprised 

of ~80% dolomite and ~20% calcite. 

XRD clay fraction analysis of the Seven Rivers Formation had results similar 

to the Queen Formation with the exception of chlorite/smectite, kaolinite, and the 

addition of gypsum (Fig. 4.17). Also important to note is that the ratio of the 10 Å 

peak to the 14 Å peak shows an overall increase in crystallinity or abundance of the 

mica group in the Seven Rivers Formation compared to the Queen Formation. 

Glycolation and heating were also conducted on these samples which produced similar 

results to the Queen Formation (Fig. 4.18). Glycolation shows a shift to the left 

indicating a swelling component (i.e. smectite), and heating at 550°C shows a collapse 

in the 14 Å phase increasing the 10 Å phase confirming presence of illite/smectite. 

Heating at 550°C apparently had an effect on the 14 Å phase resulting in possible 

dehydration and deterioration of the peak. Thus, indicating a possible aluminous-rich 
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chlorite since Fe-rich and Mg-rich chlorite would have survived at that temperature. 

Chlorite/Smectite was not present since there were no reflexes at 12.2 Å or 8.2 Å. 
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Figure 4.16 XRD patterns displaying whole-rock analysis of the Seven Rivers 

Formation. Abbreviations: I/S- Illite/Smectite, mic-mica, Ka- Kaolinite, Chl- Chlorite, 

Gyp- Gypsum, Qtz- Quartz, Fs- Feldspar, Cal-Calcite, and Dol- Dolomite. 

Abbreviations after Kretz (1983). 
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Figure 4.17 XRD patterns displaying clay-fraction analysis of the Seven Rivers 

Formation. Abbreviations: I/S- Illite/Smectite, mic-mica, Ka- Kaolinite, Chl- Chlorite, 

Gyp- Gypsum, Qtz- Quartz, and Fs- Feldspar. Abbreviations after Kretz (1983). 
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Figure 4.18 XRD patterns displaying the treated clay-fraction analysis of the Seven 

Rivers Formation. Abbreviations: I/S- Illite/Smectite, mic-mica, Ka- Kaolinite, Chl- 

Chlorite, Gyp- Gypsum, Qtz- Quartz, and Fs- Feldspar. Abbreviations after Kretz 

(1983). 
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CHAPTER 5 

 

INTERPRETATION AND DISCUSSION 

 

5.1 Mineralogic Variations 

 Along with changing facies mineralogy, increased aridity and evaporation 

through time also had an effect on clay mineralogy. In the Queen Formation, there 

were distinct appearances of chlorite/smectite, illite/smectite, chlorite, mica 

mineral(s), kaolinite, quartz, and feldspars. The kaolinite found in the Queen 

Formation is possibly detrital in origin, but the area of deposition would need to be 

nearby since kaolinite would not survive being transported long distances. While in 

the Seven Rivers Formation, only illite/smectite, chlorite, mica mineral(s), gypsum, 

quartz, and feldspars were identified. It is uncommon to find two kinds of mixed layer 

minerals, in this case chlorite/smectite and illite/smectite, in the same area of 

deposition. However, in a USGS open file report, Hauff (1981), describes how this 

occurrence might have happened. The author first starts with a random mixed layer 

mineral that is transported to the sea, illite/smectite in this case. Since the sea is overly 

saturated with Mg, it substitutes for the Ca/Na in smectite layers. After this occurs a 

partial brucite layer is built and placed in a saline environment. The mixed layer will 

be enriched in Mg where the end result will be chlorite/smectite (corrensite) and 

chlorite (Fig. 5.1). Corrensite has been identified as being formed in three different 

environments: sedimentary, hydrothermal, and low-grade metamorphism (Hauff, 

1981). Presence of chlorite/smectite in evaporative environments have been identified 

throughout the world, primarily in the late Paleozoic and early Mesozoic (Grim et al. 
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1960, Dreizler, 1962, Flemal, 1970, and Lippmann, 1956). Dominantly in all of these 

occurrences the minerals associated with corrensite are: dolomite, chlorite, gypsum, 

quartz, muscovite, and illite. The corrensite and chlorite occurrences in the Queen 

Formation are interpreted as authigenic rather than detrital. 

Figure 5.1 XRD patterns showing a 14.2 Å supercell of chlorite/smectite with reflexes 

at 12 Å and 8 Å. Pattern B is from Flemal (1970) representing a red bed evaporite 

deposit. Pattern C is from Lippman (1954) representing an evaporite deposit as well. 
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Throughout the Seven Rivers Formation in particular there are many 

alternating red and green colored clastic facies that separate gypsum and thin dolomite 

beds. Commonly, whenever dolomite beds are present, there is a corresponding green 

clastic facies subjacent or suprajacent to the dolomite. In contrast, the red clastic facies 

is commonly not near dolomite. In the clay fraction, there are no notable differences 

between the two different colored facies. The differences only appear in the whole-

rock analysis where the red layers are rich in gypsum and contain calcite or no 

carbonate mineral at all (Fig. 4.16, 4.18). The green facies on the other hand contains 

gypsum as well as dolomite and sometimes calcite as well. Thus, the green clastic 

facies appears to represent the ideal Mg-rich environmental conditions where dolomite 

will precipitate, whereas the red facies represents a possible terrestrial influx of 

material where only calcite, if any carbonate mineral, will precipitate.  

5.2 Long -Term Aridification 

 A long-term drying trend from the Pennsylvanian up through the Permian has 

long been hypothesized due to several indicators such as: paleoclimate reconstruction, 

paleosol morphology, isotope data from fluid inclusions, sea level curves, and 

lithological trends (Miller et al., 2005, Parrish, 1993, Tabor et al., 2008, Zambito, 

2013). This study focused on lithological trends from back reef deposits in order to 

support this hypothesis. Pennsylvanian strata is characterized by mostly limestone and 

sandstone with some dolomite as you reach the Pennsylvanian-Permian boundary. 

From the upper part of the Queen Formation into the lower part of the Seven Rivers 

Formation, there is a drastic change in facies and mineralogy. The Queen Formation is 
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dominated by dolomite, limestone, and sandstone whereas the Seven Rivers Formation 

consists dominantly of displacive “chicken-wire” and bedded gypsum cyclically 

interbedded with thin dolomite and clastic facies. From this change in lithology, it is 

apparent that there was a possible regression in relative sea level and increased 

evaporation resulting in the massive gypsum deposits (Fig. 5.2). While there was no 

gypsum observed in the Queen Formation in this study, Kelly (1972) confirmed its 

presence but described it as irregular and discontinuous. However, from the Queen 

Grade measured section there are potential indicators of past evaporite occurrence 

such as collapse structures and possible halite pseudomorphs. Sarg (1981) also 

describes evaporative pore filling features in carbonate rocks of the upper part of the 

Queen Formation. If evaporite minerals such as halite were present in the Queen 

Formation, then that would mean for a period of time the Queen Formation 

experienced dryer conditions than that of the Seven Rivers Formation. Although these 

dryer conditions may have existed in the Queen Formation for a short period of time, 

the overall drying trend is still represented in the Queen and Seven Rivers formations. 

It is important to note that the formations of interest are middle Permian in age and 

therefore only record a small portion of the long-term drying trend that characterizes 

the Permian.  
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Fig. 5.2 Composite section of the Queen and Seven Rivers formations. This section 

represents increasing aridity through time as the transition between carbonate and 

sandstone to carbonate and gypsum occurs at the contact between the two formations. 
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5.3 Dolomitization Models 

 Most dolomite forming in the modern time are considered to be part of the 

sabkha/evaporation model. This model in particular represents relatively high 

temperatures and arid environments resulting in elevated evaporation. The main 

source of water is supplied by the sea and continental brines making their way 

seaward. Downward fluid movement here is minimal due to the evaporation 

(evaporative pumping) rates meaning that dolomitization happens at near surface 

conditions. Tucker and Wright (1990) state that areas of more intense dolomitization 

possibly represent formal tidal channels, and that dolomitization here is occurring at 

approximately 0.15-0.55 meters below the surface on existing limestone. Evaporative 

dolomite tends to be calcium-rich and poor to moderately ordered but increase in 

degree of dolomitization away from the shoreline (McKenzie, 1981). Facies associated 

with this style of evaporation are pellet sands, gypsum, and algal laminations 

(Gunatilaka, 1991, Tucker and Write, 1990).  

 Seepage Reflux dolomitization is similar to the sabkha/evaporation model 

where it also uses an evaporative component of lagoon or tidal flat water that 

precipitates gypsum to increase the Mg/Ca ratio, which in turn creates a heavy brine 

that descends downwards up to several hundred meters for wholesale dolomitization 

of the strata (Adams and Rhodes, 1960, Saller and Henderson, 1998). These authors 

use this method to explain the dolomitization of the Permian reef complex in west 

Texas. However, there are few modern analogues to represent the occurrence of 
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seepage reflux. This particular method implies that the Mg ratio should decrease 

downward as calcite/aragonite is dolomitized.  

5.4 Dolomitization Implications 

The models discussed previously can now be compared to the Queen and 

Seven Rivers dolomitization. From the composite section (Fig. 5.2), it is observed that 

the environment of deposition ranged from subtidal to supratidal. This is supported by 

large gypsum deposits as well as shallow marine carbonate and possible terrestrial 

facies. The carbonate contained some allochems such as foraminifera and algal 

laminations. The low biodiversity is characteristic of high salinity waters that were not 

conducive to other marine life. A series of facies found in the Seven Rivers Formation 

was focused on in order to evaluate timing of dolomitization (Fig. 5.3). Figure 5.3 

demonstrates green clastic facies that directly overlies dolomite, and these cycles are 

repeated throughout the Seven Rivers Formation. Although similar cycles are found 

throughout this formation, there are drastic differences in the degree of dolomitization 

observed. These differences could be explained by different porosities found in the 

dolomite, clastic, and gypsum facies. However, Figure 4.12 shows carbonate thin 

sections of the Seven Rivers Formation that exhibit the same algal lamination 

porosities but with different degrees of dolomitization. In fact, the sample taken in the 

upper part of the Seven Rivers Formation has a lower degree of dolomitization than 

samples found in the lower portions of the Seven Rivers Formation. Differences in 

dolomitization and clay mineralogy are also found in the green clastic facies. The 

differences in dolomite appearance and chlorite abundance found in the green clastic 
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facies are likely related to the dolomitizing fluid. This is indicative of different 

dolomitization events, and thus is better represented by the sabkha/evaporation model 

rather than the reflux model. A model was made to better explain the series of facies 

that were deposited (Fig. 5.4). The model transitions from an open marine/semi-

restricted setting, where clastic and carbonate intervals are deposited, to a fully 

restricted setting where evaporation rates are high resulting in elevated Mg/Ca and 

reduced sulfate fluid. This fluid then dolomitized the calcite deposited during the 

previous open marine conditions. Following dolomitization, another clastic facies is 

deposited where little to no carbonate mineral(s) precipitate and high oxidation rates 

occur causing the deposit to turn red in color. The sabkha/evaporation model differs 

from the reflux model since early shallow dolomitization is occurring at each interval 

rather than deep seepage dolomitization. This model better explains how samples with 

the same porosity have different degrees of dolomitization as well as different clay 

mineral abundances associated with the clastic facies.  
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Figure 5.3 A zoomed in portion from 33-38 meters above base on the composite 

stratigraphic section of Seven Rivers Formation. Represented is gypsum followed by 

dolomite, green clastic facies, gypsum, and red clastic facies.  

 

. 
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Figure 5.4 A dolomitization model for the Permian Queen and Seven Rivers formations, a transition from open marine to 

fully restricted environment of deposition 
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CHAPTER 6 

CONCLUSION 

 The Permian Queen and Seven Rivers formations are characterized as subtidal 

to supratidal deposits containing evaporite, clastic, and carbonate units that exhibit 

various degrees of dolomitization. The Queen and Seven Rivers formations represent 

an arid environment as supported by the increased presence of gypsum throughout the 

upper section as well as potential halite casts in the lower portion of the section. 

Although portions of the Queen Formation may have experienced drier climate for a 

short period of time, the overall drying trend throughout the Permian is represented in 

this strata. Clay mineralogy also supports this increasing aridity such that the presence 

of kaolinite in the Queen Formation disappears as the transition into the Seven Rivers 

Formation begins. Dolomitization appears to be sporadic throughout the Queen 

Formation with an increased occurrence in carbonate rocks in the Seven Rivers 

Formation; however, the occurrence of dolomite has no relationship with depth, rather 

it is associated with the green clastic facies adjacent to the carbonate beds. XRD clay 

fraction analysis of the green and red clastic facies yielded little difference in terms of 

clay mineralogy. Both facies contained illite/smectite, chlorite, gypsum, and mica. The 

major difference came when whole-rock XRD was analyzed. The red clastic facies 

were either absent of carbonate minerals or only contained calcite. Whereas the green 

clastic facies always contained dolomite and locally calcite, indicating that the green 

clastic facies was environmentally more conducive to the precipitation of dolomite. 

Dolomitization in this area is interpreted to be mainly related to the 
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sabkha/evaporation model, which is characteristic of shallow downward and lateral 

fluid movement rather than the wholesale fluid migration hypothesized for this area. 

This is supported by the different degrees of dolomitization associated with facies with 

similar porosities. If wholesale fluid migration was responsible, then certain carbonate 

beds should not be preferentially dolomitized over the other. The cause rather is 

related to surficial conditions that induce early dolomitization. 

 The conclusions in this project were based solely on thin section and XRD 

analysis. This study could be taken further if whole-rock geochemistry and SEM were 

conducted in order to better understand the subtle difference throughout the section. 

This would be particularly interesting when conducted on the green and red clastic 

facies as XRD was unable to distinguish the difference between the two. If a 

confirmation of cristobalite is present in the section, then that would shed light on 

active volcanism around the area and possibly the source of the mixed layer minerals 

responsible for forming the chlorite/smectite and illite/smectite. 
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