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CHAPTER I: INTRODUCTION

General Setting and Research Goals

 Neoproterozoic to Early Cambrian rifting in southern Oklahoma during the breakup of 

the supercontinent Rodinia triggered the emplacement of an extensive igneous province with a 

volume of ~250,000 km3 (Hanson et al., 2013). Substantial amounts of volcanic rock belonging 

to the Carlton Rhyolite Group were erupted at this time and crop out in the Wichita Mountains in 

southwestern Oklahoma and in the East and West Timbered Hills (ETH and WTH) in the 

Arbuckle Mountains. In exposures of the rhyolite in the WTH, unusual, large-scale breccias with 

intermixed clasts of diabase, microgranite, rhyolite, and basalt cut directly across the rhyolite 

sequence and are associated with a series of microgranite and diabase intrusions. Price et al. 

(1998) noted that diabase intrusions and Carlton Rhyolite are faulted against the breccia where it 

is exposed in the Hanson Aggregates LLC quarry and that other diabase dikes crosscut both the 

rhyolite and the breccia. Reconnaissance work by Eschberger (2012) and Eschberger and Hanson 

(2014) found basaltic pyroclastic material in the breccia in the quarry suggesting that the breccia 

may represent a vent conduit that originated from basaltic phreatomagmatic explosions beneath 

the surface. Those workers also suggested that the driving force behind the explosions was mafic 

magma related to the diabase intruding the igneous polymict breccia.   

 The questions to be addressed in this project are: 1) Do the breccia exposures represent 

vent conduits to basaltic phreatomagmatic volcanoes?  2) How do the breccias relate to a series 

of hypabyssal intrusions recently discovered in the area? 3) What is the nature of the magma 

plumbing system associated with the breccias? 4) What does the geochemistry tell us about 
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relations between hypabyssal intrusions in the ETH and WTH and the polymict igneous breccia? 

Initial results from this work were presented by Toews et al. (2015).

Research Methods

 A combination of field mapping, petrography, and geochemical analyses was used to 

obtain data from the research area, as described below. 

Field Mapping  

 Detailed mapping of the WTH was completed at a scale of 1:6000 in collaboration with 

Joseph Boro using an orthophoto with 10-ft topographic contours. Results of this mapping are 

shown in Plate 1 at 1:12,000 scale. Mapping was done on foot traverses. Outcrops of polymict 

igneous breccia and different types of hypabyssal microgranite and diabase intrusions were 

mapped in detail. Faults and contacts between the volcanic rocks and the overlying Reagan 

Sandstone were mapped with the help of the geological map of the Arbuckle Mountains by 

Johnson (1990). We were allowed into the Hanson Aggregates LLC quarry for three days. Half a 

day was spent touring and collecting samples in the pit and the rest of the time was spent 

mapping the surrounding land. Due to our delayed visit to the quarry, thin section and 

geochemical samples collected during that time will be prepared and analyzed at a later date.

Petrographic Analyses

 Sixty-two thin sections were examined for this project. The thin sections were pre-cut to 

27 mm x 46 mm x 1 cm using the water- and oil-cooled saws in the Texas Christian University 

(TCU) rock preparation laboratory. Five thin sections were made of the microgranite intrusions, 

20 of diabase intrusions, and 37 of the polymict igneous breccia. Breccia thin sections included 

varying clast types, breccia matrix, and damage zones in the adjacent country rock.The pre-cut 
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blocks were sent to Spectrum Petrographics Inc. in Vancouver, Washington where they were 

trimmed and ground down to 30 µm thickness. More information about Spectrum Petrographics  

and the processes they use for cutting the thin sections can be found on their website at http://

www.petrography.com/.

Geochemical Analyses

 Twenty-four samples were sent off for geochemical analyses. Of those, seven were 

diabase intrusion samples from the Mill Creek Quarry (MCQ) in the eastern Arbuckle 

Mountains, which were analyzed for comparison with the WTH samples. Samples were crushed 

using a steel rock crusher in the rock preparation laboratory at TCU. To prevent contamination, 

the rock crusher was cleaned and pre-contaminated between each sample. Rock chips with 

altered or weathered material were picked out and discarded. Just over 100 g of the remaining 

chips were selected for analysis using the cone-and-quarter technique. 

 The rock chips for each sample were sent to the GeoAnalytical Laboratory at Washington 

State University in Pullman, Washington. Approximately 28 g of each sample was ground to a 

powder using a tungsten carbide swing mill, and 3.5 g of the powder was then used for analysis. 

Major- and some trace-element analyses (Ni, Cr, V, Ga, Cu, Zn) were conducted using x-ray 

fluorescence (XRF) and additional trace element analyses (La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, 

Ho, Er, Tm, Yb, Lu, Ba, Th, Nb, Y, Hf, Ta, U, Pb, Rb, Cs, Sr, Sc, Zr) were conducted using 

inductively coupled plasma mass spectrometry (ICP-MS). Loss on ignition (LOI) was also 

determined. Additional information about the analytical techniques used at Washington State 

University can be found on their website at http://environment.wsu.edu/facilities/geolab/

technotes/.
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CHAPTER II: REGIONAL GEOLOGIC SETTING
 A major northwest-trending Neoproterozoic to Early Cambrian rift zone in southern 

Oklahoma is referred to as the Southern Oklahoma Aulacogen (SOA; Fig. 1). It is interpreted by 

many workers to be a failed rift arm that formed when the Iapetus Ocean opened to the southeast 

(Hoffman et al., 1974) during the breakup of the supercontinent Rodinia (e.g., Dalziel, 2014). 

Subsurface gravity anomalies provide evidence for the aulacogen. The anomalies show three 

well-defined arms extending from a single junction point near the Oklahoma-Texas border 

(Keller and Stephenson, 2007). Thomas (1991, 2011) has offered another interpretation of the rift  

zone. He points out that the SOA intersects the Cambrian Ouachita rift to the southeast and runs 

parallel to his inferred Alabama-Oklahoma transform fault. The rifting in the aulacogen is similar 

in age to that in the Birmingham and Mississippi Valley intracratonic grabens farther east. The 

relation between these rift zones implies there was regional extension oriented northwest-

southeast. In this interpretation, the Oklahoma igneous rocks are not part of an aulacogen, but 

were emplaced in an intracratonic, leaky transform fault, part of a larger transform-parallel 

system (Thomas, 2011). 

 A mafic igneous complex in the subsurface is thought to be the dense body causing the 

primary main positive gravity anomaly in southern Oklahoma. Keller and Stephenson (2007) and 

Hanson et al. (2013) also note the possibility that the magmatism in the SOA may have 

continued significantly farther northwest. More work is required, but the northwest trend of the 

rift faults in southern Oklahoma follows the same trend as a host of relatively poorly dated early 

Paleozoic diabase dikes in Colorado and northern New Mexico and of geophysical anomalies 

extending into Utah (Larson et al., 1985; Keller and Stephenson, 2007). 
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 Inversion during the Pennsylvanian to Early Permian reactivated Cambrian rift faults in 

southern Oklahoma and converted them into reverse faults. These faults created the uplift that 

uncovered the Wichita Igneous Province and formed associated basins. The most notable of these 

basins is the Anadarko Basin due to its large size and substantial petroleum production 

(McConnell, 1989; Perry, 1989). The Wichita Province consists of Neoproterozoic to Cambrian 

bimodal igneous rocks formed during the rifting process. The largest and most studied outcrops 

occur in the Wichita Mountains, with a few additional outcrops in the Arbuckle Mountains (Fig. 
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Figure 1. Regional map showing the Southern Oklahoma Aulacogen and the extent of the 
Carlton Rhyolite Group in the subsurface. The rift faults are related to the opening of the 
Iapetus Ocean. WTH=West Timbered Hills; ETH=East Timbered Hills. Modified from 
Hanson et al. (2013). Early Paleozoic continental margin from Keller and Stephenson (2007). 



1). Relationships between the igneous rock groups can be seen in Figure 2. It should also be 

noted that many wells have been drilled in the area into the igneous rocks, which have been 

thrust on top of petroleum-bearing Paleozoic sedimentary rocks. These wells have become tools 

for studying the extensive subsurface igneous rocks and have improved our understanding of this 

area.

 The term Raggedy Mountain Gabbro Group was coined by Ham et al. (1964) to include 

all of the gabbroic rocks within the Wichita Province. Powell et al. (1980) later split the group 

into two units, the Glen Mountains Layered Complex (GMLC) and the Roosevelt Gabbros. The 

GMLC is the older of the two units based on field relations and has yielded a Sm-Nd isochron 

date of 528 ± 29 Ma (Lambert et al., 1988). These rocks are part of the middle section of a 

Figure 2. Schematic cross section of the Wichita Igneous Province. From Hogan and 
Gilbert (1998), modified by Hanson et al. (2013). 
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typical tholeiitic layered complex (Powell and Phelps, 1977). They are composed of anorthosite, 

anorthositic gabbro, troctolite, and olivine gabbro. Four members of the GMLC were identified 

by Powell et al. (1980) based on varying rock features. Cooper (1991) redefined units within the 

GMLC into distinct sequentially layered cycles. He described three major cycles in the GMLC. 

Within these cycles are partial cycles which lack the full igneous sequence. The major cycles are 

separated into lower and upper parts. The lower part shows adcumulus texture with cumulus 

phases of plagioclase, olivine, and pyroxene. The upper part has mesocumulate to orthocumulate 

texture and plagioclase is the sole cumulus phase. There is a regional north dip of 10-20˚ shown 

by layering in the GMLC, suggesting the complex was rotated after being emplaced (McConnell 

and Gilbert, 1990). The base of the GMLC has not been found in surface exposures or through 

subsurface drilling. The Roosevelt Gabbros are smaller intrusions into the GMLC and contain 

hydrous minerals such as phlogopite, biotite, and hornblende which do not appear in the GMLC 

(Powell, 1986). One of the Roosevelt Gabbros, the Mount Sheridan Gabbro, yielded a U-Pb 

titanite age of 577 ± 2 Ma (Hogan and Amato, 2015). 40Ar/39Ar dating of the same unit gave ages 

of 533 ± 2  and 533 ± 4 Ma on hornblende and biotite, respectively (Hames et al., 1998). 

Additional work is needed to resolve this discrepancy. Another unit, the Otter Creek 

Microdiorite, intrudes the GMLC and Roosevelt Gabbros. The Cold Springs “Breccia” intrudes 

the Raggedy Mountain Gabbro Group and consists of more mafic inclusions mingled in a felsic 

matrix (Hogan and Gilbert, 1997). 

 The Navajoe Mountain Basalt-Spilite Group (NMBSG) has no surface exposures except 

as xenoliths in Wichita granites, but it can be studied using basement wells. The NMBSG is 

found in two main areas, along both the north and south side of the Wichita Mountains, but is not 
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present in the center of the Wichita uplift (Ham et al., 1964). Ham et al. (1964) described the 

group as basaltic, spilitic, and andesitic volcanic rocks, which they interpreted to underlie the 

Carlton Rhyolite Group, with granite sills intruded along the contact. The true thickness is 

unknown, but inferred from well and seismic data to be at least several hundred meters. Ham et 

al. (1964) interpreted the NMBSG to be older than the Raggedy Mountain Gabbro Group but this 

requires additional investigation. One well drilled into palagonite tuffs within the NMBSG. 

Hanson et al. (2013) suggested the tuffs were the products of explosive phreatomagmatic 

eruptions.   

 More recently, additional wells in the Arbuckle region have been studied by Puckett 

(2011), Hanson et al. (2013), and Puckett et al. (2014) using well cuttings and gamma-ray logs. 

This work shows abundant basaltic to intermediate lavas in the subsurface in the Arbuckle 

region, which were unknown to Ham et al. (1964). The basaltic to intermediate volcanic rocks 

are intercalated with rhyolite and intruded by diabase dikes or sills. In the Arbuckle region, one 

well was drilled to a total depth of 5.63 km. A majority of the rock drilled was basalt, which 

totaled 2,800 m (Puckett, 2011; Puckett et al., 2014). Based on geochemical data (Brueseke et 

al., 2014), the basaltic rocks are mostly tholeiitic to transitional or mildly alkaline and appear to 

have evolved through fractional crystallization. Brueseke et al. (2014) suggested the mafic rocks 

from the wells have comparable geochemical compositions to the Roosevelt Gabbros and the 

NMBSG, but showed they evolved along different trends from diabase intrusions in the Wichita 

Province, which are described below. Some parts of the sequence in the subsurface are 

interpreted to be phreatomagmatic in origin because they exhibit variably vesicular ash- and 

lapilli-sized particles of altered sideromelane (Puckett et al., 2014). Puckett (2011) suggested that 
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the thickness of the basalts resulted from ponding against a normal fault scarp. The base of these 

rocks is never seen in the wells because they are cut by the Washita Valley Fault Zone (WVFZ; 

Puckett et al., 2014). 

 Rhyolite exposures within the Arbuckle Mountains were originally called “Colbert 

Porphyry” or “Colbert Rhyolite” after rhyolite found along Colbert Creek (Ham, 1973). It was 

later observed that the Carlton Rhyolite in the Wichita Mountains is connected in the subsurface 

to rhyolite in the Arbuckle Mountains (Ham et al., 1964). Consequently, the name was formally 

changed to the Carlton Rhyolite Group and this convention is followed herein. The Carlton 

Rhyolite Group was deposited on an unconformity at the top of the GMLC, and is estimated to 

span 40,000 km2 in the subsurface (Ham et al., 1964; Hanson et al., 2013). The maximum known 

thickness of the Carlton Rhyolite is at Bally Mountain in the Wichitas and is > 2 km (Hanson and 

Eschberger, 2014). Flows within the rhyolite show a standard vertical zonation (Hanson et al., 

2013, 2014). The upper and lower margins are altered and devitrified glass with relict perlitic 

texture and flow banding. Lithophysae occur farther into the flow away from the boundaries. The 

center is homogenous felsitic rhyolite without flow banding or other textures seen in the margins. 

Tridymite needles are prevalent in the groundmass and increase in size toward the more slowly 

cooled center of the flow. This suggests the flows represent single cooling units. Peperite is 

commonly found at the base of the flows (Hanson et al., 2013, 2014) and was produced when 

lava flowed over and mixed with wet, unconsolidated sediment. The entire vertical sequence 

does not appear in every flow. Some flows only show parts of the zonation, but individual zones 

still appear in the same relative order described above (Eschberger et al., 2014; Hanson et al., 

2014). The thickest flow found to date is > 600 m thick (Eschberger, 2012). U-Pb zircon dating 
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of the rhyolites gives ages of ~532-539 Ma (Hanson et al., 2009; Thomas et al., 2012; Hogan and 

Amato, 2015). 

 After the Carlton Rhyolite was emplaced, the Wichita Granite Group was intruded as 

sheet granites between the GMLC and the rhyolite in the Wichita Mountains area (Fig. 2) and 

within the volcanic succession elsewhere in the SOA. The rhyolites and granites are A-type, 

meaning they are anorogenic and formed from anhydrous magmas (Myers et al., 1981). The 

mechanical and density boundary between the GMLC and the Carlton Rhyolite prevented the 

granite magmas from rising higher and is one reason for their sheet-like form. A low H2O value 

and high fluorine contents and magma temperatures combined to decrease the viscosity of the 

granitic magmas and resulted in non-explosive behavior (Hogan and Gilbert, 1997). There are 

several different types of granite in the Wichita Granite Group, but the most extensive is the Mt. 

Scott Granite (Price, 2014), which has a U-Pb zircon age of 538 ± 6 Ma (Hogan and Amato, 

2015). The granites are considered to be the intrusive equivalent of the Carlton Rhyolite (Ham et 

al., 1964; Gilbert, 1982; Hogan and Gilbert, 1997). 

 Hogan et al. (1995) inferred that both the felsic and mafic rocks in the SOA are derived 

from a primitive mantle source. Those workers argued against fractional crystallization from 

basalt magma as a means of producing the felsic magmas in the SOA due to the relatively small 

amounts of rocks of intermediate composition and an insignificant Eu anomaly in the felsic 

rocks. Instead, they suggested that mafic intrusions emplaced during the initial stages in rifting 

were partially melted at deep levels in the crust to form the felsic magmas.

 Diabase dikes and sills crosscut all other igneous units in the Wichita Igneous Province. It 

was originally believed that the diabase intruded after all other igneous units were emplaced. 
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Denison (1995), however, described two sets of diabase intrusions in the Arbuckle Mountains. 

The first set of diabase dikes is believed to have intruded Mesoproterozoic basement rock long 

before the eruption of the rhyolite lavas and may be as old as ~ 1,400 Ma (Lidiak et al., 2014). 

The second set of dikes is Cambrian in age. They are abundant at the Mill Creek Quarry in the 

eastern Arbuckle Mountains (Fig. 3). The dikes generally strike N60˚W and have a trend parallel 

to the SOA. They increase in number when nearing the rift boundary from the north, and are 

interpreted as a sign of the opening of the aulacogen (Denison, 1995; Price et al., 1998; Lidiak et 

al., 2014). Because of the higher amount of diabase dikes in the basement than in the Carlton 

Rhyolite inside the rift, it is believed that the majority of the dikes were emplaced before the 

rhyolite (Denison, 1995). The diabase intrusions are difficult to find on the surface because they 

weather and erode away quickly, but they can be found in large numbers in quarries and in 

basement wells (Ham et al., 1964; Denison, 1995). 

11



12

Figure 3. Photo from the inside of the Mill Creek Quarry. Diabase dikes are seen cross cutting ~ 1.4 
Ga granite as well as other dikes. 



CHAPTER III: GEOLOGIC SETTING OF THE STUDY AREA AND 
PREVIOUS WORK

 Several anticlines in the Arbuckle Mountains are separated by northwest-trending faults 

(Fig. 4). The Washita Valley Fault Zone (WVFZ) separates the Carlton Rhyolite Group on the 

south side from Mesoproterozoic granite and gneiss on the northeast side of the fault (Ham et al., 

1964). The older units crop out in the eastern Arbuckle Mountains in the Tishomingo and Belton 

Anticlines. The Mesoproterozoic rocks include the Tishomingo Granite, Troy Granite, Burch 

Granodiorite, and Blue River Gneiss. They range in age from ~ 1390-1365 Ma (Rohs and Van 

Schmus, 2007; Thomas et al., 2012).

 The Carlton Rhyolite, discordant polymict igneous breccias, and diabase and 

microgranite intrusions are the only rocks of the Wichita Province that crop out in the Arbuckles. 

They are exposed in the ETH and WTH (Fig. 5). Eschberger (2012) and Eschberger et al. (2014) 

described the ETH rocks in detail. Two different rhyolite flows occur in that area. The lower flow 

has a thickness of  > 300 m but the base is faulted out. The upper flow is at least 600 m thick and 

extends for 3.5 km along strike, but is bound by faults on the north and east side. Four types of 

hypabyssal rhyolite and microgranite intrusions cut the extrusive rhyolites and have distinct 

groundmass textures and phenocryst contents. Ten diabase intrusions were also found cutting the 

lower and upper flows.  

 The most extensive exposures of the Wichita Province igneous rocks in the Arbuckles 

occur in the WTH, which is where my study area is located. There are no previous detailed 

geological maps of these igneous rocks in the WTH. The exposures are in the hanging wall of the 

WVFZ which lies to the northeast (Fig. 5). Immediately surrounding the igneous rocks on almost 

all sides is the Upper Cambrian Timbered Hills Group, which unconformably overlies the 
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Carlton Rhyolite, and contains the Reagan Sandstone and the overlying Honey Creek Formation. 

The Timbered Hills Group is conformably overlain by carbonate strata of the Upper Cambrian to 

Lower Ordovician Arbuckle Group. 

 Both the ETH and WTH are in the core of the Arbuckle Anticline, which is present south 

of the WVFZ (Fig. 4). The fault zone trends N60˚W and formed during the Pennsylvanian from 

the reactivation of a major Cambrian rift fault that defined the northern margin of the SOA in this 

area (Ham et al., 1964). Several ideas have been suggested for the movement of the WVFZ. 

Tomlinson (1952) considered the WVFZ to be a propeller fault. He suggested each end of the 

fault was displaced for 3.4 km but dipping in opposite directions, so the eastern segment of the 

fault verges to the south and the western segment verges to the north. This geometry now seems 

unlikely. Tanner (1967) suggested the WVFZ is a wrench fault with ~ 64 km of left-lateral 

displacement based on isopach map data. Perry (1989) disputed the large displacement and 

suggested there was a left-lateral offset of 4.3 m. 

 Uhl (1932) mapped the overall distribution of the rhyolites in the WTH and briefly 

described chaotic breccia that contained felsic and mafic clasts in one part of the area. He also 

noted the presence of mafic intrusions within the WTH that range from diabase to coarser 

grained gabbros. However, he did not show any of these units on his simplified geologic map. 

Uhl (1932) thought that that the breccia matrix was composed of diabase, and noted that diabase 

intrusions occur commonly where the breccia is present. He recorded fragments in the breccia 

ranging in size from 2.5 cm to > 0.6 m. The clasts he found were said to be mostly rhyolite and 

trachyte in composition, but diabase clasts were present as well. Uhl (1932) suggested two 

hypotheses as to how the breccia was formed. His first hypothesis was that large amounts of 
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felsic lava erupted, these rocks were then possibly broken up by tectonic stresses, and then a 

mafic lava flow picked up pieces of the older felsic lavas to create the breccia. The second idea 

was that after the eruption and deformation of the felsic lavas, diabase dikes intruded into the 

fragmented lavas. He did not favor this idea because clasts of varying compositions occur within 

short distances of each other within the breccia, and the second hypothesis would not explain this 

observation. 

  The breccia is currently being quarried for rock aggregate by Hanson Aggregates LLC 

Price et al. (1998) briefly described the breccia exposed in the quarry and showed that it contains 
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clasts of microgranite, rhyolite, diabase, basalt, and an amphibole-bearing monzonite/syenite. 

These rocks are found outside the quarry except for the monzonite/syenite. Price et al. (1998) 

noted that in places the rhyolite was in fault contact with the breccia. Late diabase dikes cut 

through the rhyolite, other diabase dikes, and the breccia. From these observations, and the 

presence of diabase clasts within the breccia, Price et al. (1998) determined that the breccia was 

younger than the Carlton Rhyolite and overlapped in time with the diabase intrusions. The 

breccia matrix and clasts within the breccia were heavily modified by fluids moving through the 

rock. Many of the primary minerals are now altered to chlorite, sericite, quartz, and calcite. Price 

et al. (1998) inferred that the igneous clasts within the breccia were from shallow levels within 

the crust because of their fine-grained or aphanitic textures. Those workers suggested that rift-

related normal faults along the northern boundary of the aulacogen brought meteoric waters in 

contact with late diabase magma, starting an explosive reaction. 

 Eschberger (2012) and Eschberger and Hanson (2014) studied thin sections of breccia 

samples collected on a brief visit to the quarry. They described clasts of rhyolite, microgranite, 

diabase, and basalt within the breccia. In contrast to the study of Price et al. (1998), no 

monzonite/syenite clasts were found, suggesting that the clast compositions vary within different 

areas of the breccia. Eschberger and Hanson (2014) described the breccia matrix as consisting of 

fragments of rock that vary in size, shape, composition, and amount of alteration. The majority of 

the material is mafic (basalt or diabase) in composition. Some ash- and lapilli-size basaltic 

pyroclasts have variolitic textures and swallow-tailed plagioclase suggesting they were formed 

by basalt magma being exposed to external water and quenching rapidly (e.g., Bryan, 1972). 

Many of the basalt clasts originally consisted of sideromelane glass (now altered) and tachylite 
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with varying amounts of vesicularity. Broken bubble walls do not control the borders of the 

fragments, which range in shape from angular to fluidal. These characteristics indicate formation 

by explosive phreatomagmatic processes (Wohletz, 1983, 1986; White and Ross, 2011). 

Eschberger and Hanson (2014) also showed that a large diabase intrusion ~ 200 m across 

exposed along the west wall of the quarry is relatively leucocratic and in thin section shows 

microveinlets of very fine grained intergrown quartz, K-feldspar, and plagioclase, representing 

low-temperature differentiated magma. Similar quartzo-feldspathic microveinlets and pockets 

occur in diabase clasts within the breccia. Some diabase clasts also show alignment of 

plagioclase laths and bands of magnetite grains. These observations suggest that the diabase 

clasts came from intrusions large enough to undergo internal differentiation. A diabase clast from 

within the breccia and the diabase intrusion exposed in the west quarry wall have very similar 

contents of trace elements that are immobile during alteration. This is consistent with the idea 

that the mafic breccia clasts and diabase intrusions in the area came from the same magma 

reservoir, and that the mafic magma was the driving force behind the explosive eruptions. 

 Eschberger and Hanson (2014) interpreted the breccia seen in the WTH to be part of the 

diatreme feeder conduit to a type of phreatomagmatic volcano known as a maar. Maars are 

typically small in size and initially form when phreatomagmatic explosions take place at a 

shallow depth creating a crater. The crater formed by the explosions cuts into pre-existing rocks 

and is encompassed by an ejecta ring (Lorenz, 1986; White and Ross, 2011). A diatreme extends 

from the maar into the subsurface, making a cone shape and leading to the root zone and finally 

the feeder dike (Fig. 6). The root zone consists of breccia with clasts from the surrounding 
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country rock, intrusive igneous rock, and debris from the diatreme above (White, 1991; Lorenz 

and Kurszlaukis, 1997).

Figure 6. Model for the formation of the igneous breccia as the fill of a conduit to a maar volcano. Black 
represents basalt shown schematically. From Eschberger and Hanson (2014), based on a diagram from 
Befus et al. (2009).
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CHAPTER IV: HYPABYSSAL INTRUSIONS AND POLYMICT 
IGNEOUS BRECCIA IN THE WEST TIMBERED HILLS

Felsic Intrusions

 Felsic intrusions in the WTH consist predominately of microgranite that has chilled 

margins of rhyolite. Microgranite intrusions were only found in the western and central regions 

of the study area (Plate 1). This correlates with exposures of the polymict igneous breccia, and 

there is also a greater amount of diabase in the vicinity of the breccia compared to elsewhere in 

the WTH. The largest felsic intrusion is 2.7 km across and is in direct contact with the breccia. 

The diabase forms chilled margins against the microgranite and therefore partly postdates it. 

Microgranite clasts within the breccia indicate that a significant amount of the microgranite 

predates the breccia, but a microgranite intrusion penetrates the breccia in the Hanson 

Aggregates LLC quarry, showing that some of the microgranite also intruded after the breccia 

formed (Fig. 7). The intrusions are irregularly shaped in map view. There is no control on the 

intrusion shapes in three dimensions, but some of them are probably connected in the subsurface. 

In contrast to the ETH where four different types of hypabyssal intrusions are present 

(Eschberger, 2012), the felsic intrusions in the WTH consist of a single coherent type of 

microgranite, which differs lithologically from those in the ETH. 

 The microgranite is massive, homogeneous, and lacks flow banding. Ovoid plagioclase 

phenocrysts are 3-5 mm long and make up ~ 1-2% of the total rock. The barely phaneritic 

groundmass varies in color from pink-orange to purple-grey (Fig. 8). Crude to well-defined 

columns occur with a maximum width of ~ 1 m (Fig. 9) and typically plunge steeply (Plate 1). 

21



Microgranite intrusions contain local zones of vesicles < 4 cm long (Fig. 8), typically filled with 

quartz or calcite. 

  In thin section the microgranite shows microgranophyric and felsitic textures. Coalescing 

spherulites range in size from 0.25 to 1.25 mm (Fig. 10) and in some cases grow out from 

feldspar phenocrysts (Fig. 11). Tridymite needles were originally present in some samples, but 

have now inverted to quartz (Figs. 12 and 13). Tridymite is a silica polymorph that forms needle-

like shapes in some cases and is stable at temperatures > 870˚C (Deer et al., 2004). It is also 

abundant in the Carlton Rhyolite (Hanson and Eschberger, 2014), suggesting a relatively high- 

temperature for these magmas. The most common phenocrysts are plagioclase, which is altered 

to sericite, calcite, or green clays. Alkali feldspar phenocrysts are less abundant, and mafic 

minerals, which were probably originally fayalite or pyroxene based on their shapes, are replaced 

by green clays. Glomerocrysts are also present and primarily contain plagioclase, but can also 

include quartz or alkali feldspar. The glomerocrysts typically contain five to six crystals with an 

average diameter of 0.5 to 2 mm for the entire glomerocryst (Fig. 14).

Mafic Intrusions

 The diabase intrusions in the WTH occur commonly as plugs, dikes, and sills and cut 

rhyolite, microgranite, and the igneous breccia. Diabase clasts also occur within the breccia, 

showing the diabase intrusions and breccia overlapped in time. Several diabase dikes intruding 

rhyolite at varying angles were found exposed in steep cliffs (Fig. 15), and one outcrop showed a 

chilled margin of diabase against the rhyolite. The diabases weather spheroidally into corestones 

(Fig. 16), and most exposures of the diabase are so heavily weathered that the corestones are the 

only rocks still visible. As noted previously, the diabase intrusions are more abundant closer to 
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Figure 8. Typical microgranite in the field showing vesicles and pink-orange appearance. 

Figure 7. Microgranite, outlined in purple, intruding the igneous breccia (darker color) 
along the southern wall in the Hanson Aggregates LLC quarry. Note small dikes of 
microgranite extending into the breccia. The photo is ~ 10 m across.  
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Figure 9. View of microgranite showing columnar jointing. Picture also shows normal 
hazards of working in southern Oklahoma (thorny plants).   

Figure 10. Photomicrograph of a microgranite intrusion showing partly coalescing 
spherulites. Plane light; field of view ~ 4.25 mm.
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Figure 11. Photomicrograph of a microgranite intrusion showing spherulites (arrowed) 
within the groundmass and growing out from alkali feldspars within a glomerocryst. 
Plane light; field of view ~ 4.25 mm. 

Figure 12. Photomicrograph of a microgranite intrusion showing elongate tridymite 
needles (arrowed). The opaque mineral is titanomagnetite. Plane light; field of view ~ 1.7 
mm.
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Figure 14. Photomicrograph of a microgranite intrusion showing spherulites 
(arrowed) and a glomerocryst composed of plagioclase and quartz. Plane light; field 
of view ~ 4.25 mm.

Figure 13. Photomicrograph of a microgranite intrusion showing tridymite needles 
(arrowed). A spherulite grows out from a feldspar phenocryst in the lower left corner 
and an amygdule in the upper right corner is filled with green clay (GC), quartz (Q), 
and calcite (CC). Plane light; field of view ~ 4.25 mm.

Q

CC
GC



the igneous breccia. Diabase dikes in which a trend and size could be determined are shown in 

Table 1. At one location, an intrusive diabase tongue shows a fluidal, billowed contact with the 

breccia, and a piece of the chilled diabase has broken off from the margin (Figs. 17 and 18), 

suggesting the breccia was still unconsolidated when the diabase intruded. 

  There are two types of diabase intrusions in the WTH. Type I is a normal diabase that 

contains plagioclase phenocrysts up to 7 mm across and calcite amygdules. In thin section, 

typical diabasic texture is present with random orientation of plagioclase laths intergrown with 

augite (Fig. 19). Plagioclase ranges from relatively fresh to heavily altered. Minerals replacing 

plagioclase are calcite, sericite, and green clays. Pseudomorphs of fayalite (replaced by green 

clay and magnetite) are common. Interstitial quartz occurs in some samples. Augite typically 

shows a lower degree of alteration to green clay compared to olivine and plagioclase. Accessory 

minerals include titanomagnetite and cube-shaped pyrite. A thin section of a chilled margin 

shows intergranular texture (Fig. 20). Type II diabase has similar igneous textures and alteration 

products to Type I but contains abundant interstitial alkali feldspar (Figs. 21 and 22) with poorly 

developed spherulitic texture, suggesting that it is more differentiated than Type I. The Type II 

intrusions only occur close to breccia exposures, whereas Type I intrusions appear throughout the 

igneous exposures in the WTH. 

 An anorthosite that does not fall into either category of diabase intrusions (Figs. 22 and 

23) forms a small exposure ~ 2 m across on a hillside southwest of the quarry surrounded by 

Type I diabase and microgranite. In thin section it contains plagioclase crystals < 1 cm across, 

which show adcumulus texture and heavy alteration to sericite, chlorite, and prehnite. Interstitial 

alkali feldspar and primary titanomagnetite are also present. 
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Figure 16. Pencil pointing to onion-like exfoliation cracks breaking off from diabase 
corestones. 

Figure 15. Microgranite intruded by several diabase dikes along a river at the base of a 
cliff face. The photo is ~ 15 m across.
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Location 
on Plate 1

Estimated Trend 
(Azimuth)

Thickness (m) Exposed Length (m) Diabase Type

1 313˚ 22 128 I

2 26˚ 23 119 I

3 304˚ 13 26 II

4 290˚ 12 52 I

5 270˚ 34 194 I

6 307˚ 126 500 II

7 306˚ 11 28 II

8 0˚ 13 24 II

9 272˚ 31 173 I

10 279˚ 24 71 I

11 291˚ 29 188 I

12 286˚ 10 25 I

13 261˚ 11 47 I

14 290˚ 22 43 I

15 289˚ 20 68 I

16 276˚ 18 92 I

17 313˚ 17 72 I

18 326˚ 48 88 II

Table 1. Table showing trends and sizes of diabase dikes within the WTH. 



 Several thin isolated microgranite dikes < 2 cm across were found intruding diabase 

intrusions at various locations (Fig. 25). The dikes could be derived from microgranite intrusions 

present some distance away or could represent evidence for internal differentiation occurring in 

large diabase intrusions as suggested by Eschberger (2012). Irregularly shaped pink felsic 

segregations < 1 cm across were also seen in a loose diabase boulder within the quarry (Fig. 26). 

Similar felsic segregations were described by Eschberger (2012), who interpreted then to have 

formed from differentiated low-temperature magma near the end of diabase crystallization.  

30



31

Figure 18. Closer look at the contact between the breccia and diabase intrusion 
outlined in purple. A small, fluidal tongue of diabase extends into the breccia, and a 
diabase fragment derived from the tongue occurs to the left.

Figure 17. Contact between the breccia and a diabase intrusion outlined in purple. 
Three felsic clasts within the breccia in the upper left are outlined in red. Note the 
fluidal, billowed contact between the breccia and diabase. 
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Figure 19. Photomicrograph of Type I diabase showing randomly oriented 
plagioclase laths and well preserved augite (A). Interstitial quartz (Q) and 
titanomagnetite (opaque) are present. Crossed polars; field of view ~ 4.25 mm. 

Figure 20. Photomicrograph of a Type I diabase chilled margin showing 
intergranular texture and interstitial quartz (Q). Plagioclase is altered to calcite and 
green clay. Crossed polars; field of view ~ 4.25 mm. 

Q A

A

Q
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Figure 21. Photomicrograph of Type II diabase intrusion with plagioclase 
phenocrysts. Arrow points to interstitial alkali feldspar partly replaced by sericite. 
Fayalite pseudomorphs (F) are recognized by their equidimensional shape and are 
replaced by green clay. Plane light; field of view ~ 1.3 cm.

Figure 22. Photomicrograph of Type II diabase intrusion. Pyroxene is completely 
altered to chlorite and green clay. Interstitial potassium feldspar is shown by grey-
orange staining. Plane light; field of view ~ 1.3 cm.  

F
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Figure 24. Photomicrograph of the anorthosite (CT-7) showing interstitial alkali 
feldspar (arrows) and plagioclase heavily altered to sericite, chlorite, and prehnite. 
Augite is relatively fresh (circled) and primary titianomagnetite (opaque) is present. 
Plane light; field of view ~ 1.3 cm. 

Figure 23. Cut slab of the anorthosite cumulate rock (CT-7) showing adcumulus 
texture. Pink felsic interstitial material is present. Slab is 18 cm across. 
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Figure 26. Loose piece of a diabase intrusion from the quarry showing small felsic 
segregations.

Figure 25. Exposure of diabase intruded by a microgranite dike and showing spheroidal 
weathering. 



Polymict Igneous Breccia

 The main outcrops of polymict igneous breccia are present in the Hanson Aggregates 

LLC quarry. The exposures outside the quarry are generally limited and small. The best breccia 

outcrops outside the quarry are along a stream in the western part of the field area (Fig. 27). The 

igneous breccia cuts microgranite in an irregular fashion up to 2 km from the quarry, giving it a 

wider distribution than previously thought. The largest breccia mass is exposed in the quarry and 

is ~ 1.4 km across. Outside of the quarry the largest intrusion is ~ 550 m across. There are no 

breccia exposures in the eastern part of the WTH and they increase in size and abundance closer 

to the Hanson Aggregates LLC quarry. The breccia forms discordant bodies that cut across both 

rhyolite and microgranite and are ovoid to irregularly shaped. Breccia bodies clustered together 
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Figure 27. Part of one of the largest exposures of the breccia outside the Hanson 
Aggregates LLC quarry. This occurs along a cliff face with rhyolite beneath this outcrop. 
The picture is ~ 10-15 m across.



are likely connected in the subsurface. The prevalence of breccia exposures surrounding the 

quarry suggests there may have been coalescing maars in that area. The breccia outcrops are 

generally distinguished by a hummocky look to their surface. 

 The breccia is very poorly sorted. Clasts are subangular to subrounded, vary in size from 

< 2 mm to 1.3 m, and consist of microgranite, rhyolite, basalt, and diabase (Fig. 28). 

Microgranite and rhyolite clasts are more abundant than the mafic clasts, especially in areas 

where microgranite comes in contact with the breccia (Fig. 29). The breccia matrix is dark, 

ranging in color from black-grey to purple and contains lapilli- and ash-sized felsic and mafic 

particles.   

 Six damage zones in the rocks adjacent to the breccia were mapped and are labeled on 

Plate 1. The damage zone is the area surrounding the vent conduit or diatreme where the wall 

rocks were fragmented by explosions in the conduit, but the fragments were not greatly 

displaced. In one area, a damage zone shows varying amounts of rhyolite clasts up to 60 cm 

across within a dark matrix (Figs. 30 and 31), with some clasts showing jigsaw texture due to in 

situ fragmentation (Fig. 30). Thin sections from this area show the transition from coherent 

rhyolite into the damage zone and then a monomict breccia (Figs. 32 and 33). Rhyolite clasts in 

this zone range from rounded to angular. Some clasts developed curved fractures when shattered, 

causing some of them to appear rounded (Fig. 32). Open spaces between the clasts are filled with 

secondary quartz and fine-grained rhyolite particles. The spaces were probably formed as 

explosions sent shock waves through the host rock and fragmented the rhyolite in situ, with little 

motion between the clasts. Some thin sections are clast-rich, with rounded diabase clasts and 

angular rhyolite or microgranite clasts showing jigsaw texture. Spaces between the clasts in these 
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Figure 29. Abundant microgranite clasts within the breccia. The clast below the pencil 
contains amygdules filled with quartz and calcite.

Figure 28. Igneous breccia sample from the quarry showing the varying clast 
compositions and sizes. The four clast types found were microgranite, rhyolite, diabase, 
and basalt.



cases are filled with green clay and pyrite altering to hematite. These thin sections represent part 

of a damage zone with increased motion between the clasts and probably represent an area 

farther inward toward the conduit. In another damage zone, flow-banded rhyolite grades into a 

damage zone (Fig. 34) with a minimum width of 37 m, predominately containing rhyolite clasts 

showing jigsaw texture. One exposure of the breccia is monomict and contain rhyolite clasts with 

distinct dark rims (Fig. 37). These rims are likely alteration haloes that formed after the breccia 

was emplaced.

 A felsic breccia clast 1.3 m across was found in one outcrop (Fig. 35). The breccia could 

be flow breccia from a rhyolite flow or represent an earlier stage of explosive activity where 

partly consolidated breccia was later erupted a second time to form a polycyclic breccia. Another 

breccia clast contains fragments of both diabase and rhyolite (Fig. 36).           

Microgranite Clasts

 Microgranite is the most abundant clast type within the polymict igneous breccia, 

consistent with the fact that microgranite intrusions occur close to breccia exposures and are 

generally the host rock for the discordant breccia. The microgranite clasts are lithologically 

similar to each other and to the microgranite intrusions in the WTH. Plagioclase phenocrysts are 

moderately to heavily altered to calcite, sericite, or green clay and felsitic and microgranophyric 

texture is present (Figs. 38 and 39). Tridymite needles occur locally within the groundmass and 

leucoxene occurs as a secondary mineral (Figs. 38 and 39). Fayalite pseudomorphs are 

distinguished based on their shape and are replaced by green clay and rimmed with 

titanomagnetite (Fig. 38).
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Figure 31. View of the same damage zone as in Fig. 30 showing fine-scale brecciation of 
felsic clasts. Just above the pencil is a larger rhyolite clast.

Figure 30. Outcrop of a damage zone with a large amount of rhyolite clasts separated by 
dark breccia matrix. Arrow points to jigsaw texture where the clasts shattered in place.
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Figure 32. Photomicrograph within the damage zone showing mostly coherent rhyolite 
shattered in place. Rounded margins on some clasts are controlled by curved fractures. 
Open spaces are filled with quartz. Plane light; field of view ~ 4.25 mm. 

Figure 33. Photomicrograph within the damage zone showing more movement between 
clasts than in Fig. 32. Finely pulverized rhyolite is partly replaced by quartz. Plane light; 
field of view ~ 1.3 cm. 
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Figure 35. Clast of felsic breccia within the polymict igneous breccia. 

Figure 34. Pencil rests on a clast of flow-banded rhyolite within a damage zone. The 
clast is large probably because the photo was taken close to the edge of the damage 
zone. 
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Figure 36. Photomicrograph showing a breccia clast containing diabase (D) and 
rhyolite (R) fragments. Left margin of breccia clast is outlined. Plane light; field of 
view ~ 1.3 cm. 

Figure 37. Damage zone showing a monomict rhyolite breccia with alteration haloes 
around two of the clasts.  
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 Individual to coalescing spherulites vary in size from 0.5 to 1.25 mm. Glomerocrysts are 

present and generally contain four to six crystals of plagioclase and quartz. In several clasts, 

quartz-filled veins within the clasts terminate at the edge, suggesting that the clasts underwent 

alteration before they became part of the breccia. Amygdules are present in the clasts and are of 

the same type as in the microgranite intrusions.    

Rhyolite Clasts

 Rhyolite clasts are less abundant than microgranite clasts within the breccia. They contain 

varying amounts of plagioclase phenocrysts that are up to 2.15 mm across and are generally 

moderately to heavily altered to sericite, calcite, or green clay. A few alkali feldspar phenocrysts 

occur in some samples. Leucoxene replaces titanomagnetite. Glomerocrysts are present in some 

clasts and contain an average of six crystals composed of alkali feldspar and plagioclase.

 Some of the rhyolite contains amygdules 1-5 mm across filled with quartz, sericite, or 

calcite. Tabular, radiating crystals occur in some of the amygdules and have been replaced by 

quartz, but could have originally been barite based on the crystal habit. The quartz replacing the 

tabular crystals is rimmed by magnetite, which is partly replaced by hematite. Some samples 

show randomly oriented tridymite needles in the groundmass. Spherulites are typically ~ 0.25 

mm across (Fig. 40). Several clasts consist of perlitic rhyolite (Fig. 41) altered to hematite and 

green clay. These clasts probably originated from a chilled, glassy margin as part of a rhyolite 

flow boundary (Boro, 2015).

Diabase Clasts

 Diabase clasts within the breccia are less abundant than the felsic clasts and generally 

smaller in size (up to 30 cm across). Clasts are generally rounded to subrounded. Both Type I and 
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Figure 38. Photomicrograph of microgranite clast within the breccia showing fayalite 
(F) now altered to green clays and magnetite. Tridymite needles (arrowed) and 
microgranophyre are also present. Plane light; field of view ~ 4.25 mm.

Figure 39. Photomicrograph of another microgranite clast within the breccia showing 
microgranophyric texture (arrowed). Crossed polars; field of view ~ 4.25 mm.   

F



Type II diabase clasts were found within the breccia, but no fragments of the anorthosite noted 

above were found. The clasts range from coarse- to fine-grained diabase. Plagioclase laths are 

randomly oriented with varying degrees of alteration to green clay, sericite, or calcite and in 

some cases show a tan or cloudy appearance (Figs. 42 and 43). Pyroxene is partly altered to 

chlorite, green clay, and calcite. Some samples contain interstitial quartz. Opaque minerals 

include long bladed ilmenite and octahedral titanomagnetite with a dusting of leucoxene. Type II 

clasts show interstitial microgranophyre. Amygdules rimmed with quartz and filled with quartz 

and calcite are present in some of the clasts.

Basalt Clasts

 Basalt clasts within the breccia show a range of textures including variolitic, intersertal, 

hyalopilitic, and scoriaceous (Figs. 44 and 45). Variolitic texture occurs as branching elongate 

pyroxene or plagioclase crystals, which are in some cases altered to green clay or sericite.  

Swallow-tailed and belt-buckle plagioclase occur within variolitic clasts. These textures form 

when basalt rapidly quenches as it comes in contact with water (Bryan, 1972). One clast 50 cm 

across is scoriaceous with quartz- and calcite filled amygdules (Fig. 46). Plagioclase crystals are 

partly altered to sericite. A quartz vein with a small amount of calcite runs through one sample 

and is truncated by the edge of the clast. This shows the basalt clast underwent cooling and 

alteration before it was broken up during breccia formation. 

 Abundant small basaltic fragments < 4 mm across are visible in the matrix in hand 

sample. In thin section, these particles consist of sideromelane (now altered to yellow-brown 

palagonite or green clays) and tachylite glass and show angular to fluidal outlines, with variable 

vesicularity (Figs. 46-51). One thin section shows vesicular tachylite clasts with margins 
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Figure 40. Photomicrograph of a rhyolite clast within the breccia showing spherulites 
(S) and tridymite needles (arrowed). Plane light; field of view ~ 4.25 mm.

Figure 41. Photomicrograph of a rhyolite clast within the breccia showing relict perlitic 
texture. Open holes within the clast result from plucking of alteration products. Arrow in 
upper right points to a plagioclase phenocryst. Calcite veinlets are also present. Plane 
light; field of view ~ 1.7 mm. 
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Figure 42. Photomicrograph of a Type II diabase clast within the breccia showing heavily 
altered plagioclase and chlorite replacing pyroxene. The elongate opaque mineral is 
ilmenite, and magnetite octahedra are also present. Plane light; field of view ~ 4.25 mm.

Figure 43. Photomicrograph of a Type II diabase clast within the breccia showing 
randomly oriented plagioclase laths altered to sericite and calcite. There are large 
amounts of felsic interstitial material stained grey-orange. Plane light; field of view ~ 1.7 
mm. 



partially controlled by broken bubble walls (Fig. 46). Another example is present of a fluidal 

tachylite rim wrapping a microgranite clast, forming a cored lapillus (Figs. 52 and 53). The 

lapillus was broken after the rim formed, so that only part of the rim is preserved.
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Figure 45. Photomicrograph of a basalt clast within the breccia showing variolitic 
texture. A Type II diabase clast is in the bottom right corner. The clasts are separated by 
breccia matrix. Plane light; field of view ~ 4.25 mm. 

Figure 44. Photomicrograph of a basalt clast within the breccia showing intersertal 
texture. Plagioclase is altered to sericite. Amygdules are filled with quartz. Crossed 
polars; field of view ~ 1.7 mm.  
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Figure 47. Photomicrograph a vesicular tachylite clast within the breccia. The clast 
shows a typical phreatomagmatic shape, with margins only partially controlled by 
broken bubble walls. Plane light; field of view ~ 4.25 mm.

Figure 46. Photomicrograph of part of a scoria clast (arrowed) within the breccia. Clasts 
of diabase and vesicular tachylite are also visible. Plane light; field of view ~ 4.25 mm.
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Figure 48. Photomicrograph of breccia matrix showing several fluidal and vesicular 
tachylite fragments (T) as well as a clast of sideromelane altered to palagonite (P). Plane 
light; field of view ~ 1.3 cm. 

Figure 49. Photomicrograph of breccia matrix showing a vesicular, fluidal tachylite 
pyroclast. Plane light; field of view ~ 4.25 mm.  
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Figure 50. Photomicrograph of the breccia matrix showing vesicular tachylite clasts 
(T), and a clast of sideromelane altered to palagonite (P). Plane light; field of view ~ 
4.25 mm.

Figure 51. Photomicrograph of the breccia matrix showing a vesicular tachylite clast 
with a fluidal, droplet-like shape in center of view. A rhyolite clast is visible in lower 
left. Plane light; field of view ~ 4.25 mm. 
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Figure 52. Photomicrograph of breccia matrix showing clasts of microgranite (M), 
rhyolite (R), diabase (D), and basalt (B). An arrow points to a cored lapillus in the top 
center. Plane light; field of view ~ 1.3 cm. 

Figure 53. Closer view of the cored lapillus shown in Figure 52. Note that the lapillus 
was broken along a fracture on the right side of the clast. Tachylite shows swallow-
tailed plagioclase and hyalopilitic texture. Part of a basalt clast is shown in the lower 
right corner. Plane light; field of view ~ 4.25 mm.
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CHAPTER V: GEOCHEMISTRY
Introduction

 Geochemical analyses were conducted on 17 samples from the WTH. Sample locations 

are shown in Plate 1 and analytical data are shown in Appendix I. Three microgranite intrusions, 

two felsic clasts and two mafic clasts from the igneous breccia, and ten diabase intrusions were 

analyzed. Two felsic clasts and a mafic clast from the breccia, and a diabase intrusion from the 

Hanson Aggregates LLC quarry were previously analyzed by Eschberger and Hanson (2014) and 

are included with my new data from the WTH. Analyses from the ETH rhyolite lavas and felsic 

hypabyssal intrusions (Eschberger et al., 2014) and WTH rhyolite lavas (Boro, 2015) are plotted 

with my samples for comparison purposes in the following diagrams. Analyses from diabase 

intrusions in the ETH and Wichita Mountains (Aquilar, 1988; DeGroat et al., 1995; Eschberger et 

al., 2014) along with seven new samples from the Mill Creek Quarry (Appendix II) are also 

plotted with the mafic samples from the WTH. Due to time constraints, several samples collected 

in the latter part of the project were not sent for analysis. This will need to be done in the future. 

Rhyolite and Microgranite 

Major Elements

 Representative Harker diagrams for the rhyolites and microgranites are shown in Figures 

54-61 along with a legend describing the symbols used. Silica contents for microgranite 

intrusions in the WTH and felsic clasts in the breccia range from 68.48-76.88 wt. %. There is no 

petrographic evidence for significant disturbance of silica contents during alteration, so this 

range is considered to be largely a primary feature. Except for a few of the WTH rhyolite flows, 

the WTH felsic intrusions and clasts in the breccia generally have lower silica contents than the 
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other felsic samples shown for comparison purposes. The exception is one microgranite clast 

with 76.88% wt. % SiO2. Major elements in altered rocks can be misleading and interpretations 

of the data need to be made carefully. The alkalis in particular have been affected by alteration, 

as shown by considerable scatter in their Harker diagrams. Note also that two microgranite clasts 

from the breccia plot outside of the normal igneous spectrum in Figure 62 meaning that these 

samples underwent an increase in K2O and a decrease in Na2O during alteration. Evidence for 

this is shown in thin sections where sericite commonly replaces plagioclase.  

 Within the data set as a whole, Al2O3, CaO, FeO, MgO, TiO2, and P2O5 show an overall 

decrease as SiO2 increases. This is consistent with fractionation of plagioclase, mafic silicates, 

titanomagnetite, and apatite. The Harker diagrams for these oxides, however, show some scatter, 

presumably the result of alteration, and the microgranite clast with the highest CaO content 

contains significant amounts of calcite replacing plagioclase and mafic minerals in thin section. 

Some of the rhyolite lava flows from the WTH plot close to the microgranite intrusions and 

felsic clasts in the breccia. However, FeO, P2O5, CaO, and possibly TiO2 appear to define two 

separate differentiation paths, with the rhyolite lava flows following one path and the other 

samples from the WTH following another path. These separate differentiation trends suggest the 

felsic intrusions and rhyolite lava flows from the WTH came from different magma sources or 

reservoirs. Felsic intrusions from the ETH are more fractionated than the WTH samples except 

for the microgranite clast in the breccia noted above that has a high SiO2 content. 
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Figure 54. Harker diagram for TiO2 with explanation of 
symbols shown above.
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Figure 55. Harker diagram for Al2O3.

Figure 56. Harker diagram for FeO.

Figure 57. Harker diagram for MgO.
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Figure 58. Harker diagram for CaO.

Figure 59. Harker diagram for Na2O.

Figure 60. Harker diagram for K2O.
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Figure 61. Harker diagram for P2O5.

Figure 62. Igneous spectrum diagram of Hughes (1972).



Trace Elements

Harker Diagrams and Nb versus Y Diagram

  Harker diagrams for trace elements and a bivariate plot of Nb versus Y are shown in 

Figures 63-68. Ba, Th, and Nb Harker diagrams show no relevant trends for the WTH samples. 

In the Ba diagram (Fig. 63), one anomalous microgranite clast (CT-21) shows a much higher 

amount of Ba, suggesting this element was added during alteration. In both the Nb and Th 

Harker diagrams (Figs. 64 and 65), the hypabyssal intrusions from the ETH generally show 

substantially greater amounts of Nb and Th than the WTH samples, suggesting there is no 

petrogenetic link between these two suites of felsic rocks. The Sc plot shows a differentiation 

trend with a clear negative correlation with silica (Fig. 66). This is consistent with pyroxene 

fractionation (Mahood and Hildreth, 1983; Rollinson, 1993). Sr also shows a negative trend (Fig. 

67), but with more scatter than Sc, presumably because of alteration. In the bivariate plot of Nb 

versus Y all of the samples cluster together except for the hypabyssal intrusions from the ETH, 

consistent with the results from Figures 64 and 65. 

Rock Classification

 The Winchester and Floyd (1977) diagram was initially chosen to classify the samples 

geochemically because it can provide reliable results for altered rocks. Except for one anomalous 

sample, the WTH intrusions and felsic clasts plot separately from the two other data sets and fall 

in or near the rhyodacite/dacite field (Fig. 69), which is broadly consistent with their less 

fractionated compositions. This is consistent with the interpretation that the microgranite 

intrusions in the WTH and a significant part of the felsic clasts in the breccia represent separate 

magma batches from the extrusive rhyolites. 
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Figure 64. Harker diagram for Nb.

Figure 65. Harker diagram for Th.

Figure 63. Harker diagram for Ba.
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Figure 66. Harker diagram for Sc.

Figure 67. Harker diagram for Sr.

Figure 68. Plot of Nb versus Y.
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Figure 69. Discrimination diagram from Winchester and Floyd (1977).



Normalized Multi-Element Diagrams

 The samples are shown on multi-element diagrams normalized to primitive mantle values 

in Figures 70-72. In order to distinguish between samples from the WTH they are each given 

their own symbol. Data for only the WTH microgranite intrusions and felsic clasts in the igneous 

breccia are shown in Figure 70 and are compared to data for the WTH rhyolite lavas in Figure 

71. Figure 72 shows the WTH data plotted together with data for felsic rocks in the ETH. Mobile 

elements are circled on the diagrams for convenience.

   In terms of the immobile elements, the WTH microgranite intrusions and felsic clasts 

plot tightly except for one anomalous sample (CT-21), which is more fractionated and has the 

highest SiO2 content of any of the samples. The fractionation patterns are typical of A-type 

magmas and show depletions in P, Ti, and Sr, reflecting fractionation of apatite, titanomagnetite, 

and plagioclase. Rhyolite lava flows in the WTH show comparable patterns to the other felsic 

samples from the WTH but tend to be somewhat more fractionated (Fig. 71). The comparable 

patterns suggest a similar petrogenetic history. The ETH samples are generally more fractionated 

than those from the WTH and show a stronger depletion in Eu and Sr than in the WTH (Fig. 72), 

providing evidence for a greater degree of plagioclase fractionation. 

 A common similarity between most of the samples is a small negative Nb-Ta anomaly, 

indicating that at some stage in their petrogenesis the magmas interacted with older continental 

lithosphere that was earlier modified by subduction. Note that, although U and K are the closest 

elements to Nb and Ta on the multi-element diagrams, they are mobile and should not be used in 

determining if there is a Nb-Ta anomaly. Instead, Th and La should be used, because they are the 
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closest immobile elements to Nb and Ta. The negative Nb-Ta anomaly is seen in most samples 

except for some of the hypabyssal intrusions in the ETH. 

REE Diagrams

 Data for the felsic rocks are again separated into several different REE diagrams to show 

the differences between the samples (Figs. 73-75). The felsic intrusions and clasts from the WTH 

plot very closely together in Figure 73. They all show LREE enrichment and a negative Eu 

anomaly, again indicating fractionation of plagioclase during the petrogenesis of the rocks. All 

the samples from the WTH plot close together in Figure 74 except for one anomalous lava 

sample. The generally similar trends between these samples, and between them and the rhyolite 

lavas in the ETH (Fig. 75) indicate a similar petrogenetic history, which corresponds with 

conclusions reached above. Felsic intrusions from the ETH show more fractionated REE 

patterns, with pronounced negative Eu anomalies (Fig. 75), again indicating they came from a 

different magma reservoir than the other samples. 

Discrimination Diagrams

 In the Whalen et al. (1987) diagram, all the samples plot within the field for A-type 

granites (Fig. 76). Several data points from the ETH are not seen in the diagram because they 

plot off it due to high Zr values. In the Nb versus Y diagram of Pearce et al. (1984), all the 

samples fall into the field for within-plate granites and cluster tightly together except for the 

hypabyssal intrusions from the ETH, which have greater amounts of Nb and in some cases Y 

(Fig. 77). Rhyolite data from the Wichita Mountains given in Hanson and Eschberger (2014) 

group in the same area on the discrimination diagrams as data from the WTH.
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Mobile trace elements

Figure 70. Multi-element diagram for WTH microgranite intrusions and felsic 
clasts within the igneous breccia. Normalization values from Sun and 
McDonough (1989). Explanation for symbols used in this and the following 
diagrams is shown above.
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Figure 72. Multi-element diagram for felsic data from the WTH and ETH. 
Normalization values from Sun and McDonough (1989).

Mobile trace elements

Figure 71. Multi-element diagram for all felsic data from the WTH. 
Normalization values from Sun and McDonough (1989).

Mobile trace elements
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Figure 74. REE diagram for felsic data in the WTH. Normalization values from 
Sun and McDonough (1989).

Figure 73. REE diagram for WTH hypabyssal intrusions and felsic clasts in the 
igneous breccia. Normalization values from Sun and McDonough (1989).



 The diagrams by Eby (1990, 1992) shown in Figures 78-80 should only be used if the 

samples plot in within-plate and A-type granite fields on the previous diagrams. Samples that fall 

into the A1 field in Figures 78 and 79 were derived from Ocean Island Basalt (OIB)-type sources 

in intraplate settings. Samples that fall in the A2 field in these diagrams originated from sources 

previously altered by arc magmatism (Eby, 1992). The WTH felsic intrusions and clasts fall close 

to the line, but most plot in the A2 field. Almost every hypabyssal intrusion from the ETH falls in 

the A1 field of the diagrams along with some rhyolites from the WTH (Figs. 78 and 79). The rest 

of the samples plot in the A2 field or along the line. The samples that plot in the A2 field are also 

the ones that show Nb-Ta anomalies in the multi-element diagrams. The trend continues when 

looking at Figure 80. The hypabyssal intrusions from the ETH and some of the rhyolite lavas 

from the WTH lie within the field for OIB-derived rocks, while the other data plot close to 

volcanic-arc and syn-collisional granites and average continental crust. This suggests the 

70

Figure 75. REE diagram for felsic data from the WTH and ETH. Normalization 
values from Sun and McDonough (1989).
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Figure 77. Discrimination diagram of Nb versus Y from Pearce 
et al. (1984).

Figure 76. Zr versus 104Ga/Al discrimination diagram from Whalen et al. 
(1987).
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Figure 78. Y-Nb-Ce discrimination diagram from Eby (1992).

Figure 79. Y-Nb-Ga*3 discrimination diagram from Eby (1992).
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Figure 80. Ce/Nb versus Y/Nb diagram from Eby (1990). OIB=ocean island basalts; 
C=average crustal ratios; CG=syn-collision granite; VAG=volcanic arc granite; 
IAB=island-arc basalts; MORB=mid-ocean ridge basalts.



magmas were derived from OIB-type sources but underwent varying degrees of interaction with 

continental crust.

Basalt and Diabase

Overview of Mill Creek Quarry samples

 Within the Mill Creek Quarry (MCQ) there are diabase dikes that intrude the 

Mesoproterozoic basement rock exposed in the eastern Arbuckle Mountains. Geochemical 

samples were taken from the dikes to compare them to diabase intrusions from the WTH and 

ETH and were collected during a brief visit to the quarry. Samples were not allowed to be 

collected from the quarry walls for safety concerns, so they were taken from pieces that had 

fallen onto the quarry floor. Thin sections show subophitic to ophitic textures with interstitial 

microgranophyric texture (Figs. 81 and 82). Samples were divided into two groups: fresh and 

altered. In the fresh samples, the plagioclase laths show only a small amount of alteration to 

sericite. Olivine pseudomorphs are distinguished by their shape and relict conchoidal fracture. 

Magnetite generally rims olivine, which is replaced by green clays and talc. A small amount of 

biotite is present as an accessory late magmatic mineral (Fig. 82). In the more altered samples, 

plagioclase is heavily altered to sericite and chlorite and has a cloudy or tan appearance (Fig. 83). 

These samples contained hornblende and biotite, which are inferred to be late-stage deuteric 

minerals. Fine-grained actinolite replaces a majority of the hornblende. Accessory minerals 

include titanite and elongate crystals of apatite in both fresh and altered samples. Augite is partly 

altered to leucoxene. One sample contained amygdules filled with chlorite and was heavily 

altered to green clays.
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Figure 81. Photomicrograph of a fresh sample from the MCQ showing ophitic texture. 
Note the relatively unaltered plagioclase and augite. Crossed polars; field of view ~ 
4.25 mm  

Figure 82. Photomicrograph of a relatively fresh sample from the MCQ showing 
interstitial microgranophyric texture (arrow) and magmatic biotite (circled). Crossed 
polars; field of view ~ 1.7 mm. 
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Figure 83. Photomicrograph of an altered sample from the MCQ. The thin section 
shows fine-grained actinolite replacing hornblende. Plagioclase shows a cloudy or 
tan appearance and is heavily altered to sericite. Elongate needles of apatite are 
abundant. Plane light; field of view ~ 1.7 mm. 



Major Elements 

   One basalt clast, two diabase clasts and 11 diabase intrusions were analyzed from the 

WTH, along with the seven diabase dikes sampled from the Mill Creek Quarry. These samples 

are compared to diabase intrusions from the ETH using data from Eschberger et al. (2014) and 

are shown in Harker diagrams in Figures 84-91. Diabase samples from the WTH have silica 

contents of  49.03-54.95 wt. %, and the MCQ samples have silica contents between 45.11-54.59 

wt. %. The sample with the lowest silica content (MCQ-3) is heavily altered to green clay and 

chlorite so the low silica may be the result of alteration. The sample with the highest silica 

content from the MCQ showed microgranophyric texture in thin section, suggesting that the high 

silica content is a primary feature. The anorthosite in the WTH has the highest amount of silica 

(54.95 wt %). 

 Major element data are scattered on most of the Harker diagrams due to alteration, or 

because not all the samples are petrogenetically related. Al2O3, FeO, and P2O5 generally occur in 

similar amounts in all the samples. The exception is the anorthosite (CT-7) which has higher 

amounts of  Al2O3, Na2O, and K2O and lower amounts of the other major oxides. Also, MCQ-5 

contains more P2O5 than the rest of the samples (Appendix II). K2O and Na2O show scatter but 

have vague positive trends with increase in SiO2. TiO2 shows significant scatter and no real trend 

can be distinguished. However, MgO and CaO show overall decreases with an increase in SiO2 

in Figures 87 and 88 representing standard igneous differentiation trends, although the MCQ data 

are more scattered than the other samples on these diagrams. 
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Figure 84. Harker diagram for TiO2 with explanation of 
symbols shown above.

Figure 85. Harker diagram for Al2O3.
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Figure 86. Harker diagram for FeO.

Figure 87. Harker diagram for MgO.

Figure 88. Harker diagram for CaO.
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Figure 89. Harker diagram for Na2O.

Figure 91. Harker diagram for P2O5.

Figure 90. Harker diagram for K2O.



Trace Elements

Rock Classification

  Data for the WTH, ETH, and MCQ are plotted on the Winchester and Floyd (1977) 

diagram in Figure 92, along with data from diabase intrusions in the Wichita Mountains from 

Aquilar (1988) and DeGroat et al. (1995) for comparison purposes. The samples from the WTH 

and ETH cluster tightly in two separate groups with some diabase intrusions falling in the 

alkaline basalt field and others falling in the field for subalkaline basalt along with mafic clasts 

from the igneous breccia in the WTH. In Figure 92, Type I diabase intrusions plot as both 

subalkaline and alkaline basalt, whereas Type II intrusions only plot in the subalkaline field. 

Much of the data overlaps with the Wichita Mountains diabase intrusions. The MCQ samples are 

more scattered. Three of those samples plot within the subalkaline basalt field and one sample 

within the alkaline basalt field. Several of the MCQ diabase intrusions plot as andesite/basalt.

Normalized Multi-Element Diagrams

 The samples are plotted on two separate multi-element diagrams normalized to primitive 

mantle to clearly show trends and anomalies (Figs. 93 and 94). In Figure 94 data from the WTH 

samples are shown as a field and the MCQ samples have each been given different symbols to 

easily distinguish them. 

 In terms of the immobile elements, diabase intrusions and mafic clasts from the WTH 

plot tightly in Figure 93 except for the anorthosite (CT-7). All WTH samples show a depletion of 

Sr and some show a slight negative Eu anomaly indicating fractionation of plagioclase. The 

WTH diabase intrusions all plot within the boundaries of the ETH and Wichita Mountains data 
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except for some mobile elements. Neither the WTH nor the ETH samples show a negative Nb-Ta 

anomaly, suggesting they originated from OIB-type sources. 

 Data from the MCQ are not as consistent as the WTH data (Fig. 94). There is a lot of 

variation in the mobile elements, such as U and K. Two samples (MCQ-1 and MCQ-4) plot 

identically on the diagram, suggesting they represent the same batch of magma and may have 

come from the same intrusion (symbols for MCQ-4 are generally hidden by symbols for MCQ-1 

in Figures 94 and 96). One sample (MCQ-7) has a low Th content. According to Lidiak et al. 

(2014), this sample could be representative of an older, Mesoproterozoic diabase suite. 

REE Diagrams

 In order to distinguish between the samples, they were again separated into two diagrams 

(Figs. 95 and 96). The WTH diabase intrusions and mafic clasts show similar trends except the 
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Figure 92. Discrimination diagram from Winchester and Floyd (1977).
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Figure 93. Multi-element diagram for mafic samples from the WTH. 
Normalization values from Sun and McDonough (1989). 

Figure 94. Multi-element diagram for mafic samples from the WTH and MCQ. 
WTH data are shown in a separate field. Normalization values from Sun and 
McDonough (1989).



anorthosite sample CT-7 (Fig. 95). There is a negative Eu anomaly in the mafic clasts in the 

igneous breccia, which is less prominent in the intrusions, signifying different degrees of 

plagioclase fractionation. Sample CT-7 shows a positive Eu anomaly, consistent with plagioclase 

accumulation. Some of the ETH diabase intrusions have lower REE contents than the WTH 

samples, indicating they are less fractionated. They also show a slight positive Eu anomaly. 

 The MCQ data points define similar patterns to the WTH and ETH intrusions and clasts 

(Fig. 96). Some show a positive Eu anomaly and some show a negative anomaly. MCQ-1 and 

MCQ-4 still follow identical trends, consistent with the interpretation that they come from the 

same magma batch. All of the samples from the ETH, WTH, and MCQ show enrichment in light 

REE, which is typical of within-plate basalts, and they also fall within the same general field as 

the diabase intrusions from the Wichita Mountains. 

Discrimination Diagrams

 All the data except the anorthosite sample are plotted on standard discrimination 

diagrams in Figures 97-101, with the latter sample being omitted because these diagrams are 

meant for volcanic rocks (or their hypabyssal equivalents). The intrusions and clasts within 

igneous breccia in the ETH and WTH plot as within-plate basalts in Figures 97-100. Overall, the 

ETH and WTH data tend to plot in or close to the boundaries of the fields for diabase intrusions 

in the Wichita Mountains. In Figure 99, however, two distinct groups appear, which correspond 

to those in Figure 92. The same two groups are present in Figures 99-101, where the ETH 

intrusions and some of the WTH intrusions plot in alkaline or transitional fields and the other 

WTH intrusions and the mafic clasts plot in tholeiitic fields. The WTH diabases that plot with the 

ETH intrusions are found only in the eastern part of the WTH and both suites of intrusions are 
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Figure 95. REE diagram for samples from the WTH. ETH and Wichita Mountain 
data are shown in separate fields. Normalization values from Sun and McDonough 
(1989). See Figure 93 for legend.

Figure 96. REE diagram for the MCQ diabase dikes. WTH data are shown in a 
separate field. Normalization values from Sun and McDonough (1989). See 
Figure 94 for legend.



likely from the same magma source. It should also be noted that the other WTH intrusions and 

mafic clasts in the igneous breccia plot close together in Figs. 97-101 and they are likely 

petrogenetically related. The data show that within a relatively limited area in the Arbuckle 

Mountains, mafic magmas were derived from two separate sources. 

 Data from the MCQ are more scattered than the ETH and WTH data in Figures 97-101. 

They plot in the within-plate field in Figures 98 and 99, but generally fall into calc-alkaline, 

volcanic arc or MORB fields in Figures 97 and 100. In this case, the discrimination diagrams 

provide erroneous results, which is common in continental basalts (e.g., Wang and Glover, 1992).
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Figure 97. Zr-Ti/100-Y*3 discrimination diagram from Pearce and Cann 
(1973). 
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Figure 99. Zr/4-Nb*2-Y discrimination diagram from Meschede (1986). 

Figure 98. Zr/Y versus Zr discrimination diagram from Pearce and Norry (1979). 
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Figure 101. Nb/Y versus Zr/(P2O5*104) discrimination diagram 
from Floyd and Winchester (1975). 

Figure 100. Ti/Y versus Nb/Y discrimination diagram from Pearce 
(1982). 



CHAPTER VI: CONCLUSIONS

 The most extensive outcrops of the Wichita Igneous Province in the Arbuckle Mountains 

occur in the WTH. This area was previously mapped by Uhl (1932), who showed the igneous 

rocks as undifferentiated rhyolite. The complexity of the igneous rocks in the WTH was 

unknown until the present study. Comprehensive mapping has revealed a considerable amount of 

microgranite and diabase hypabyssal intrusions in the area, as well as discordant masses of 

polymict igneous breccia.    

 Hypabyssal intrusions penetrating the Carlton Rhyolite in the WTH are much more 

abundant than elsewhere where the rhyolites are exposed in the Arbuckle and Wichita 

Mountains. Microgranite intrusions are generally located in proximity to exposures of the 

polymict igneous breccia. The microgranite intrusions have irregular outlines in map view, but 

there is no constraint on their shape in three dimensions. Chilled margins of the microgranite 

consist of rhyolite. Tridymite needles are present in some samples indicating the microgranite 

formed from magmas with temperatures > 870˚C, if the tridymite formed within its stability 

range. Some parts of the microgranite show spherulitic or microgranophyric texture as well as 

vesicles, consistent with a shallow emplacement level. The vesicles in many cases occur close to 

intrusive contacts with diabase or breccia but also occur in the interiors of some of the intrusions. 

The irregular distribution of vesicles suggests the microgranite intrusions are composite bodies, 

consisting of several batches of magma emplaced over some time period.

 Petrographic and geochemical data indicate that the microgranite intrusions were derived 

from a single homogenous batch of magma emplaced in pulses. Cross-cutting intrusive relations 

and microgranite clasts within the breccia are evidence that much of the microgranite was 
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emplaced prior to both the diabase intrusions and the breccia; however, microgranite also locally 

intrudes the breccia, indicating that felsic intrusive activity overlapped in time with some of the 

mafic magmatism and breccia formation. Although geochemical data from both the ETH and 

WTH show that all the felsic rocks have A-type compositions, microgranites in the WTH are less 

differentiated than the extrusive rhyolites and hypabyssal felsic intrusions in the ETH, as well as 

some of the rhyolites in the WTH. The WTH rhyolites and hypabyssal intrusions have similar 

trace-element patterns indicating they have comparable petrogenetic histories; however they 

show different fractionation trends on Harker diagrams, suggesting they do not represent a single 

uniform batch of magma.

 The diabase intrusions are separated into two groups. Type I is a typical diabase and is 

found throughout the WTH, and Type II contains interstitial felsic material and is found only in 

the western part of the study area. One or more diabase intrusions are generally in close 

proximity to exposures of the breccia, and the diabase intrusions increase in quantity and size 

near the extensive breccia outcrops in the area of the quarry. 

 Geochemical analyses show there are two distinct groups within the WTH diabases. One 

group falls in within-plate tholeiitic fields in trace-element discrimination diagrams, along with 

mafic clasts in the breccia. The other group falls into within-plate transitional or alkali basalt 

fields along with diabase intrusions from the ETH. Type II diabase intrusions, as defined 

petrographically, plot as tholeiitic magmas, whereas Type I intrusions plot as either tholeiitic or 

alkali magmas. One sample from the WTH is an anorthosite that is distinct both geochemically 

and petrographically. It was only found in one limited exposure within the WTH surrounded by 

microgranite and diabase hypabyssal intrusions, and is thought to have originated from a larger 
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intrusion undergoing internal differentiation prior to being intruded by the microgranite and 

diabase. Seven diabase samples from the MCQ are more scattered on trace-element 

discrimination diagrams than the diabase data from the ETH and WTH. One of the samples 

shows a low Th content, which suggests it may be part of an older, Mesoproterozoic diabase 

suite in the area (Lidiak et al., 2014). 

 Prior to this work, only one mass of the polymict igneous breccia was documented in the 

WTH, in the Hanson Aggregates LLC quarry (Price et al., 1998; Eschberger, 2012; Eschberger 

and Hanson, 2014). My mapping shows the breccias are much more extensive than previously 

thought. Breccia masses occur in the central and western parts of the field area, and are ovoid to 

irregular in shape. The largest breccia exposure is ~ 1.4 km across and is exposed in the Hanson 

Aggregated LLC quarry. The largest discrete mass of breccia outside of the quarry is ~ 550 m 

across. Some of the smaller breccia masses may be interconnected in three dimensions. The 

breccia lacks bedding and contains microgranite, rhyolite, diabase, and basalt clasts in a fine-

grained fragmented matrix.  

 The igneous breccias in the WTH and quarry are interpreted to have formed by 

phreatomagmatic eruptions involving basaltic magma. This is indicated by the common presence 

of particles of sideromelane (now altered to palagonite) and tachylite in the breccia matrix, 

which show features typical of phreatomagmatic shards (Fisher and Schmincke, 1984; McPhie et 

al., 1993). Cored lapilli also indicate that fluidal basalt magma was coming in contact with felsic 

clasts when the breccia was forming. Diabase intrusions that penetrate the breccia have the same 

geochemical composition as diabase clasts within the breccia, suggesting that the diabase 

represents the magma that was the driving force for the eruptions. Also, one diabase intrusion in 
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contact with the breccia shows a partly fragmented fluidal tongue indicating that the diabase 

must have intruded into the breccia while it was still unconsolidated. These observations are 

consistent with the interpretation that the breccia fills diatreme feeder conduits to maar-type 

phreatomagmatic volcanoes. Some of the smaller breccia masses, however, may not have 

reached the surface (e.g., Befus et al., 2009). 

 Several damage zones were found in the WTH in rhyolite and microgranite adjacent to 

the breccia. These zones grade from coherent country rock into a predominately felsic breccia in 

which the clasts were shattered in place, and then into polymict igneous breccia, which appears 

more chaotic and generally contains a significant amount of mafic clasts. The damage zones are 

inferred to have been created by shock waves from explosions within the conduits, fragmenting 

the rock in situ. Areas further into the conduits show greater motion between the clasts because 

they were closer to the explosions.

 The closest hypabyssal intrusions occur ~ 1.2 km from the Washita Valley Fault Zone, 

which represents the reactivated northern fault margin of the SOA in this area. This suggests that 

magma batches that formed the abundant hypabyssal intrusions in the WTH exploited zones of 

weakness along the fault zone, which also probably allowed transport of groundwater downward, 

generating phreatomagmatic explosions (Price et al., 1998). The result is a very different 

lithofacies assemblage to that known from the Wichita Mountains and parts of the subsurface 

where hypabyssal intrusions generally occur in much smaller amounts and the sequence is 

dominated by intercalated rhyolite and basalt lava flows (Fig. 102).
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Figure 102. Diagram showing the difference in lithofacies between the Wichita and Arbuckle Mountains. The 
Wichitas show basalt intercalated with rhyolite flows. The Arbuckles have more hypabyssal intrusions and the 
only known exposures of phreatomagmatic breccia. The distinction is due to proximity to the Washita Valley 
Fault Zone. 



Appendix I: Geochemical data for hypabyssal intrusions and clasts in igneous 
breccia in the West Timbered Hills
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Appendix II: Geochemical data for diabase intrusions in the Mill Creek 
Quarry
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 One of the main outcrop areas of the Cambrian Wichita Igneous Province in southern 

Oklahoma occurs in the West Timbered Hills, but has never been studied in detail before. New 

mapping shows that extensive amounts of polymict igneous breccia and microgranite and 

diabase intrusions occur within the area. Microgranites have A-type compositions similar to 

other felsic rocks in the Wichita Province. Diabase intrusions have within-plate tholeiitic and 

alkaline signatures. The breccia forms discordant masses < 1.4 km across cutting older rocks. 

Felsic and mafic clasts within the breccia are set within a finer grained matrix. Juvenile basaltic 

pyroclasts in the matrix indicate that the breccia is phreatomagmatic in origin, and it is inferred 

to fill vent conduits for maar volcanoes. Diabase intrusions in the area are interpreted to 

represent parts of the magma plumbing system that supplied the phreatomagmatic eruptions.  


