
	

	

 

 
Diagenetic controls on porosity, thermal history, and hydrocarbons 

in the Wolfcamp A, eastern Midland Basin, Texas 
By 

   
Erich de Zoeten 

B.Sc., Trinity University , 2014 

Submitted to the graduate degree program in Geology and the Graduate Faculty of the 
University of Kansas in partial fulfillment of the requirements  

for the degree of Master of Science. 
 
 
 
 

 

Chair: Robert H. Goldstein 

 

Evan K. Franseen 

 

Jennifer A. Roberts 

 
 
 
 
 

Date Defended: April 26, 2018 



	

	 ii	

The thesis committee for Erich de Zoeten certifies that this is the 
approved version of the following thesis: 

Diagenetic controls on porosity, thermal history, and hydrocarbons 
in the Wolfcamp A, eastern Midland Basin, Texas 

 

 
 

Chair: Robert H. Goldstein 

 

 

 

 

 

 

 

 

Date Approved: March 30, 2018 



	

	 iii	

Abstract 

 
Erich de Zoeten 

Department of Geology, April 2018 
University of Kansas 

 
A detailed study of a Wolfcamp A core from the eastern Midland Basin, west Texas, is used to 

understand the diagenetic history of the region and the controls on carbonate macroporosity.  

Transmitted-light microscopy, UV-epifluorescence, cathodoluminescence, and SEM-EDS microscopy, as 

well as δ18O, δ13C, 87Sr/86Sr, and fluid inclusion analyses were performed. The diagenetic history could be 

divided into stages: Early Stage occurred near the sediment-water interface; Burial Stage occurred during 

burial and before tectonic fracturing; and Fracturing Stage occurred with the onset of tectonic fracturing 

and overlaps with late events of hydrocarbon migration. Macropores in carbonate mud-poor packstones 

were largely occluded by compaction, Early Stage and Burial Stage calcite cements, and host little extant 

porosity. Mud-rich packstones, however, host both primary intraparticle and late moldic porosity and are 

better reservoir facies. Within the Burial Stage (Leonardian or Guadalupian) highly saline evaporated 

seawater (17.4 – 18.5 wt%) refluxed into the Wolfcamp A, displaced connate water, and was heated to 

burial temperatures (68 – 83 °C) before precipitating calcite cement. 87Sr/86Sr of the calcite cement is 

more radiogenic than Leonardian or Guadalupian seawater, which is likely due to rock-water interaction 

with more radiogenic siliciclastics. Afterwards, in the Ochoan, even more highly saline evaporated 

seawater (17.4 – 26.8 wt%) refluxed and mixed with or displaced the Leonardian or Guadalupian refluxed 

fluid; it precipitated anhydrite cement during active reflux, prior to being heated to burial temperature. 

87Sr/86Sr of the anhydrite cement (0.707491) supports precipitation from Ochoan seawater. At the onset of 

the Fracturing Stage, there is a fracturing event and a dramatic rise in fluid temperatures from 68 – 93 °C 

to 130 - 160 °C, which is well above the modeled maximum burial temperature of 85 °C.  Mean δ18Ocement 

shifts to markedly more negative values from the Burial Stage (-2.77‰) to the Fracturing Stage (-5.28‰), 

which supports an increase in temperature. Characteristics of the Th record indicate tectonic valving of 

hydrothermal fluids. Relatively non-radiogenic 87Sr/86Sr for high temperature cements (0.707464 – 
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0.707846) suggest a fluid origin from a sedimentary basin rather than basement. The most likely source 

for the hydrothermal fluids is the much deeper Val Verde Basin. A modern geothermal gradient map 

shows a high-gradient plume, directed northward from the Val Verde Basin, with NE-SW- and NW-SE-

oriented boundaries. NE-directed Laramide compressive stress resulted in NE-SW and NW-SE fracture 

sets. Laramide fracturing in the Val Verde Basin and Midland Basin resulted in long-distance (at least 300 

km) northward migration of deep hot fluids along these NE-SW and NW-SE fracture zones within certain 

stratigraphic intervals.  Cenozoic uplift south and west of the Val Verde Basin resulted in meteoric water 

infiltration into deep reservoirs. This caused northward fluid displacement and migration of hydrothermal 

fluids.  The paragenesis indicates that much hydrocarbon generation and migration occurred in the 

Cenozoic, which is much more recent than previously estimated. 
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Introduction 

Carbonate sediment gravity flow deposits can be significant reservoirs (e.g. Cook and Enos, 

1977; Playton et al., 2010). In the Permian Basin near the toe-of-slope, these coarse-grained carbonates 

interfinger with basinal siliciclastic and siliceous mudrock, resulting in highly heterogeneous hybrid 

deposits. It is challenging to understand the impact of this relatively coarse-grained carbonate on the 

reservoir quality and exploitation of unconventional reservoirs. It is well known that siliciclastic and 

siliceous mudrock can be unconventional pay (Schieber, 2010; Aplin and Macquaker, 2011; Hamlin and 

Gaumgardner, 2012), however, wells near the toe-of-slope with comparatively high carbonate content 

have also produced well (e.g. Mazzullo, 1994; Montgomery, 1996; Conte, 2014). This study seeks to 

improve understanding of why relatively carbonate-rich toe-of-slope unconventional deposits in the 

Permian Basin are so prolific and where the best carbonate reservoir quality may be located. 

Diagenetic alteration commonly controls final reservoir quality in carbonates. Diagenetic 

alteration in basinal systems with abundant fine-grained deposits has been proposed to be relatively 

closed to new fluids and, therefore, fairly simple and predictable. For example, the cause of late 

dissolution and porosity development in carbonates interstratified with basinal mudstones in the Permian 

Basin has been interpreted to be self-sourced acidic fluids, generated during hydrocarbon maturation 

(Mazzullo and Harris, 1992; Mazzullo, 1994). Alternatively, open-system hydrothermal fluid flow in 

carbonates has been shown to be an important mechanism for creating reservoir porosity in conventional 

reservoirs (e.g. Davies and Smith, 2006; Hiemstra and Goldstein, 2015) as well as unconventional 

reservoirs (e.g. Young et al., 2010; Goldstein and Mitchell, 2013; Ramaker et al., 2014; King, 2015). 

This study evaluates the diagenetic history of the Wolfcamp A in a basin-margin setting, and tests 

whether carbonate-mudrock hybrid deposits in that setting act as relatively open or closed diagenetic 

systems. The project evaluates the influence of hydrothermal fluids on reservoir development and 

produces a diagenetic conceptual model for basinal carbonate-mudrock hybrid deposits.  To accomplish 
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this, we apply petrographic and geochemical techniques on a core of a Wolfcamp A hybrid deposit from 

the toe-of-slope in the eastern Midland Basin. 

 

Eastern Midland Basin Geologic Setting 

At the time of writing this paper, the Permian Basin produces over 2.6 million barrels of oil/day 

and is responsible for about 40% of oil- & natural gas-directed rigs in the United States (U.S. Energy 

Information Administration, 2017).  The USGS estimated that the reserves in the Wolfcamp Shale in the 

Midland Basin could exceed 20 billion barrels of oil, 16 trillion ft3 of natural gas, and 1.6 billion barrels 

of condensate, which is higher than any previous USGS assessment of tight oil resources in any domestic 

resource basin (Gaswirth et al., 2016).  Because of the scale of its reserves and economics of extraction, 

the Permian Basin is important for United States energy independence and, therefore, it is essential to 

understand its geology for optimal energy resource extraction. 

Howard County, in the eastern Midland Basin, Texas, has drawn considerable interest due to 

impressive production from Wolfcamp and Spraberry units.  The “Glasscock Nose” (Figure 1), a 

westward projection of the Eastern Shelf carbonate platform into the Midland Basin, is present in 

southeastern Howard and northeastern Glasscock counties.  At the toe-of-slope and basin margin, 

basinward of the Glasscock Nose, the Wolfcamp A stratigraphy is a hybrid deposit of interfingering 

basinal quartz silt-rich mudrock (hereafter more simply termed “mudrock”) and carbonate sediment 

gravity flow deposits (Figure 2).  Approaching the Eastern Shelf to the east and southeast, mudrock units 

thin and carbonate content increases. 
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Figure 1.  Location map of Permian Basin.  Red star indicates Sparky #1 well location where the 
Wolfcamp A core was acquired.  Note that during Wolfcamp A deposition this study location was near 
the basin margin toe-of-slope. Dots represent approximate locations of various studies referred to in the 
text. The oval represents the approximate areal coverage of the wells studied by Zumberge et al. (2017). 
Modified from Montgomery (1996). 
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Figure 2. Core photo. Core is composed of carbonate sediment gravity flows and siliciclastic sediment 
gravity flows (mudrock).  Carbonate sediment gravity flows contain fusulinids, bivalves, echinoderms, 
bryozoans, and foraminifera.  The average quartz content in the mudrock is 25% and the quartz is 
dominantly detrital quartz silt with some sponge spicules. 
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The precursor to the Permian Basin, the Tobosa Basin, existed during a passive margin phase 

during which shallow water sedimentation dominated, mostly carbonates with intermittent siliciclastic 

influx (Adams, 1965; Horak, 1985).  The late Paleozoic Marathon-Ouachita orogeny activated NW-SE-

trending high-angle reverse faults, resulting in the rising and subsiding of blocks, and the initiation of the 

modern Permian Basin geometry (Figure 1; Hills; 1984; Horak, 1985; Ross, 1986; Ward et al., 1986; 

Yang and Dorobek, 1995).  The Central Basin Platform (CBP) is an uplifted block dividing the 

downdropped Delaware Basin to the west and Midland Basin to the east (Figure 1).  The basins are 

asymmetric; they are deeper more proximal to the CBP.   

In the Pennsylvanian, the Midland Basin experienced high subsidence rates, tectonic deformation, 

faulting, and the initiation of carbonate platforms on the CBP and on the basin rims (Horak, 1985; 

Mazzullo and Reid, 1989).  During the Permian there was rapid sedimentation and burial, and the 

development of ramps and flat-topped platforms (Mazzullo and Reid, 1989).  In the Wolfcampian, the 

“Glasscock nose” initiated on the Eastern Shelf, prograded into the basin, and aggraded, increasing the 

slope gradient from 1° to 3.5 - 5° (Figure 1; Mazzullo & Reid, 1989; Flamm, 2008).  Flamm (2008) 

interpreted that the end-Wolfcampian deposition of numerous sediment gravity flows was due to a fall in 

sea level that resulted in subaerial exposure and erosion.  During the Leonardian, the platform profile 

transitioned from a distally steepened ramp to a much steeper rimmed platform (Mazzullo and Reid, 

1989).  Deposition of toe-of-slope carbonates, interpreted as highstand deposition, occurred during this 

time (Mazzullo and Reid, 1989; Mazzullo, 1994), resulting in sediment gravity flow deposits in the 

Wolfcamp A.  On the basis of regionally accepted stratigraphic terminology, the Wolfcamp A is 

Leonardian in age, not Wolfcampian in age (Mazzullo, 1997 and references therein)  

A long period of relative tectonic quiescence followed until the compressional Laramide Orogeny 

in the Late Cretaceous to Eocene (80 – 40 Ma) (Horak, 1985).  The “Volcanic Phase” in the Eocene to 

Oligocene (40 – 30 Ma) introduced exceptionally hot temperatures on the western side of the Delaware 

Basin (Hayes 1964; Horak 1985).  Most recently, extensional Basin and Range deformation, associated 

with uplift, extension, and volcanism started in the early Miocene (25 – 0 Ma). 
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 In the Midland Basin today, there are three major types of water that are mostly confined to 

specific stratigraphic intervals in the Midland Basin (Stueber et al., 1998; Engle et al., 2016; Saller and 

Stueber, 2018). It should be noted that there is significant variation from this general distribution (Engle 

et al., 2016). 

(1) Guadalupian to Leonardian units: Lower salinity fluid (<70 g/L) interpreted as meteoric 

waters that infiltrated through and dissolved Late Permian evaporites. 

(2) Leonardian to Pennsylvanian units: Isotopically positive (O and H), saline fluids (>100 g/L) 

interpreted as evaporated, Late Permian seawater. 

(3) Devonian and older units: Lower salinity (<100 g/L) fluid hypothesized by Engle et al. (2016) 

to be old meteoric water capped by a low permeability Devonian aquitard, possibly the Woodford Shale. 

 

Methods 

Rock Oil Company (recently acquired by SM Energy) provided 100 thin sections from one whole 

rock core of the entire Wolfcamp A.  Additional rock samples were acquired from the “butt” of the core 

to specifically target diagenetic features. The diagenetic rock samples were used to create 72 standard-

thickness, polished thin sections and 14 doubly polished, superglue-mounted thick sections.  Thick 

sections were prepared according to methods for fluid inclusion analysis outlined by Goldstein and 

Reynolds (1994).  Alizarin red S and potassium ferricyanide (ARS:PF) stain was applied to thin sections 

to differentiate calcite, dolomite, ferroan calcite, and ferroan dolomite (Dickson, 1965).  Transmitted light 

and UV microscopy was used to document the paragenetic sequence.  Cathodoluminescence microscopy 

(CL; gun current of 464 µA and a gun acceleration voltage of 16.1 kV) was used on polished thin sections 

to determine cement stratigraphy (Goldstein, 1991). 

Scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS) were conducted 

at the University of Kansas Microscopy and Analytical Imaging lab.  One anhydrite sample and one 
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partially silicified carbonate sample were mounted on stubs and coated with 15nm of gold prior to sample 

analysis. 

A Linkam THMS 600 heating and freezing stage, accurate to approximately +/- 0.1 °C, was used 

for microthermometric analysis of two-phase fluid inclusions in calcite and megaquartz.  Samples with 

all-liquid fluid inclusions were temporarily placed in a freezer in an attempt to nucleate a vapor phase.  

Because the salinity of the fluid inclusions is very high, the inclusions were not at risk of freezing.  

Heating microthermometry was performed to obtain temperature of homogenization (Th), which is the 

minimum entrapment temperature when a single homogeneous fluid phase is trapped.  Freezing 

microthermometry was performed on two-phase fluid inclusions to obtain the eutectic temperature (Te), 

which provides information on the major cations present in the fluid, and to obtain the melting 

temperature of ice (Tm ice) or of hydrohalite (Tm hydrohalite).  To convert to wt% NaCl equivalent, Tm ice data 

were converted using the NaCl equivalent calibration of Bodnar (1993) and Tm hydrohalite data were 

converted using an equation extracted from Sterner et al.’s (1988) low-temperature phase equilibrium 

study. 

Rock billets were drilled for calcite and dolomite microsamples to perform carbon and oxygen 

isotope analyses.  Microsamples were vacuum-roasted at 200 °C for one hour to remove volatiles.  

Samples were then analyzed by reaction with three drops of 100% H3PO4 at 70 °C using a Thermo 

Scientific Kiel IV Carbonate Device interfaced to the inlet of a ThermoFinnigan MAT 253 dual inlet mass 

spectrometer.  Carbonate δ13C and δ18O isotope data are reported in δ notation ‰ VPDB (Coplen, 1996).  

Precision was monitored through the daily analysis of NBS-18 and or NBS-19 and is better than 0.10‰ 

for both δ13C and δ18O. Friedman and O’Neil’s (1977) fractionation factors were used to approximate 

δ18Owater (VPDB) from δ18Ocalcite.  The Land (1985) published equation was used to approximate δ18Owater 

(VPDB) from δ18Odolomite.  18Owater VPDB was converted to 18Owater VSMOW (Arthur et al., 1983). 

Four calcite samples, one dolomite sample, and one anhydrite sample were analyzed for total 

strontium concentration and 87Sr/86Sr.  For the 87Sr/86Sr analyses, about 10 to 20 mg of powdered sample 

was dissolved in 3.5 N HNO3. Strontium was separated from samples through ion-exchange columns 
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filled with strontium-spec resin at the University of Kansas Isotope Geochemistry Laboratories. All 

samples were analyzed for high precision 87Sr/86Sr ratios on the Sector 54 Thermal Ionization Mass 

Spectrometer (TIMS) in the same laboratory. The applied isotope fractionation correction was 86Sr/88Sr = 

0.1194 using exponential correction.  87Sr/86Sr data are normalized to NIST 987 of 0.71248. 

 

Paragenetic sequence and cement stratigraphy 

The paragenesis consists of 30 (major/minor) events.  The relative timing of each event and 

significance relative to porosity evolution is summarized in Figure 3. Paragenetic events with the greatest 

volumetric significance to evolution of the porosity are represented in bold font in Figure 3. The 

paragenesis is subdivided into three stages: Early; Burial; and Fracturing.  Early Stage events occurred 

near the Permian sediment – water interface.  Burial Stage events occurred during progressive burial and 

during tectonic quiescence. Fracturing Stage events occurred after the onset of tectonic fracturing. 

ARS:PF stain was applied to all thin sections.  No samples took the PF stain, which indicates that no 

carbonate minerals are ferroan.  Carbonate cement zoning is described using the terminology of Reeder 

(1991). Dolomite texture is described using the terminology of Sibley and Gregg (1987). 
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Figure 3.  Paragenetic sequence for the Sparky #1 core of the Wolfcamp A. White rectangles represent 
events related to porosity formation. Black rectangles represent events not related to porosity formation or 
to porosity reduction.  Dashed lines indicate continued occurrence and overlap of an event with other 
events. The length of the rectangles is not considered to be a quantitative representation of absolute 
duration. Volumetrically significant diagenetic events are in bold. 

	

The following documents the paragenesis in order of occurrence. 

Early Stage 
• Event 1 – Deposition 

• Event 2 or 3 – Pyrite framboids 

• Event 2 or 3 – Calcite neomorphic spar and cement 1 (CC1). CC1 micritized bioclasts and 

precipitated in intraparticle and interparticle pore space (Figure 4A). CC1 is not present in later 

skeletal molds (event 5). In CL illumination, CC1 is dead to dull and exhibits no compositional zoning. 



	

	10	

 
Figure 4.  Photomicrographs under CL illumination.  (A) Fusulinid (yellow dashed line partially 
outlines grain boundary) intraparticle porosity occluded by multiple generations of calcite cement 
(CC1 through CC3). CC1 precipitated as isopachous cement around chamber wall. CC2 
precipitated around CC1 crystals and as a larger crystal in the middle of the chamber. CC3 
occluded remaining chamber pore space. (B) Vein (yellow dashed line outlines vein edge) 
occluded by calcite cements. 
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Burial Stage 
• Event 4 – Mechanical compaction. Fusulinid septa were crushed prior to precipitation of later calcite 

cement (event 6) intraparticle cement. Mechanical compaction represents the onset of the Burial Stage 

of the paragenesis. 

• Event 5 – Dissolution.  Dissolution of originally aragonitic allochems (e.g. bivalves). These molds 

were first reduced by later calcite cement (event 6). 

• Event 6 – Precipitation of calcite cement 2 (CC2).  CC2 is the first cement to reduce molds formed 

in event 5 and veins (event 7) (Figure 4A, B). CC2 reduced interparticle and intraparticle porosity. 

CC2 appears dull under CL illumination and exhibits no compositional zoning. The matrix has the 

same CL illumination as CC2, which suggests CC2 lithified the matrix. 

• Event 7 – Vein opening and brecciation. Ptygmatic opening-mode veins with vertical or subvertical 

orientation are common in the carbonate (Figure 5A). Vein porosity is reduced by anhydrite (event 9, 

10, or 11; Figure 6A), calcite (events 6, 8, 14, 16, 18, 20; Figure 4B, 5A), and quartz cements (events 

10 or 11, 22; Figure 5A). Some veins display brecciated margins (Figure 5B). 

 

Figure 5. (A) Photomicrograph stained with ARS:PF. Vein swarm in a wackestone. Veins were 
occluded by CC2 and CC3 and were partially replaced by QC1 (white). Veins are crosscut by a 
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later fracture. The later fracture was occluded by CC4. (B) Rock scan with a vein displaying 
brecciation. 

• Event 8 – Precipitation of calcite cement 3 (CC3). CC3 precipitated on CC2 and, in some instances, 

partially replaces CC2 in veins (event 7) and early molds (event 5) (Figure 4A, B). In CL illumination, 

CC3 appears moderately luminescent and exhibits no compositional zoning (Figure 4A, B). 

• Event 9 or 10 – Chemical compaction. CC3 (event 8) interparticle cement prevented chemical 

compaction in some mud-poor packstones, but where CC3 is uncommon, grain-to-grain pressure 

solution is observed as overly close packing and sutured grain contacts. Chemical compaction occurs 

prior to later quartz cement (event 10 or 11). 

• Event 10 or 11 – Precipitation of quartz cement 1 (QC1).  QC1 partially replaced bioclasts, 

partially replaced CC2 and CC3 (events 8, 9) in veins (Figure 5A), and precipitated in interparticle 

pore space as chalcedony. QC1 was crosscut by fractures (event 13) that were reduced by later calcite 

cement (event 14) (Figure 5A). QC1 appears dark blue under CL illumination. 

• Event 9, 10, or 11 – Precipitation of anhydrite cement (AC). AC is present in veins and as nodules 

(Figure 6A, B). In the center of AC nodules, crystals are coarse whereas at the edges, crystals are finer 

and mixed with matrix (Figure 6B). Nodules composed of later calcite cements (events 14, 18) display 

chicken-wire texture; these are originally anhydrite nodules that were calcitized (Figure 6C). AC 

appears dead under CL illumination. 
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Figure 6.  Photomicrographs partially stained with ARS:PF.  (A) Photomicrograph in crossed-
polars of vein filled with anhydrite cement (AC); AC was partially replaced by calcite cement 4 
(CC4).  (B) AC nodule intersected by a later fracture that was occluded by CC4.  (C) Chicken-
wire texture (yellow arrow shows sediment partition between nodules) suggests these were AC 
nodules that were later replaced by calcite cement 6 (CC6). 
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• Event 12 – Precipitation of dolomite cement (DC). Planar-e DC replaces matrix, AC (event 9, 10, or 

11), and QC1 (event 10 or 11) (Figure 7A, B). Later calcite (event 14) precipitated on DC (Figure 7A). 

DC has multiple growth zones that appear dull to moderate under CL illumination (Figure 7A, B). 
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Figure 7.  Photomicrographs under CL illumination.  (A) Dolomite cement (DC) partially 
replaced anhydrite cement (AC) in a vein.  Calcite cement 4 (CC4) precipitated on DC.  Baroque 
dolomite cement 1 (BDC1) and baroque dolomite cement 2 (BDC2) partially replaced DC. (B) 
Quartz cement 1 (QC1) partially replaced echinoderm and DC partially replaced QC1. 
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Fracturing Stage 
• Event 13 – Fracturing. Planar subvertical fractures (0.4 – 1mm wide), of consistent aperture, cut 

veins (event 7), are not reduced by DC (event 12), and are occluded or reduced by later calcite (event 

14) (Figures 5A, 6B). 

• Event 14 – Precipitation of calcite cement 4 (CC4). CC4 precipitated in fractures (event 13; Figures 

5A, 6B) and veins (event 7; Figures 4B, 8B). CC4 is the youngest calcite cement to replace AC (Figure 

7A). CC4 appears dull to moderate under CL illumination and exhibits concentric and intrasectoral 

zoning. Additionally, there are vertically oriented planar bodies of calcite with fibrous internal fabrics 

(Figure 8C). These features may be the “beef” calcites as described in the Vaca Muerta (Rodrigues et 

al., 2009; Cobbold et al., 2013). Although their position in the paragenesis is unclear, they are grouped 

with CC4 because of their similar CL characteristics. 
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Figure 8.  (A) Vein (edge outlined by white dashed lines) occluded by CC2. Vein is crosscut by 
fracture (edge outlined by yellow dashed lines). After fracturing, CC5 precipitated on CC2 
crystals where fracture cuts vein, which formed a cement “bridge” across the open fracture.  CC5 
was then brecciated and CC6 occluded the fracture. BDC2 partially replaced CC6 in the fracture. 
(B) Calcite cements within a vein. Note microdolomite inclusions in CC6. (C) Photomicrograph 
stained with ARS:PF showing vertically elongate (beef) calcite. 
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• Event 15 – Fracturing.  Subvertical fractures (0.2 – 0.5mm wide) crosscut veins (event 6) and are 

first reduced by CC5 (event 16) (Figure 8A). These fractures are sparse. 

• Event 16 – Precipitation of calcite cement 5 (CC5). CC5 precipitated in veins and fractures (Figures 

8A, B, 9A, B). CC5 appears bright under CL illumination and exhibits no compositional zoning. 

• Event 17 – Brecciation. CC5 was brecciated prior to precipitation of later calcite (event 18; Figure 

8A). 

• Event 18 – Precipitation of calcite cement 6 (CC6). CC6 precipitated in veins (event 7; Figure 9A, 

B) and fractures (event 15) and replaced AC (event 9, 10, or 11; Figures 6C, 8A, B, 9A, B). CC6 

commonly contains microdolomite inclusions (Figure 8A, B). CC6 appears dull to moderate under CL 

illumination and exhibits concentric and intrasectoral zoning. 
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Figure 9.  Photomicrographs of vein and vein cement under CL illumination. (A) CC7 has numerous 
growth zones. (B) A dissolution surface is present between CC7 and QC2, which suggests a 
dissolution event prior to QC2 precipitation. 

	

• Event 19 – Fracturing. Vertical, planar fractures (1 – 5mm wide) (Figure 10A) were reduced by later 

calcite (event 20). There are about 5 of these fractures in the core with lengths from 1 – 10cm. This 

fracturing event produced the longest fracture present in the core (10 cm); this fracture strikes NNE-

SSW (interpreted from Fullbore Formation Microimage log). 
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Figure 10.  Fracture is the same in all images. (A) Core photo of vertical, planar fracture in carbonate 
packstone. (B) Transmitted light photomicrograph of same fracture. Fracture porosity reduced by 
calcite cement 7 (CC7) and then filled by bitumen. (C) Photomicrograph under CL illumination. CC7 
reduced fracture porosity, was then fractured, and the fractures were then reduced by calcite cement 8 
(CC8). 
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• Event 20 – Precipitation of calcite cement 7 (CC7). CC7 precipitated in veins (event 7; Figure 9A, 

B) and was the first cement to reduce event 19 fractures (Figure 10A, C). CC7 is composed of multiple 

growth zones that appear dull to moderate under CL illumination and display intrasectoral zoning. 

• Event 21 – Dissolution.  Outer surface of CC7 crystals display jagged surface, suggesting partial 

dissolution of CC7 (Figure 9B). 

• Event 22 – Precipitation of quartz cement 2 (QC2).  QC2 precipitated in veins (event 7) as 

megaquartz after partial dissolution of CC7 (event 21; Figure 9A, B). QC2 replaced matrix to form 

microcrystalline chert nodules (Figure 11).  QC2 appears dark blue under CL illumination with faint 

compositional zoning. 
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Figure 11.  (A) Core photo of quartz cement 2 (QC2) chert nodule with fractures that die out in 
adjacent carbonate-rich beds.  (B) Photomicrograph stained with ARS:PF of silica nodule.  Fracture is 
filled with calcite cement that replaced chalcedony in fracture as well as surrounding chert in nodule. 
(C – F) Photomicrographs under CL illumination.  (C) Baroque dolomite cement 1 (BDC1) replaced 
QC2 and baroque dolomite cement 2 (BDC2) replaced BDC1.  (D, E, and F) Calcite cement 8 (CC8) 
precipitated in fractures and replaced QC2 (dead CL luminescence) and contains dolomite inclusions. 
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• Event 23 – Fracturing. Vertical fractures (0.1 – 0.3mm wide) were reduced by later baroque dolomite 

cement (event 24; Figure 12A, C). These fractures are sparse. 

 

Figure 12. (A) Transmitted light photomicrograph. Black arrow points to evidence of replaced QC1. 
(B) CL photomicrograph of same image as (A). QC1 precipitated in fracture as chalcedony and then 
was subsequently replaced by CC4. BDC1 precipitated in a later fracture and was partially replaced 
by BDC2. Note the yellow arrow, which points to a moderate luminescence fracture fill that may 
have been where BDC2 fluids infiltrated BDC1 to replaced the inner growth zone of BDC1. (C) 
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Photomicrograph under transmitted and UV light showing likely link between oil-filled micro 
fracture and BDC2’s partial replacement of BDC1.  

• Event 24 – Precipitation of baroque dolomite cement 1 (BDC1). BDC1 was the first cement to 

reduce event 23 fractures (Figure 12A, B, C). Where BDC1 partially replaces QC2 nodules (event 22; 

Figure 11C, E, F), BDC1 is spatially limited to QC2 nodules and is not present in the rock surrounding 

the QC2 nodules.  BDC1 is not present in later molds (event 25 or 26).  BDC1 appears dead under CL 

illumination and exhibits no compositional zoning (Figure 11C). 

• Event 25 or 26 – Dissolution of carbonate.  Bryozoan and smaller skeletal grains were dissolved and 

later cements and bitumen (events 28, 29, and 30 or 31) reduced the resulting molds (Figure 13A, B).  

These bryozoan molds are restricted to about three, 3-to-10cm-thick zones of bryozoan mud-rich 

packstone. 
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Figure 13.  (A) Core photo of zone of bryozoan molds (arrow), anhydrite cement (AC) nodule, and 
calcite cement 6 (CC6)-replaced AC nodule. (B) Photomicrograph partially stained with ARS:PF of 
bryozoan mold and fracture reduced by baroque dolomite cement 2 (BDC2), calcite cement 8 (CC8), 
and bitumen.  P = pore.  GRI measured total porosity is 6.15%. (C) Liquid petroleum, gas, and 
bitumen three-phase primary fluid inclusion in CC8; these are also present in BDC2. Bitumen is a 
daughter of the liquid petroleum. 

	

• Event 25 or 26 – Dissolution of quartz.  Dissolution created micropores in chert nodules of QC2 

(Figure 14A, B).  
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Figure 14. (A) Photomicrograph under transmitted and UV light, stained with ARS:PF. Quartz that 
partially replaced echinoderms does not contain hydrocarbons. Quartz present in intergranular matrix 
fluoresces because of trapped oil. (B) SEM photo of the quartz in the intergranular matrix with very 
high carbon content, indicating presence of hydrocarbons. Abundant porosity is observable in the 
remobilized quartz. Non-planar surfaces and micropores suggest dissolution. 
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• Event 27 – Fracturing.  Fractures were reduced by hydrocarbon (event 28) and later dolomite and 

calcite cement (events 29, 30, or 31; Figure 13B). 

• Event 28– Hydrocarbon migration.  Bitumen precipitated in fractures (events 19, 27; Figures 10B, 

13B).  Hydrocarbon fluid inclusions with blue fluorescence are trapped in healed microfractures that 

penetrate BDC1 (Figure 12C).  Hydrocarbon migration appears associated with later baroque dolomite 

(event 29) and replacement of BDC1 because of a spatial association between the two (event 24; 

Figure 12B-C).  Bitumen is present in bryozoan molds (event 25 or 26) (Figure 13B). The presence of 

hydrocarbon in the bryozoan molds interfered with later carbonate cement growth (events 29, 30 or 

31).  Additionally, later carbonate cement (event 30 or 31) contains primary inclusions containing 

liquid, gas, and solid hydrocarbon (Figure 13C). LECO TOC ranges from 0.14 to 5.13%. Mean TOC is 

2.74%; and 78% of samples have TOC greater than 2% (Appendix III). These analyses include 

migrated hydrocarbons of Event 28 as well as depositional kerogen. 

• Event 29 – Precipitation of baroque dolomite cement 2 (BDC2).  BDC2 precipitated in fractures 

(event 27) and late molds (event 25 or 26) (Figure 13B).  BDC2 partially replaced matrix, calcite 

cement (event 18; Figure 8B), and BDC1 (event 24; Figures 8A, 11C, E, F, 12B).  The presence of 

hydrocarbon (event 28) in the bryozoan molds (event 25 or 26) interfered with BDC2 growth (Figure 

13B).  BDC2 appears moderate to bright under CL illumination and exhibits no compositional zoning. 

• Event 30 or 31 – Precipitation of calcite cement 8 (CC8).  CC8 precipitated in bryozoan molds 

(event 25 or 26; Figure 13B), fractures (event 27) in QC2 nodules (event 22; Figure 11A, B, D, F), and 

fractures (event 27) that crosscut CC7 (event 23) (Figure 10C). CC8 partially replaced QC2 nodules 

(event 22; Figure 11C, F). CC8 contains inclusions of BDC2 (event 29; Figure 11E, F).  The presence 

of hydrocarbon (event 28) in the bryozoan molds (event 25 or 26) interfered with CC8 growth (Figure 

13B). CC8 is composed of multiple growth zones, which display concentric zoning and appear dull to 

moderate under CL illumination. 
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• Event 30 or 31 – Pyrite.  Pyrite replaces AC (event 9, 10, or 11) and BDC2 (event 29). This pyrite is 

cubic with 100 – 250 µm long sides, and is sparse. 

 

Fluid inclusion results 

Petrographic evaluation and identification of fluid inclusion assemblages (FIAs) ensured 

reliability of fluid inclusion data, by identifying inclusions that have not reequilibrated (Goldstein and 

Reynolds, 1994).  A consistent and reliable FIA is one where 90% of the inclusions have homogenization 

temperatures (Th) within 10 – 15 °C of one another; inconsistent FIAs have greater variability (Goldstein 

and Reynolds, 1994).  Fluid inclusions have variable sizes and shapes and consistent Th data are 

interpreted to indicate that fluid inclusions have not yet reequilibrated (Goldstein 1986, 2001, 2012; 

Goldstein and Reynolds, 1994).  Petrographic evaluation of fluid inclusions established a paragenesis of 

fluid inclusion entrapment relative to deformational, depositional, and diagenetic fabrics (Goldstein, 

2012).  UV epifluorescence microscopy discriminated hydrocarbon fluid inclusions from aqueous ones 

and allowed interpretation of the timing of hydrocarbon migration relative to other diagenetic events. 

The eutectic temperature (Te), for cements where it was observable, was around -55 °C, which 

indicates an H2O-NaCl-CaCl2 system with possible Mg (Goldstein & Reynolds, 1994).  The ion ratios of 

the fluid could not be determined so melting temperature (Tm) was converted to salinity in wt% NaCl 

equivalent.  Where Tm ice and Tm hydrohalite were measured for the same cementation event, they were 

converted to wt% NaCl equivalent so the data could be displayed on a single histogram instead of 

showing two separate histograms (i.e. one for Tm ice and one for Tm hydrohalite). 

Fluid inclusions studied in the calcite cements are two-phase. Aqueous inclusions of interest for 

this study are primary.  Various types of inclusion distribution related to growth or recrystallization are 

used to identify primary origin, which are detailed in the following sections. Anhydrite cement (AC) 

contains all liquid inclusions, some with accidental solids that appear yellow-brown (possibly sulfur-

bearing).  In primary hydrocarbon (HC) inclusions in CC8 there is a consistent solid HC:liquid HC ratio, 
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which suggests the solid HC is a daughter product of the liquid HC (Figure 13C).  In CC6, some fluid 

inclusions display very high and variable vapor:liquid ratios, which suggests heterogeneous entrapment 

(presence and entrapment of a separate gas and liquid phase at the time of cement precipitation). The data 

gathered are representative of those of the Burial Stage and Fracturing Stage (Appendix I). 

Calcite cement 3 (CC3; event 8; Burial Stage) 
Fluid inclusions are uncommon in CC3 crystals.  Fluid inclusions are present where CC3 replaced 

CC2 resulting in a patchy, three-dimensional fluid inclusion distribution (Figure 15A, B).  This 

relationship and the lack of evidence for fluid inclusions trapped along healed fractures suggest that the 

inclusions are primary.  Fluid inclusion entrapment history is difficult to ascertain because the inclusions 

are of replacement origin so FIAs were assigned based on proximity to one another. 

Among the five FIAs measured, three were considered consistent, and two did not meet the 

criteria for consistency. The consistent FIAs have a Th range from 68 – 83 °C (Figure 16A).  Because of 

the consistency and the variable sizes and shapes, the range in Th likely reflects changing fluid 

temperature rather than later thermal reequilibration.  Tm ice data from consistent FIAs translates to 

salinities from 17.4 – 18.5 wt% NaCl equivalent (Figure 16B).  The range in salinity likely reflects minor 

changes in salinity through time rather than leakage and refilling of fluid inclusions. 
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Figure 15.  Photomicrographs of calcite and anhydrite crystals with primary fluid inclusions analyzed for 
microthermometry. (A) Transmitted light image of fluid inclusions (location indicated by black arrow) in 
CC3. (B) Cathodoluminescence (CL) image of same crystal as in (A). Fluid inclusions (location indicated 
by black arrow) were entrapped during partial replacement of CC2 (dull CL luminescence) by CC3 
(moderate CL luminescence), resulting in a patchy fluid inclusion distribution. (C) Transmitted light 
image of tabular fluid inclusions in an anhydrite crystal. Red dotted line in bottom left of image indicates 
crystal boundary. Black arrow points to yellowish accidental solid. (D) CL image of fluid inclusions 
(location indicated by black arrows) trapped during partial replacement of CC4 (dull to moderate CL 
luminescence) by CC5 (bright CL luminescence). (E) Transmitted light image of CC6 crystal. Red dotted 
line indicates boundary between inclusion-free growth zone and inclusion-rich growth zone. Black arrows 
indicate direction of crystal growth. (F) Primary two-phase fluid inclusions in CC6. Arrows point to 
highly variable vapor:liquid ratios, which indicate heterogeneous entrapment. 
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Figure	16.		(A)	Histogram of homogenization temperature (Th) data for calcite cement 3 (CC3). Numbers 
refer to FIA. FIA 1 is the earliest growth zone and FIA 5 is the latest growth zone. FIA 1 and 2 are 
inconsistent. FIA 3, 4, and 5 are consistent. (B) Histogram of melting temperature of ice (Tm ice) data for 
CC3. (C) Histogram of melting temperature of ice (Tm ice) data for anhydrite cement (AC). Numbers refer 
to the AC crystal, rather than FIA. All AC crystals are within the same AC nodule. 
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Anhydrite cement (AC; event 9, 10, or 11; Burial Stage) 
AC crystals contain primary fluid inclusions with negative crystal shape, three-dimensional 

distribution, and accidental solids (Figure 15C), which suggest the inclusions are primary. A crystal 

growth history was not obvious; therefore, FIAs were assigned based on the AC crystal in which the fluid 

inclusions reside (the crystals are all within the same AC nodule). 

Fluid inclusions in AC are all liquid, which suggests a Th below about 50 °C (Goldstein and 

Reynolds, 1994). To produce a vapor phase for freezing work, the AC sample was carefully heated to 

stretch and thermally reequilibrate inclusions. Tm ice data translate to salinities from 17.4 – 26.8 wt% NaCl 

equivalent (Figure 16C). As the inclusions were originally all liquid, the range in salinity likely reflects 

changing salinity through time rather than leakage and refilling of fluid inclusions. 

Calcite cement 5 (CC5; event 16; Fracturing Stage) 
Fluid inclusions are uncommon in CC5. Inclusions are present where CC5 has replaced CC4 

resulting in a patchy, three-dimensional distribution from the interior of CC4 into CC5 (Figure 15D).   

This relationship and the lack of evidence for fluid inclusions trapped along healed fractures suggest that 

the inclusions are primary. FIAs were assigned based on spatial relationships in CC4 and the interpreted 

crystal growth history of CC5. 

 All twenty FIAs show consistent values, yielding a Th range from 68 – 93 °C (Figure 17A). The 

range in Th may reflect changing fluid temperature over time and is unlikely to represent later thermal 

reequilibration. Tm ice and Tm hydrohalite data translate to salinities from 21.5 – 25.0 wt% NaCl equivalent 

(Figure 17B). The range in salinity likely reflects changing salinity through time rather than leakage and 

refilling of fluid inclusions. 
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Figure 17.  (A) Histogram of homogenization temperature (Th) data for CC5.  All FIAs are consistent. 
Numbers refer to FIA. (B) Histogram of salinity translated from Tm ice and Tm hydrohalite data for CC5.  
Numbers refer to FIA. 
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Calcite cement 6 (CC6; event 18; Fracturing Stage) 
Fluid inclusions are abundant in CC6. Highly variable vapor:liquid ratios, and lack of 

petrographic pairing of vapor-rich with vapor-poor inclusions, suggest heterogeneous entrapment (Figure 

15F). Fluid inclusions are aligned in the direction of crystal growth and have three-dimensional 

distributions. The earliest growth zone is inclusion-free and later growth zones are defined by differing 

degrees of inclusion abundance (Figure 15E). These observations indicate the inclusions are primary.   

 Inclusions were analyzed in two CC6 crystals within the same vein, where inclusions with 

consistently low vapor:liquid ratio could be found. Out of the 23 FIAs analyzed, six had consistent FIAs, 

yielding a Th range from 130 – 160 °C (Figure 18A). The range in Th likely reflects changing fluid 

temperature over time rather than later thermal reequilibration. The highest Th (>200 °C) may be from 

inclusions with unrecognized heterogeneous entrapment. Transects of FIAs suggest temperature 

fluctuated during CC6 precipitation (Figure 18A). Tm ice and Tm hydrohalite data translate to salinity from 22.8 

– 25.4 wt% NaCl equivalent (Figure 18B). The range in salinity may reflect changing salinity through 

time. The CC6 Th and salinity cross plot does not appear to show any correlations (Figure 18C). 
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Figure 18.  (A) Histogram of homogenization temperature (Th) data for CC6. Crystal 1 and 2 are in the 
same vein. Consistent FIAs for Crystal 1 include 1, 13, 22, and 23 (≈130 – 160 °C). Consistent FIAs for 
Crystal 2 include 7 and 12 (≈140 – 160 °C). FIAs are numbered as transects in the crystal, from the 
crystal interior (low number) to exterior (higher number) and, therefore, may reflect the change in fluid 
composition during CC6 precipitation. (B) Histogram of salinity translated from Tm ice and Tm hydrohalite data 
for CC6. (C) Crossplot of homogenization temperature and salinity for CC6. 

 

Quartz cement 2 (QC2; event 22; Fracturing Stage) 
Fluid inclusions are abundant in some QC2 crystals. The QC2 megaquartz crystal analyzed for 

inclusions has an early inclusion-free zone and a later inclusion-rich zone (Figure 19). In this later zone 

inclusions are aligned in the direction of growth and have a three-dimensional distribution. This evidence 
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suggests the inclusions are primary. CL illumination revealed faint growth zones within the inclusion-rich 

zone; these growth zones were used to assign FIAs. 

Out of the 46 FIAs, 39 had consistent FIAs, yielding a Th range from 76 – 113 °C (Figure 20A). 

Because of the consistency, the range in Th likely reflects changing fluid temperature over time rather 

than later thermal reequilibration. Transects of FIAs from earlier to later crystal growth zones suggest 

fluid temperatures fluctuated during crystal growth (Figure 19, 20A). Tm ice and Tm hydrohalite data translate to 

salinities from 22.5 – 27.0 wt% NaCl equivalent (Figure 20B). The range in salinity likely reflects 

changing salinity through time rather than leakage and refilling of fluid inclusions. A Th and salinity cross 

plot for QC2 (Figure 20C) suggests a correlation exists, with lower temperature (~75 °C), higher salinity 

(~26.5 wt% NaCl equivalent) data at one end and a higher temperature (~105°C), lower salinity (~23 wt% 

NaCl equivalent) data at the other end of the distribution. 
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Figure 19.  FIA transect in megaquartz (QC2) crystal. (A) Red dashed lines outline a growth zone 
boundary; earlier growth zone is inclusion-free. Red arrow points in direction of crystal growth. White 
numbers are FIAs. White polygons outline area where the inclusions for each FIA are located. (B) 
Homogenization temperature fluctuates along the transect. 
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Figure 20.  (A) Histogram of homogenization temperature (Th) for megaquartz cement (QC2). Numbers 
indicate FIA. Numerous transects are outlined and differentiated by color. Within a transect, the lowest 
number represents the earliest growth zone and the highest number represents the latest growth zone. (B) 
Histogram of salinity translated from Tm ice and Tm hydrohalite data for QC2. (C) Crossplot of homogenization 
temperature and salinity for QC2. The black line is the trend line for all data. R2 for all data is 0.28. The 
blue line is the trendline for FIA 1. The oval encompasses the FIA 1 data points, which have a R2 of 0.93. 
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Carbon, oxygen and strontium isotope results 

Microsampled isotopic data can be used to further constrain the fluid and thermal history 

provided by fluid inclusion data. Isotopic data are summarized in Figure 21 (Appendix II).  

 

Figure 21.  Plot of δ 18O and δ 13C.  Ranges of stable isotope values for various cements are outlined in 
dashed ellipses. 

	

The δ18O value for micrite is 0.56‰ and for a brachiopod is -3.76‰. δ18O values for the calcite 

cements fluctuate throughout the paragenetic sequence. The earliest Burial Stage cements (CC2) have 

higher mean δ18O (-2.05‰) than the later (-2.77‰) Burial Stage cement (CC3). From the latest Burial 

Stage (CC3) to the earliest Fracturing Stage cement (CC4; mean δ18O is -5.28‰), there is a decrease in 

δ18O of about 2‰. δ18O then fluctuates through the remaining parts of the Fracturing Stage, yielding -

3.09‰ for CC5, -5.95‰ for CC6, -4.70‰ for CC7, -5.39‰ for CC8, and-3.10‰ for BDC2.  Beef calcite 

yields δ18O of -5.92‰. Overall, the calcite δ18O trend can best be categorized as becoming progressively 

more negative through the Burial Stage and into the beginning of the Fracturing Stage. During the 

Fracturing Stage, values bounce back and forth between highly negative values and less negative values 
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that are similar to those of the latest Burial Stage. For the cements with fluid inclusion data, δ18O 

compares well with homogenization temperatures (Th); more negative δ18O values are associated with 

higher Th (Figure 22). 

 

Figure 22.   Summary of fluid inclusion and isotopic data in paragenetic order. Homogenization 
temperature and δ 18Ocement data track together. Salinity increases throughout the paragenetic sequence, 
however, present formation waters are much less saline (Engle et al., 2016). 

	

The δ13C value for micrite is 3.07‰ and for a brachiopod is 5.77‰. Mean δ13C is higher for 

Burial Stage carbonate cements CC2 (2.49‰) and CC3 (3.54‰) than Fracturing Stage carbonate cements 

CC4 (1.62‰), CC5 (1.45‰), CC6 (1.01‰), CC7 (1.34‰), BDC2 (3.06‰), CC8 (1.92‰). Mean δ13C for 

beef calcite is 2.36‰. CC2, CC3, CC4, CC6, CC7, CC8 and BDC2 show covariance between δ13C and 

δ18O with positive slope. CC5 and beef calcite, however, do not show this covariance. 

87Sr/86Sr data have some minor variation through the paragenetic sequence within a relatively 

narrow, non-radiogenic range from 0.707466 – 0.707850 (Figure 22). 

Porosity in carbonate facies 

Log- and core-measured porosity in the carbonate units is highly variable, both laterally and 

vertically. Carbonate intervals on the log were determined by studying the polished core slab. Average 
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log porosity in the carbonates ranges from 0.14 – 8.95%. Mean log porosity is 3.23% (σ = 2.27%). Using 

a cutoff of 65% XRD carbonate to define carbonate rocks, the carbonate total porosity, measured from 

Tight Rock Analysis (TRA) and Crushed Shale (GRI) analysis, ranges from 0.8% to 14.1%, with a mean 

of 4.0% and standard deviation of 3.65% (Appendix III). Mud-poor packstones display overly close 

packing and porosity is essentially occluded by Early Stage (CC1) and Burial Stage (CC2 and CC3) 

calcite cements (Figure 23A). Conversely, mud-rich packstones host more extant porosity in the form of 

intraparticle pores (dominantly fusulinid chambers; Figure 23B) and molds (dominantly bryozoan molds 

and finer skeletal molds; Figures 13B, 23C). Skeletal packstones make up approximately 20 – 25% of the 

core (not all bear fusulinids). Mud-rich packstones were not differentiated from mud-poor packstones for 

this study in hand specimen, however, about 75% of the packstone thin-sections are mud-rich. Packstones 

with late moldic porosity (event 25 or 26) have the highest porosity measured in the core. Facies with 

large bryozoan molds are easily observed in core with the naked eye (Figure 13A, B); one such sample 

has GRI total porosity of 6.15%. Facies with smaller scale skeletal molds tend to have even higher 

porosity; one such sample has TRA total porosity of 14.11% (Figure 23C). BDC2 commonly reduces 

approximately 10 – 15% of fusulinid intraparticle and late moldic porosity (Figure 23B, C). 

Partial dissolution of calcite cement 7 (event 21) did not result in extant porosity because QC2 

(event 22) occluded the remaining pore space (Figure 9A, B).  Some QC2 was dissolved (event 25 or 26), 

resulting in extant microporosity associated with the quartz (Figure 14).  In these samples, SEM-EDS 

reveals a relatively high carbon content (Figure 14B) and the dissolved quartz fluoresces in UV (Figure 

14A), all suggesting the presence of hydrocarbons.  Microporosity in quartz was observed in one sample 

and appears to be sparse in the core.  Veins and fractures are dominantly present in carbonate facies and 

tend to “die-out” in mudrock. Although a majority of veins and fractures are occluded, there is extant 

porosity in some of the larger ones (Figure 10A).  Solid hydrocarbon coats calcite cement in a fracture 

and appears to host large bubble-shaped pores (Figure 23D). 
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Figure 23.  Photomicrographs. A, B, and C are stained with ARS:PF. Pink epoxy impregnated samples 
A, B, and C. (A) Fusulinid-bearing mud-poor packstone. No observable pink epoxy indicates porosity has 
largely been occluded by early calcite cements (CC1, CC2, and CC3). TRA measured total porosity is 
1.29%. XRD: 4% quartz; 94% carbonate; 0% clay. (B) Fusulinid-bearing mud-rich packstone. Pink epoxy 
highlights extant porosity. BDC2 reduces fusulinid intraparticle porosity, but significant porosity remains.  
TRA measured total porosity is 7.71%. XRD: 13% quartz; 79% carbonate; 1% clay. (C) Pink epoxy 
highlights porosity. TRA measured total porosity of 14.11%.  Moldic pores partially reduced by BDC2.  
XRD: 19% quartz; 74% carbonate; 1% clay. (D) Fracture margin shown with red dashed line. Fracture 
was reduced by calcite cement and later by bitumen, which has large, mostly circular pores.   

 

Interpretation of the Diagenetic History 

The results from this study (paragenesis, fluid inclusions, δ18O, δ13C, 87Sr/86Sr, porosity) are used 

to interpret the diagenetic history of the Sparky #1 core. 

Mazzullo (1994; Figure 1) applied the burial history from Mazzullo (1986; Figure 1) for wells in 

Glasscock County, immediately to the south of the Sparky #1 well. We used this model to construct the 
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burial history for Sparky #1 (Figure 24). To do this, we started with the present temperature where the 

Sparky #1 core was acquired and applied the same burial history curve geometry as the Mazzullo (1994) 

wells. The range of geothermal gradients used is from 21.3 °C/km (Mazzullo (1994) to 26.7 °C/km 

(geothermal gradient of Sparky #1). The Sparky #1 geothermal gradient was calculated by correcting the 

bottom hole temperature using the Harrison equation (Harrison, 1983) (e.g. Blackwell and Richards, 

2004; Ruppel et al., 2005). 

 

Figure 24.  Burial history for Glasscock County wells. Modified from Mazzullo (1994). To model Sparky 
#1 burial history, the same burial curve geometry was used, however, the curve was shifted vertically so it 
ends at the present depth where Sparky #1 core was acquired. 

	

Petrographic evidence for heterogeneous entrapment in fluid inclusions, of both gas and aqueous 

liquid phases, was observed in calcite cement 6 (CC6), which indicates the presence of separate gas and 

aqueous liquid phases at the time of CC6 precipitation. Furthermore, mud-rich facies have high TOC so 
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various gases were likely produced during organic matter diagenesis and catagenesis; gas saturation or 

high dissolved gas content through much of the diagenetic history is likely.  Therefore, it is reasonable to 

assume that homogenization temperature (Th, the minimum temperature of precipitation) is close or equal 

to the true entrapment temperature (Tt) (Goldstein and Reynolds, 1994), and that no pressure correction is 

warranted. 

δ18Owater was calculated using Th and δ18Ocement. Where both homogenization temperature and 

δ18Ocement were not available for a calcite or dolomite cementation event, δ18Owater or temperature was 

calculated by making an assumption of either the δ18Owater or temperature range using Th data from 

preceding or subsequent cementation events. For comparison, the 87Sr/86Sr of Permian seawater is: 

Leonardian (280 – 270.6 Ma) is 0.707228 – 0.707472; Guadalupian (272.3 – 259.8 Ma) is 0.706822 – 

0.707329; and Ochoan (260.4 – 251.0 Ma) is 0.706853 – 0.707511 (McArthur et al., 2001). 

Interpretation of Early Stage diagenesis 
After deposition of carbonate material into the basin, some diagenesis occurred in the bottom or 

near sub-bottom environment. In contrast to other studies of resedimented slope and basinal carbonate 

(Mazzullo, 1994; Wickard, 2016), there is no clear evidence for significant diagenetic alteration of 

carbonate particles prior to deposition. Pyrite framboids (event 2 or 3) are likely the result of bacterial 

sulfate reduction in the bottom or near sub-bottom environment (Donald and Southam, 1999). The 

Permian was a time of aragonite seas and unstable aragonite allochems were abundant (Wilkinson et al., 

1985; Hardie, 1996); many of these aragonite allochems were neomorphosed to CC1 (event 2 or 3). 

Interpretation of Burial Stage diagenesis 
Sometime during the rapid burial of the mid- to-Late Permian (Figure 24), overburden pressure 

was great enough to induce physical compaction (event 4). The CL character of the matrix and cements in 

the primary pores and molds indicates CC2 (event 6) partially lithified the rock and reduced porosity in 

mud-poor packstones and aragonite allochem molds (event 5; Figures 4A, 23A). 

During progressive burial, differential stress between S1 (vertical) and S3 (horizontal) became 

great enough for rock failure and vein opening (event 7). Differential cementation of CC2 would have led 
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to differential compaction to enhance vein formation and control its distribution. CC2 continued to 

precipitate in veins after their initial opening (Figure 4B). Temperature of precipitation for CC2 was 

calculated using CC2 δ18Ocement range and the assumption that CC2 had a similar δ18Owater as CC3 (event 

8). This assumption is reasonable because CC3 is the subsequent cementation event, is also in the Burial 

Stage, and has a similar δ18Ocement value (CC3 is about 0.7‰ more negative; Figure 21). Using the range 

in CC3 δ18Ocement and CC3 Th (for consistent FIAs), the CC3 δ18Owater was 6.4 – 9.6‰. Using this CC3 

δ18Owater range, the temperature of precipitation for CC2 would have been from 57 – 89 °C. This 

temperature range is consistent with post-Late Permian burial temperatures (Figure 24). On the other 

hand, if CC2 precipitated from connate Leonardian seawater (δ18Ocement = -1.7 to -1.9‰; from Ye and 

Mazzullo, 1993), then the temperature of precipitation for CC2 would have been from 13 – 18 °C. The 

Stueber et al. (1998) and Engle et al. (2016) studies of hydrology in the modern Permian Basin interpreted 

a history of seepage reflux of mid- to Late-Permian seawater, during and soon after generation of residual 

evaporite brines. Oxygen isotopic composition would have been far more positive than Permian seawater 

and the CC2 and CC3 isotopic datasets are consistent with seepage reflux of evaporated mid- to Late-

Permian seawater (Figure 21). The 87Sr/86Sr value in CC2 (0.707714) is slightly more radiogenic than Mid 

- Late Permian (Guadalupian – Ochoan) seawater: 0.706822 – 0.707511 (McArthur et al., 2001; Figure 

22). The value is inconsistent with the interpretation that CC2 precipitated from connate mid-Permian 

normal marine seawater that was buried with these strata. Those values should show no radiogenic 

influence and would have a ratio in the range of 0.707228 – 0.707472 (Leonardian seawater; McArthur et 

al., 2001). The slightly radiogenic values could indicate that during or after descent, the refluxed brine 

reacted with radiogenic siliciclastics. Based on the interpretation of the isotopic data, the brine would 

have been heated to burial temperatures of about 73 °C, consistent with significant depths of burial 

(Figure 24).  

CC3 reduced most of the remaining porosity in mud-poor packstones (Figures 4A, 23A) and 

aragonite allochem molds, so understanding this cement is important for the extant porosity in the system. 

From CC2 to CC3, the temperature increased slightly from about 73°C to 68 – 83 °C (Th for consistent 
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FIAs). The CC3 Th is consistent with the tectonic quiescent period; given its slightly more negative 

δ18Ocement, it likely represents slightly higher temperatures than CC2 due to continued burial to reach the 

maximum burial depth (Late Permian – Late Cretaceous; Figure 24). Because there was no fracturing 

(only veins) before or during CC3 precipitation, CC3 likely precipitated prior to the onset of any tectonic 

event (i.e. the Laramide orogeny). This evidence would place CC3 precipitation prior to the Late 

Cretaceous onset of the Laramide. Based on the burial history, pre-fracturing position in the paragenesis, 

and Th data, CC3 could have precipitated any time from the Late Permian to Late Cretaceous. Fluid 

inclusion Tm ice data indicate CC3 precipitated from a high salinity fluid (17.4 – 18.5 wt% NaCl 

equivalent) that is not concentrated enough to reach halite saturation. The CC3 δ18Owater of 6.4 – 9.6‰ is 

consistent with a residual evaporite brine. Such brines were commonly generated in the Leonardian and 

Guadalupian, during deposition of anhydrite-rich facies (Mazzullo and Reid, 1989) and could have 

refluxed downward into the Wolfcamp A. 

Anhydrite cement (AC; event 9,10, or 11) precipitated in veins and as displacive nodules (Figure 

6B) from a low temperature (< 50 °C), wide salinity range (17.4 – 26.8 wt%) fluid. CC3 salinity (17.4 – 

18.5 wt%) falls in the low end of AC salinity. The increase in salinity from CC3 to AC may represent the 

introduction of a different, higher salinity reflux fluid that mixed with or displaced the previous reflux 

fluid. A potential explanation is that CC3 precipitated from refluxed Leonardian to Guadalupian 

evaporated seawater after it was heated to burial temperatures, whereas AC precipitated during active 

reflux of more highly evaporated late Ochoan seawater before it was heated to burial temperature. This 

hypothesis is supported by the 87Sr/86Sr value for AC (0.707491), which is within the 87Sr/86Sr range for 

Ochoan seawater: 0.706853 – 0.707511 (McArthur et al., 2011). The timing of this active reflux would 

have had to have been during the late Ochoan or soon after in the Triassic (e.g. Stueber et al., 1998) to 

reflux low-temperature brines into a rock that had already been heated to 68 – 83 °C. 

The upper end of the AC salinity range overlaps the salinity range of fluid inclusions for the next 

cement in the paragenesis, CC5, which has Tm values yielding 21.5 – 25.0 wt% NaCl equivalent. The Th 

values are 68 – 93 °C, indicating that these concentrated brines had been heated to burial temperatures. 
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Having about the same salinity as the higher salinities in AC together with high burial temperatures may 

indicate CC5 precipitated after the time of active reflux. This could indicate that CC5 formed after the 

Ochoan or Early Triassic. Through the remaining diagenetic history, the salinity gradually increases 

(Figure 22). 

Interpretation of Fracturing Stage diagenesis 

Origin of fractures and timing 
The Fracturing Stage began with brittle failure of the rock to form planar, consistent aperture 

fractures (event 13; Figure 10A). This fracture morphology differs markedly from the ptygmatic and 

opening-mode veins (event 7) of the Burial Stage in that they are planar and of consistent orientation and 

aperture (Figure 5A). The later timing of fractures in the paragenesis relative to the burial-induced 

opening-mode veins suggests that the Fracturing Stage occurred well after burial. In the Midland Basin 

there are N-S trending strike-slip faults and large-scale, E-W trending thrust faults (White et al., 2014). 

Modern SHmax is E-W (Forand et al. 2017). The longest tectonic fracture in the Sparky #1 core strikes 

N-S (Figure 10A) and the dominant fault set interpreted from the Fullbore Formation Microimage log 

strikes NNE (Appendix IV). There is a subordinate conjugate fault set with NW-SE strike (Appendix IV). 

Other studies also found a dominant NE-SW fracture set and subjugate NW-SE fracture set in the 

Midland Basin (Webster, 1979; Lorenz et al., 2002; White et al., 2014; Forand et al. 2017). The near-

vertical dip and opening-mode appearance (Mode 1) suggest these fractures formed as joints and had an 

extensional origin (Forand et al., 2017). The NE-SW fracture sets are commonly cemented, and the NW-

SE fracture sets show evidence of remaining partially open (Forand et al. 2017). The NW-SE orientation 

shows up in the distribution of hydrothermal baroque dolomite in the Horseshoe Atoll (Saller and 

Dickson, 2011; Figure 25). As baroque dolomite is late in the paragenesis and the NW-SE fractures show 

more evidence of remaining open, it is possible that NE-SW fracture sets are earlier in the Fracturing 

Stage and NW-SE fracture sets are later in the Fracturing Stage. 
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Figure 25. Static reservoir model showing the spatial distribution of dolomite (pink) and limestone 
(blue). Slice through the middle part of the reservoir. Note the NW-SE orientation of dolomite. From 
Saller and Dickson (2011). 

 

The Laramide orogeny and Basin and Range deformation are the only post-Permian tectonic 

events capable of causing extensive fracturing (e.g. Winfree 1992, 1994, 1995; Seager and Morgan, 

1979). It is unlikely that the Fracturing Stage began earlier. Marathon-Ouachita deformation was likely 

over before deposition of the Wolfcamp A, and it was certainly over by Ochoan, which we have shown to 

predate the Fracturing Stage. There are no other major deformation events documented between the 

Permian and Late Cretaceous, so the Laramide and Basin and Range deformation remain the only logical 

possibilities. Laramide compressive stress was directed northeastward in the Midland Basin, which is 

parallel to the dominant fracture strike (Lorenz et al., 2002). This evidence indicates that the earliest 
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timing for the beginning of the Fracturing Stage (event 13 fractures) is the Late Cretaceous onset of the 

Laramide orogeny (Lorenz et al., 2002). It is also possible that the Fracturing Stage began or continued 

later, potentially coinciding with Basin and Range extension in the early Miocene.  

History of fluids and temperature 
 Calcite cement 4 (CC4; event 14) occluded event 13 fractures and reduced some open veins 

(Figures 4B, 5A, 6B). Additionally, CC4 replaced some AC (Figure 6C). This pre-hydrocarbon-

emplacement calcitization of anhydrite in the subsurface is in contrast to the post-hydrocarbon-

emplacement calcitization of anhydrite that is restricted to the very near-surface on the northern margin of 

the Delaware Basin (Scholle et al., 1992). CC4 occurred at depth and at high temperature. 

Temperature of precipitation for CC4 was calculated using the range in CC4 δ18Ocement (this 

excludes the highest δ18Ocement value because it was likely contaminated with CC3 or CC2) and the 

assumption that CC4 had a similar δ18Owater as CC5. This assumption is reasonable because CC5 is the 

subsequent cement and is also in the Fracturing Stage. Using the range in CC5 18Ocement (-2.42 to -3.30 ‰) 

and temperature (68 – 93 °C; Th for consistent FIAs), the CC5 δ18Owater would have been 6.5 – 10.2 ‰.  

Using this CC5 δ18Owater range, the temperature of precipitation for CC4 would have been 73 – 130 °C.  

This temperature range is anomalously higher than the modeled maximum burial temperature (Figure 24). 

If this temperature interpretation is correct, then there must have been some sort of thermal anomaly that 

began during or immediately before the Fracturing Stage. The nature of this anomaly, and further 

evidence to support its existence and origin, is discussed in subsequent sections that provide fluid 

inclusion paleotemperature and spatial and stratigraphic distribution of thermal maturity. 

After precipitation of CC4, there was another event of fracturing (event 15). These fractures were 

reduced by CC5 (event 16). CC5 yields Th from consistent FIAs of 68 – 93 °C (Figure 22), values that 

range from the modeled maximum burial temperature (modeled from the burial history) to values almost 

10 °C above it (Figure 24). This provides further support for a continuation of anomalously high 

temperatures. CC5 salinity (21.5 – 25.0 wt%) is consistent with the salinity of the fluid that precipitated 

AC at the end of the Burial Stage, indicating very little shift in salinity, even though CC5 and AC 
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precipitation events are separated by at least 180 million years. The CC5 δ18Owater (6.5 – 10.2 ‰) is 

approximately in the same range or slightly more positive than CC3 δ18Owater (6.4 – 9.6 ‰).   

After brecciation (event 17) of CC5, there was precipitation of calcite cement 6 (CC6; event 18).  

CC6 precipitated from a very hot (130 – 160 °C; Th from consistent FIAs), high salinity fluid (22.8 – 25.4 

wt%; Figure 22).  A separate gas phase was present during precipitation (Figure 15F). The Th values are 

much higher than CC5 and are much higher than modeled maximum burial temperature, which indicates a 

continuation and increase in temperature of the anomalous thermal conditions noted earlier. High fluid 

salinity is consistent with those generated late in the Ochoan through evaporation and reflux, but this 

represents extreme heating of those fluids at a much later time. 

Using the range in CC6 δ18Ocement and CC6 Th, the CC6 δ18Owater would have been 9.6 – 12.2 ‰, 

which is even more positive than CC5 δ18Owater (6.5 – 10.2 ‰). CC6 87Sr/86Sr (0.707850) is the most 

radiogenic of all cements but is still relatively non-radiogenic and is much less radiogenic than the 

modern formation water (0.70856 – 0.70894; Engle et al., 2016; Figure 22). The CC6 fluid was clearly 

different than the CC4 fluid; it was significantly hotter, more positive in δ18Owater, and more radiogenic 

(albeit still relatively non-radiogenic). 

After another fracturing event (event 19), calcite cement 7 (CC7; event 20) reduced porosity. 

Temperature of precipitation for CC7 was calculated using the range in CC7 δ18Ocement and the assumption 

that CC7 had a similar δ18Owater as CC6. This assumption is reasonable because CC7 is the subsequent 

cement and is also in the Fracturing Stage. The calculated temperature of precipitation for CC7 ranges 

from 105 to 144°C, which is still elevated well above the modeled maximum burial temperature (Figure 

24).  

Following partial dissolution of CC7 (event 21) there was precipitation of quartz cement 2 (QC2; 

event 22; Figures 9, 11). Fluid inclusion Th data indicate QC2 precipitated from a fluid at modeled 

maximum burial temperature and hotter (76 – 113 °C; Th from consistent FIAs; Figure 20A). The QC2 

fluid was not as hot as the preceding cement (CC7; 105 – 144 °C; calculated). Fluid salinity increased 

slightly from CC6 (22.8 – 25.4 wt%) to QC2 (22.5 – 27.0 wt%), but is largely in the same range.  
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Transects of FIAs in QC2 (Figures 19, 20A) indicates that temperature fluctuated through time. A Th and 

salinity cross plot for QC2 (Figure 20C) shows a correlation (r2 of 0.280; 68% confidence that slope is -

0.055 +/- 0.019 wt%/°C) that suggests events of fluid mixing between a lower temperature (~75 °C), 

higher salinity (~26.5 wt% NaCl equivalent) fluid and a higher temperature (~105°C), lower salinity (~23 

wt% NaCl equivalent) fluid. The partial dissolution of CC7, that immediately predates precipitation of 

QC2, could result from fluid mixing (e.g. Esteban and Taberner, 2003) or from fluid cooling, which 

would have decreased quartz solubility and increased carbonate solubility (e.g. Rossi et al., 2002). 	

After QC2 precipitation, there was another fracturing event (event 23) and precipitation of 

baroque dolomite cement 1 (BDC1; event 24; Figures 7C, 12A, C).  Baroque dolomite is precipitated at 

elevated temperatures and is commonly associated with hydrothermal fluids (Radke and Mathis, 1980; 

Spotl and Pitman, 1998). The baroque dolomite precipitated immediately after a fracturing event, and 

may represent another event of hydrothermal activity. 

Following BDC1, there was dissolution of carbonate skeletal grains, which created molds (event 

25 or 26; Figures 13B, 23C), and dissolution of microquartz (partial dissolution of QC2; event 25 or 26; 

Figure 14B). Mazzullo (1994) and Wickard (2016) also noted late-stage creation of moldic porosity. After 

dissolution, there was a minor fracturing event (event 27; Figures 13B), which was followed by 

emplacement of petroleum in fractures, late molds, and quartz microporosity (event 28; Figures 10B, 12C, 

13B, 14A, B). 

 Baroque dolomite cement 2 (BDC2, event 29) then precipitated in fractures (Figure 13B), late 

molds (Figures 13B, 23C), and fusulinid chambers (Figure 23B), and partially replaced CC6 (Figure 8A) 

and BDC1 (Figures 11C, E, F, 12A, C). Temperature of precipitation for BDC2 was calculated using the 

range in BDC2 δ18Ocement and the assumption that BDC2 precipitated from a fluid with a similar δ18Owater 

as CC6 and CC7 (9.6 – 12.2‰). This assumption is reasonable because CC6 and CC7 are prior cements 

and the δ18Owater stayed fairly constant throughout the Fracturing Stage paragenesis. This calculation 

results in a BDC2 temperature of precipitation of 125 – 181 °C, again, an anomalously hot fluid. BDC2 

87Sr/86Sr (0.707633) is relatively non-radiogenic and is less radiogenic than the CC6 (0.707850), which 
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also precipitated at high temperature (Figure 22). Although the temperatures for BDC2 and CC6 (130 – 

160 °C) are similar, the 87Sr/86Sr data, and differing mineralogy of the precipitate, suggest that the source 

or path of the BDC2 fluid differed from that of the CC6 fluid. 

Calcite cement 8 (CC8; event 30 or 31) precipitated after BDC2. CC8 partially reduced late 

bryozoan molds (Figure 13B), partially replaced QC2 nodules (Figure 12B, F), and occluded some 

fractures (Figures 10C, 12A, B, D, F). Temperature of precipitation for CC8 was calculated using the 

range in CC8 δ18Ocement and the assumption that CC8 precipitated from a fluid with a similar δ18Owater as 

BDC2 (used composition of CC6). The CC8 temperature of precipitation was 113 – 151 °C, which is 

cooler than the fluid that precipitated BDC2 (125 – 181 °C), but still much hotter than modeled maximum 

burial temperature Figure 24). 

Pyrite (event 30 or 31) is the last diagenetic event.  A very late pyrite is also noted in Mazzullo 

(1994) and Wickard (2016).  Engle et al. (2016) stated that sulfate reduction was important in defining the 

Midland Basin’s Ca-Cl-type brine composition; this pyrite could be a product of that reduction. 

 

Origin of Anomalously High Temperatures 

The origin of the anomalously hot fluids could be ascribed to multiple possible mechanisms. 

They could be related to: (1) deeper burial than expected; (2) localized igneous intrusions; (3) thermal 

conduction of radiogenic heat from basement below Howard County; (4) hydrothermal fluid flow from  

(a) deeper parts of the Midland Basin; (b) from basement below Howard County; or (c) distant advective 

hydrothermal fluid flow from the Val Verde Basin. In evaluating these hypotheses, it must be considered 

that the anomalously hot fluids were preceded by fracturing events, were of variable temperature much 

higher than modeled maximum burial temperature, precipitated from highly saline fluids, showed some 

evidence of mixing between high temperature and burial temperature fluids with different salinity, had 

high δ18Owater, and were relatively non-radiogenic (Figure 22). 
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(1) It should be considered that the Wolfcamp A strata could have been buried more deeply than 

current burial history reconstructions. To reach the highest temperatures (160 °C) measured 

from consistent FIAs (although highest calculated temperature is 181°C from BDC2), the 

Wolfcamp A would have required burial depths of 5300 m, which is another 2100 m deeper 

than its present depth. Mazzullo’s  (1994) study in Glasscock County (eastern Midland Basin; 

Figure 1) used a calculated value of the additional burial from Mazzullo’s (1986) study of the 

southwestern CBP of an extra 610 m of burial based on regional thicknesses of Triassic and 

Cretaceous strata. Engle et al.’s (2016) study of the Midland Basin used the presumed timing 

of maximum burial (Eocene; 55ma) from Sinclair’s (2007) study of overpressure in the 

Delaware Basin. During maximum burial in the Eocene the Delaware Basin had an additional 

6890 ft (2100 m) of sediment, which was removed by uplift and erosion during the Laramide 

orogeny and Basin and Range uplift (Sinclair, 2007). Because the Midland Basin is more 

distal from Laramide and Basin and Range features than the Delaware Basin, the Midland 

Basin likely experienced less Cenozoic uplift and erosion than the Delaware Basin. 

Therefore, for this eastern Midland Basin study area a better estimate of the amount of 

additional sediment present during maximum burial is the 610 m used by Mazzullo (1986, 

1994) rather than the values calculated by Sinclair (2007). An additional 610 m of burial is 

not sufficient for generating the 160 °C temperatures. A maturity map from Pawlewicz et al. 

(2005; Figure 26) shows variable spatial distribution of thermal maturity in the Midland 

Basin. The pattern is inconsistent with significantly greater burial and unroofing to the west. 

The lack of a consistent spatial trend in thermal maturity suggests that heating due to burial 

could not be solely responsible for the rock’s present thermal maturity.  Moreover, no 

reasonable burial and unroofing history could produce the approximately fourteen rises and 

falls in temperature indicated by the fluid inclusion and oxygen isotope data (Figure 22). 

Based on these arguments, deeper burial than what is commonly interpreted for the Midland 

Basin is disproven.  
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Figure 26.  Map of depth (in feet) to a vitrinite reflectance value of 0.6 (more negative depths indicate 
lower maturity). Ro from Sparky #1 (red star) sidewall core at 5800’ is greater than 0.7. Maroon dashed 
line is outline of Abilene Gravity Minimum (from Adams and Keller, 1996). Modified from Pawlewicz et 
al. (2005). 

	

(2) Eocene-Oligocene igneous intrusions from the Permian Basin “Volcanic Phase” are well 

documented on the west side of the Delaware Basin (Horak, 1985; Henry and McDowell, 
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1986) and younger intrusions from the Rio Grande rift are also known. However, there is 

currently no evidence for intrusions near this study area.  Therefore, local heat from active 

igneous intrusion is an unlikely explanation for elevated temperatures. 

(3) Radioactive decay in underlying basement rocks may have conductively heated the Wolfcamp 

A.  One hypothesis is that the spatial distribution of the Abilene Gravity Minimum, interpreted as a 

granite batholith associated with the Granite-Rhyolite province (1.5 – 1.3 Ga) (Adams and Keller, 1996), 

could locally elevate thermal maturity in an area above it in the Midland Basin. With this hypothesis, 

greater thermal maturity would be spatially related to the Abilene Gravity Minimum. Radioactive decay 

in the basement would result in consistent or decaying conductive heating of reservoir rock and fluid. The 

paragenesis, fluid inclusion, and oxygen isotope data, however, indicate at least fourteen rises and falls in 

temperature throughout the diagenetic history (Figures 19, 22). Additionally, the spatial distribution of 

elevated thermal maturity (Figure 26) and modern distribution of elevated geothermal gradient (Figure 

28) do not coincide spatially with the location of the Abilene Gravity Minimum (AGM), which suggests 

that the geothermal heat and hydrocarbon maturation do not result from conductive heating from a buried 

granite that coincides with the AGM.  The temperature fluctuations and lack of spatial correlation 

between the AGM and elevated thermal signatures suggest that basement radiogenic heat was not the 

source. 

 (4) The thermal anomaly could be the result of migration of hot (hydrothermal) fluids into the 

Wolfcamp A. The following evidence provides support for this hypothesis. There were temperature 

fluctuations throughout the diagenetic history that were inconsistent with the burial history. Temperatures 

repeatedly varied from those consistent with normal burial heating to temperatures many tens of degrees 

above that. Some data showed mixing between a high temperature fluid and a fluid at a temperature 

consistent with the normal burial temperature. These variations suggest episodic events of injection of hot 

fluids, with intervening periods of fluid cooling toward ambient temperature. The high temperatures 

coincide with the Fracturing Stage, so formation of fractures may have facilitated injection of hot fluids. 

There is regional support for a history of migration of hydrothermal fluids: 
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• Mazzullo (1986) studied Mississippi Valley-Type (MVT) sulfides in Lower Permian dolomites in the 

southwestern CBP (Figure 1) and performed fluid inclusion microthermometry on two-phase 

inclusions in sphalerite cement. Tm  was -19.0 to -21.2 °C and Th was 102 – 122 °C. This measured 

temperature range is much higher than the modeled maximum burial temperature of 59 – 66 °C. The 

especially hot fluid temperature and MVT sulfides support the hypothesis of hydrothermal fluid 

activity. 

• Mazzullo (1994) studied the diagenesis of Lower Permian carbonate periplatform deposits in 

Glasscock County (Figure 1). The δ18Ocement values for the relatively late, fracture-filling calcite from 

the Lovelady well are relatively negative (approximately -4.6 to -8.8 ‰).  Mazzullo assumed a “semi-

closed diagenetic system” (bathed in Leonardian seawater) to estimate the δ18Owater and calculated that 

the fluid temperature of precipitation was 51 °C. Our study, however, acquired both δ18Ocement and 

homogenization temperatures for similar relatively late fracture-filling calcites. Using the δ18Owater for 

CC6 (9.6 – 12.2‰) and the δ18Ocement for the Mazzullo (1994) Lovelady well fracture-filling calcite, 

the temperature of the fluid that would have precipitated the Mazzullo (1994) fracture-filling calcite 

cements would have been in the range of 108 – 202 °C. This temperature is much higher than the 

modeled maximum burial temperature for the Lovelady well (Figure 24), which suggests precipitation 

from a hydrothermal fluid. Additionally, the temperature of precipitation of Mazzullo’s (1994) 

baroque dolomite (δ18Ocement approximately -3.0 to -3.8 ‰), which reduces late moldic porosity, 

would have been 135 – 183 °C (using the δ18Owater for CC6), which is similar to that of BDC2 (125 – 

181 °C). Therefore, the Mazzullo (1994) saddle dolomite may have the same hydrothermal origin as 

BDC2. 

• Wickard (2016) studied the Wolfcamp Shale approximately 100 km south of the Howard County area 

(Figure 1). Fluid inclusions in fracture-filling late-stage barite yielded Th of 77 – 125 °C and Tm ice of -

31.5 - -24.4 °C (approximately 25 wt% CaCl2 brine). Fluid inclusions in fracture-filling calcite 

yielded Th of 41 – 104 °C (most in the 50 – 80 °C range). Although Wickard (2016) calculated even 
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higher entrapment temperatures, by applying a pressure correction, this correction may have been 

applied erroneously because she assumed a fluid composition with no dissolved gas (used Bodnar and 

Vityk, 1994). The upper end of the Th data, however, is still well above the approximately 90 °C 

inferred maximum burial temperature (Wickard, 2016).  Therefore, Wickard’s (2016) fluid inclusion 

results may also be interpreted as an indication of hydrothermal fluid activity. 

• Saller and Dickson (2011) studied upper Pennsylvanian to Lower Permian dolomites in the Horseshoe 

Atoll in Reinecke Field (80 km to the northwest of Howard County; Figure 1). They reported that 

baroque dolomite (that post-dates hydrocarbon generation) hosts primary oil inclusions with Th from 

92 – 120 °C as well as primary aqueous inclusions with Th from 105 – 130 °C and salinity from 19 – 

25% NaCl. They concluded that these temperatures are well above expected maximum burial 

temperatures for their study area and that they resulted from hydrothermal fluids.  

• Elam (1973) and Newell et al. (2003) noted the influence of hydrothermal fluid activity in the Val 

Verde Basin. Elam (1973) stated that minor faulting appears to have served as a conduit for 

hydrothermal fluids that caused cementation and a decrease in reservoir quality. Newell et al. (2003) 

studied the diagenesis of the Middle Pennsylvanian Strawn Formation in the Val Verde Basin (Figure 

1). Th of primary aqueous inclusions in baroque dolomites were at least 136 °C, which is roughly 45 

°C higher than the present formation temperature. Using the fractionation factor of Land (1983), they 

calculated the δ18Owater as approximately 8 – 13‰ SMOW, which has overlap with the range in 

δ18Owater calculated for CC6 (9.6 – 12.2‰). Newell et al. (2003) interpreted that these were 

hydrothermal fluids and hypothesized that these hydrothermal fluids cooled after they were 

tectonically expulsed into the Strawn Formation, which resulted in a late dissolution event. 

• In the Midland Basin, thermal maturity does not coincide with expected burial history. The western 

Midland Basin is more proximal to Laramide and Basin and Range uplift and, therefore, maturity 

should be greater on the western side of the basin.  Instead, maturity (using vitrinite reflectance) is 

greater toward the Eastern Shelf as well as south toward the Val Verde Basin and it is lower in the 
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northern Midland Basin (Figure 26). Also, maturity (using calculated vitrinite reflectance; Calc Ro) 

does not have a monotonic increase with depth (Figure 27). Vertical profiles show multiple segments 

with different slopes, some showing increasing maturity upward. Additionally, “breaks” in the trends 

commonly coincide with formation tops or changes in lithology (seemingly to less permeable rock), 

which suggests that lithology had some control on rock thermal maturity. Enhanced thermal maturity 

is indicated at the top of the Wolfcamp A, in limestone-rich facies, and below the base of the Lower 

Spraberry Shale or Dean, below siliciclastic silt-rich and clay-rich facies (Figure 27). These trends in 

maturity data indicate that thermal maturity was not solely controlled by burial depth. These results 

are indicative of hydrothermal fluid activity, which would have enhanced thermal maturity of organic 

matter (e.g. Goldstein, 2012). The hydrothermal fluids may have been selectively emplaced in certain 

stratigraphic horizons or areas of the Midland Basin. 
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Figure 27. Calc Ro (%) vs depth (feet). (A) Sparky #1 core. Calc Ro increases toward the top of the 
Wolfcamp A. (B) Sparky #1 sidewall core. Calc Ro variability increases near the top of the Wolfcamp A. 
(C) Big Ern #1 sidewall core. Calc Ro in the Wolfcamp A is highly variable (0.69 – 1.08 %) and shifts to 
lower values in the Lower Spraberry Shale (0.69 – 0.80 %). (D) Family Truckster #1 sidewall core. There 
is a large shift (about 2%) in Calc Ro from the Wolfcamp A to the Lower Spraberry Shale. (E) Gunn 36 
#1 sidewall core (from Crass, 2015). Multi-colored bar denotes lithology (modified from Crass, 2015). At 
approximately 7900’ Calc Ro decreases 0.1 – 0.2 %, which coincides with a lithology change from 
skeletal black mudrock (grey) to black laminated mudrock (black). Above 7900’, Calc Ro increases 
upwards until approximately 7800’. 
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• Zumberge et al. (2017) studied oil thermal maturity in the Wolfcamp A, B and C in southern 

Glasscock and northern Reagan counties (approximately 80 km south of Sparky #1; Figure 1).  They 

found greater differences among Wolfcamp A, B, and C maturity than would be expected from local 

differences in burial depth, with the Wolfcamp C being much more mature than the Wolfcamp A and 

B. This finding led them to hypothesize that “…lateral migration from down-dip, more mature 

Wolfcamp and Cline source rocks has occurred with older reservoirs connected in the geologic past to 

deeper, more mature Wolfcamp source rocks”.  If true, this idea supports an open diagenetic system 

and the ability of fluids, such as hydrothermal fluids, to migrate from hotter, deeper areas to shallower 

areas of the Midland Basin.  An alternate explanation for their finding may be that, instead of oil 

migrating, it was instead hydrothermal fluids moving and being distributed unequally within 

Wolfcamp units. A greater volume of hydrothermal fluids would have been emplaced into the 

Wolfcamp C relative to A and B, which would have led to enhanced Wolfcamp C thermal maturation. 

The unexpected trends in oil maturity support the influence of hydrothermal fluids on rock thermal 

maturation. 

• The modern-day geothermal gradient map (Figure 28) shows elevated geothermal gradients in the Val 

Verde Basin and along a northward projection into the Midland Basin that terminates near the 

Horseshoe Atoll. This heat distribution is supported by lower gas-to-oil ratios (Peter Dillett, personal 

communication) and lower vitrinite reflectance values (Figure 26) in the northern portion of the 

Midland Basin. Patterns in the high geothermal gradient areas show NW-SE and NE-SW orientations, 

as well as possible E-W orientations. These are the dominant fracture orientations in the Midland 

Basin (Lorenz et al., 2002; Forand et al. 2017). Therefore, the pattern of the elevated geothermal 

gradient likely reflects the modern-day fracture control and could indicate that a hydrothermal system 

is still active to some degree. 
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Figure 28.  Geothermal gradient map. Constructed using corrected bottom hole temperature.  Black star 
represents location of Sparky #1. Maroon dashed line is outline of Abilene Gravity Minimum (from 
Adams and Keller, 1996). Black dashed lines highlight the NE-SW, NW-SE, and E-W orientations of 
elevated geothermal gradient. Filtered + 20% Variance from Trend Maps Removed; 10,000’ grid (Highly 
connected features gridding). 
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Hydrogeology of Hydrothermal System 

Hydrothermal fluids appear to be the most likely reason for the anomalously high temperatures 

found by this study and there are multiple hypotheses that could be proposed for the hydrology of the 

system.  

(a) It could be proposed that hydrothermal fluids were sourced from deeper parts of the Midland Basin 

and migrated laterally into Howard County. Using the modern geothermal gradient in the deepest part of 

the Midland Basin, the top of the basement in the deepest part of the Midland Basin has an approximate 

temperature of 123 °C (Ruppel et al., 2005). Adding the 610 m from Mazzullo (1986), the deepest part of 

the Midland Basin prior to Mesozoic and Cenozoic uplift, during maximum burial, was approximately 

139 °C, which is below the highest measured homogenization temperatures from consistent FIAs (160 °C 

from CC6). Therefore, the deepest parts of the Midland Basin never reached high enough temperatures to 

be the source of the hydrothermal fluids in the Howard County study.  

Saller and Dickson (2011) hypothesized that the hydrothermal fluids in the Horseshoe Atoll were 

derived from sinking of Salado-aged evaporitic brines that refluxed from the CBP down into the 

Ordovician Ellenburger Group. The dense brines were heated at depth and were convectively displaced 

eastward and updip toward the Horsehoe Atoll. Those hydrothermal fluids precipitated baroque dolomite 

in northwest-oriented elongate areas indicating a fracture control (Figure 25). If Saller and Dickson’s 

(2011) baroque dolomite and fracturing are similar to that observed in Howard County, the Saller and 

Dickson (2011) Permian timing is inconsistent with the paragenesis. If the fractures that controlled the 

distribution of their baroque dolomite are late, then fracture timing is likely Late Cretaceous to Cenozoic 

and the Permian fluid flow model is unlikely. 

 (b) Although basement is commonly considered to be tight, fractures can provide storage and 

conduits for fluids in basement rocks. The top of the basement below the Sparky #1 is modeled to have 

reached 126 °C during maximum burial. It would require an additional depth of 1330 m below it to reach 
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the 160 °C found in the fluid inclusions of this study. Thus, activation of deep basement faults could 

reasonably have injected the hydrothermal fluids into the Wolfcamp A (e.g. Smith and Davies, 2006; 

Davies and Smith, 2006). The 87Sr/86Sr values for the cements in the Fracturing Stage, however, are 

relatively non-radiogenic (maximum = 0.707846) compared with values expected for fluids interacting 

with old granitic basement below the Sparky #1 (expected granitic crust 87Sr/86Sr approximately 0.711 

from Figure 1 in Bentley, 2006).  Therefore, the hydrothermal fluids were not locally derived from 

basement below Howard County.  

 (c) The Val Verde Basin, south of the Midland Basin is a deep foreland basin (Figure 1). The 

deepest portion of the Val Verde Basin has an approximate temperature of 250 °C (calculated using 

geothermal gradient and depth from Ruppel et al., 2005) and this temperature was likely much higher 

prior to Cenozoic uplift and erosion (Sanders and Peterson, 1984).  Relatively non-radiogenic 87Sr/86Sr 

values (Figure 22) are consistent with fluids derived from sedimentary rock, with migration likely through 

non-radiogenic carbonate-rich units.  The migration of hot fluids from the Val Verde Basin to Howard 

County would have occurred over a very long distance (over 200 km). Similar long distance migration of 

hot fluids is well known in other parts of the southern United States.  For example, the Mississippi 

Valley-type lead-zinc deposits in southern Midcontinent region (United States) precipitated from 

hydrothermal fluids that migrated hundreds of kilometers from the Ouachita foldbelt, Arkoma and 

Anadarko basins (e.g. Leach, 1994; King, 2015). Advective migration of fluids out of the Val Verde 

Basin appears to be the most likely source of the Howard County hydrothermal fluids as well as the 

hydrothermal fluids that affected other Midland Basin study areas (e.g. Mazzullo, 1986; Mazzullo, 1994; 

Saller and Dickson, 2011; Wickard, 2016). 

Drivers for high-temperature fluid migration 
The Val Verde Basin is the only feasible source deep enough to yield such high temperature 

fluids. Long distance advective fluid migration, after Laramide fracturing, is required to explain the 

observations in the Midland Basin. Several driving mechanisms could be proposed: high sedimentation 
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rate and depositional compaction; clay mineralogy conversions and dehydration; hydrocarbon maturation; 

tectonic compression; and meteoric water pressure head. 

High sedimentation rate and depositional compaction expel 70% of the interstitial water within 

approximately a thousand meters of burial (Burst, 1969).  This process would have occurred early in the 

Val Verde Basin’s history, during Marathon orogeny rapid flexure and loading in the Pennsylvanian and 

Permian. The earliest timing for onset of Howard County hydrothermal fluid activity is after the onset of 

Laramide fracturing. Therefore, the timing of water expulsion due to depositional compaction occurred 

too early to account for Laramide-age hydrothermal activity, much less a hydrothermal system that is 

potentially still active today (Figure 28). Smectite to illite conversion and dehydration occurs at depths 

greater than three kilometers (e.g. Hower et al., 1976; Bjørlykke, 1998) and the Val Verde Basin would 

have reached this depth by the Late Paleozoic. Therefore, water expulsion from clay diagenesis also 

occurred too early to account for the more recent hydrothermal activity. 

Hydrocarbon maturation generates liquids and gases, thereby increasing fluid volume and 

reservoir pressure (e.g. Meissner, 1978). Fluids may respond to the establishment of pressure gradients by 

migrating to areas of lower pressure. Hydrothermal fluids may have migrated out of the higher pressure 

Val Verde Basin north to the Midland Basin where reservoir pressure was lower.  

Tectonic compression increases reservoir pressure and generates fluid conduits in the form of 

faults and fractures. Tectonic events that may have driven fluid migration include Marathon, Laramide, or 

Basin and Range. The introduction of hydrothermal fluids is coincident with the onset of tectonic 

fracturing, and potentially Laramide-induced NE-SW and NW-SE fracture orientations control the 

modern distribution of elevated geothermal gradient (Figure 28). This suggests that the Laramide orogeny 

generated fractures that allowed deep hot fluids in the Val Verde Basin to migrate northward to the 

Midland Basin along NE-SW and NW-SE fracture systems. These fracture systems may have been 

rejuvenated after the Laramide, allowing for continued northward migration of fluids up to the present 

day. The area of elevated geothermal gradient appears to terminate south of the Horseshoe Atoll (Figure 

28), which may be because the permeable stratigraphic units responsible for carrying the hot fluids pinch 
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out or because the fracture system that serves as the hydrothermal fluid conduit terminates. The exact 

pathways for fluid migration may be difficult to ascertain given the current data, however, there are some 

indications that provide useful constraints. 

Fracturing Stage cements are relatively non-radiogenic, which indicates that hydrothermal fluids 

did not interact extensively with basement or with siliciclastic strata. Carbonate facies, which also host 

most of the fractures in the studied core, are probably some of the dominant aquifers that transmitted the 

hydrothermal fluids. The Ordovician Ellenburger Group is a thick dolomitized carbonate that had 

developed high permeability through karsting and tectonic fracturing (Kerans, 1988; Canter et al., 1993). 

These features make the Ellenburger Group a good candidate for a hydrothermal fluid conduit, however, 

the Ellenburger Group depositional carbonate would have been much more radiogenic (87Sr/86Sr from 

0.7087 – 0.7091; McArthur et al., 2001) than the Fracturing Stage cements (0.707463 – 0.707846) and is, 

therefore, an unlikely carrier unit. Pennsylvanian carbonates would also be too radiogenic (0.708056 – 

0.708295; McArthur et al., 2001) but Wolfcampian carbonates would have a similar radiogenic signature 

(0.7074 – 0.7081; McArthur, 2001) as the Fracturing Stage cements, and therefore seem to be a likely 

candidate. The current formation temperature of the Wolfcampian in some areas of the Val Verde Basin is 

over 160 °C (depth from Webster and Calhoun, 1984). If 8,000-10,000 ft of section has been eroded off in 

the Val Verde Basin (Sanders and Peterson, 1984), then maximum burial of the Wolfcampian would have 

been more than sufficient to generate the 90 – 160 °C hydrothermal fluids in Howard County. 

The organic geochemistry supports the idea that fractured hydrothermal aquifers were important 

in the Midland Basin. Zumberge et al. (2017) noted anomalously higher oil maturity in the Wolfcamp C 

compared to the A and B. Calc Ro also displays trends that suggest the influence of hydrothermal aquifers 

(Figure 27). Calc Ro decreases significantly by 0.1 – 0.3 %Ro from the Wolfcamp A to the overlying 

more siliciclastic-rich Lower Spraberry Shale (Figure 27). Calc Ro has higher variability near the top of 

the Wolfcamp A and decreases upward (Figure 27). For the nearby Gunn 36 #1 well, Calc Ro decreases 

0.1 – 0.2 %Ro in association with an upwards transition from skeletal black mudrock to black laminated 

mudrock in the Canyon Formation (Figure 27E; Crass, 2015). These trends suggest a lithologic control on 
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maturity. Lithology likely affected the ability of the hydrothermal fluids to migrate through the system.  

More permeable and brittle units could have been preferential conduits for hydrothermal fluids and, 

therefore, show greater thermal maturity than ductile, low permeability units. The upward decrease in 

maturity from the Wolfcamp A to the Lower Spraberry Shale suggests that the Lower Spraberry Shale 

may serve as a “leaky confining unit”, only allowing limited upward migration of hydrothermal waters 

from the Wolfcamp formations. Non-monotonic vertical maturity trends in the Pennsylvanian and 

Permian strata (Figure 27) suggest hydrothermal fluids differentially heated certain stratigraphic intervals. 

Stratigraphically confined fracture-controlled spatial distribution of hydrothermal fluids may have 

controlled the maturity and explain why Ro in map view values (Figure 26) do not correspond with burial 

history. 

Supporting evidence for the mechanism of fluid flow can be found in the Midland Basin’s 

modern hydrology. The basin contains refluxed brines as well as some lower salinity waters in most 

formations (Figure 7 in Engle et al., 2016) and meteoric water below a Devonian aquitard (Engle et al., 

2016). There is also relatively fresh water in the Ellenburger Group in the Delaware and Val Verde basins 

as well as in the San Andres carbonates on the Central Basin Platform in Crane County (Swift et al., 

1998). Meteoric water has entered deep reservoir systems through development of meteoric water 

hydraulic head in highlands around both the Delaware Basin (via the Guadalupe Mountains) and 

Anadarko Basin (via the Wichita Uplift) that resulted in downdip meteoric flow into adjacent basins and 

displacement of basin brines (e.g. Stueber et al., 1998; King, 2015). In the Midland Basin, meteoric water 

in Devonian and deeper units and low salinity fluids found in shallower units in the Val Verde and 

Midland basins may reflect the same phenomenon.  The Marathon orogeny caused uplifts south of the Val 

Verde Basin within the Ouachita Frontal Zone, including the Marathon and Devil’s River uplifts (Figure 

1; Flawn, 1956). After the Permian, these areas were uplifted and eroded until Cretaceous marine rocks 

were deposited on the unconformity; they were deformed again after Cretaceous deposition (Ewing, 

2013). Although distant, the Glass Mountains are a potential topographic high where a meteoric water 

hydraulic head could have developed (Figure 1). They are topographically high today and have Permian, 
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rather than Cretaceous, rocks at the surface, which may be due to Laramide uplift and erosion and 

removal of Cretaceous strata.  

Engle et al. (2016) proposed a new hydrologic unit in the Midland Basin, the Deep Meteoric 

Aquifer System, which is present below a Devonian aquitard. Holmquest (1965) interpreted that initially 

Ellenburger and Siluro-Devonian formation waters were displaced during Permo-Pennsylvanian 

deformation of the Ouachita-Marathon fold belt. Later, the system was charged with low salinity waters, 

and this was interpreted to result from Triassic-Jurassic upwarping and Laramide uplift (Holmquest, 

1965).  Highlands south of the Val Verde Basin are a reasonable driver for flux of fluid into the Val 

Verde Basin and northward into the Midland Basin. Meteoric water would have recharged downward and 

northward into the Val Verde Basin and displaced deep hot basin brines, and then continued to migrate 

into the basins to the north. The meteoric water may have preferentially followed sub-Devonian 

stratigraphic units as Engle et al. (2016) suggested. These low-salinity fluids may also have leaked into 

shallower units, which would explain why Engle et al. (2016) also found some relatively low salinities 

above the Devonian (Figure 7 in Engle et al., 2016). 

Figure 29 summarizes the hypotheses for history of fluid flow in the region. Fluid flow began in 

the mid-Permian when high salinity (17.4 – 18.5 wt% NaCl equivalent) evaporated seawater refluxed into 

the Wolfcamp A, displaced connate fluids, was heated to burial temperature, and precipitated calcite 

cement. In the Late Permian, more highly evaporated seawater (salinity as high as 26.8 wt% NaCl 

equivalent) refluxed into the Wolfcamp A and precipitated anhydrite cement, prior to being heated to 

burial temperature. From the Triassic to Late Cretaceous, diagenesis and fluid flow appeared to be 

relatively quiescent. Laramide tectonic fracturing in the Val Verde and Midland basins created fluid 

conduits that allowed hot fluids to migrate at least 300 km northward along NE-SW and NW-SE 

fractures.  The fluids were driven out of the Val Verde Basin by a meteoric head from uplifted areas of 

the Marathon-Ouachita frontal zone to the south. The meteoric water penetrated at least 6 km down into 

the Val Verde Basin. In the Midland Basin, numerous fracturing events resulted in multiple periods of 

hydrothermal fluids leaking into shallower stratigraphic units. Modern maturity trends indicate the 
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hydrothermal fluids were differentially emplaced within younger stratigraphic units. In the area of the 

Sparky #1, the Lower Spraberry Shale may have served as a baffle or confining unit to hydrothermal fluid 

movement. Hydrocarbon migration is late in the paragenesis and follows most of the tectonic fracturing 

events. Oil emplacement (event 28) occurs much later in the paragenesis than the heterogeneous 

entrapment of a separate gas phase in CC6 fluid inclusions (event 18). This timing indicates an earlier 

phase of catagenesis that caused gas generation and migration prior to a later phase of oil generation and 

emplacement. This timing suggests that significant hydrocarbon maturation and migration occurred in the 

Late Cretaceous at the earliest and is likely to have occurred even more recently based on its late timing 

in the paragenesis. This timing for hydrocarbon generation is much later than has been previously 

assumed or modeled in the Midland Basin (e.g. Mazzullo, 1994), and deserves further testing.  Continued 

fluid migration of warm fluids late into the Cenozoic led to the modern spatial distribution of elevated 

geothermal gradient (Figure 28). This late migration could be driven by influx of meteoric waters from 

uplifted areas to the south, which led to the dominantly sub-Devonian meteoric water in the Midland 

Basin. The hydrothermal fluid activity in the Permian Basin is similar to the northward migration of 

hydrothermal fluids from the Ouachita foreland basins, which was widespread across the southern part of 

North America and led to Mississippi-Valley-Type ore deposits and oil and gas reservoir rocks modified 

by hydrothermal fluids (Leach, 1994; Wocjik et al., 1992, 1994, 1997; King, 2015). 
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Figure 29. North-South cross section from Val Verde Basin to Midland Basin. Cross-section line is 
shown in Figure 1. (A) In the Leonardian/Guadalupian, highly saline evaporated seawater (17.4 – 18.5 
wt%) refluxed into the Wolfcamp A and precipitated calcite cement (CC3). (B) In the Ochoan, even more 
highly evaporated seawater (17.4 – 26.8 wt%) refluxed into the Wolfcamp A and precipitated anhydrite 
cement (AC). (C) In the Late Cretaceous – Cenozoic, the Laramide orogeny induced fractures and uplifts 
in the Permian Basin. Laramide-induced fractures provided conduits for hydrothermal fluids (up to 160 
°C) to migrate northward to the Midland Basin. This was followed by injection into shallower units. A 
meteoric water hydraulic head developed in the Marathon-Ouachita frontal zone, which resulted in deep 
infiltration and northward displacement of meteoric water to the Midland Basin. 
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Controls on reservoir quality 

There is both depositional and diagenetic control on final porosity in the rocks of this study.  

Mud-poor packstones with high initial interparticle and intraparticle porosity had porosity occluded by 

grain-to-grain pressure solution as well as Early Stage and Burial Stage cements (CC1, CC2, CC3) and 

are now nonreservoir rock (Figure 23A). This porosity occlusion in “cleaner” facies has been documented 

in other periplatform deposits in the Permian Basin (Beall et al., 1998; Mazzullo, 1994; Dickson and 

Saller, 1995; Wickard, 2016; Zhang et al., 2017). Conversely, mud-rich packstones host extant 

intraparticle porosity (such as fusulinid chambers) and late moldic porosity and are potentially good 

reservoir rock (4 – 8% porosity). The highest GRI or TRA porosity is of a carbonate packstone with fine 

skeletal molds (14.11%; Figure 23C). Both intraparticle (Mazzullo, 1994) and moldic (Mazzullo, 1994; 

Saller and Dickson, 2011; Wickard, 2016) porosity have been observed elsewhere in carbonate 

periplatform deposits in the Midland Basin. Thus, the distribution of carbonate reservoir quality may be 

predictable on the basis of an appropriate depositional model that predicts the distribution of these facies. 

Mud-poor packstones may be located in proximal channel systems whereas mud-rich packstones may be 

located in more distal areas, areas adjacent to channels, or in sediment gravity flow deposits that had 

rheologies that led to abundant matrix (e.g. debris and turbidity flows; Mulder and Alexander, 2001). The 

higher quartz content of the mud-rich packstone may allow mud-poor packstones to be distinguished on a 

photoelectric factor log. 

Interestingly, the Indian Wells core in Mazzullo (1994) did not display mesogenetic dissolution 

(even though thermally mature), which may suggest that locally generated acidic fluids during 

hydrocarbon maturation are not the cause of late dissolution (Mazzullo and Harris, 1992). Instead, the 

relative openness of the diagenetic system and the hydrothermal fluid activity may indicate that non-local 

fluid movement could be responsible for late dissolution. 
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 BDC2 and CC8 reduced porosity in fusulinid chambers and late molds. BDC2 is responsible for a 

majority of this porosity reduction and is interpreted to have precipitated from a hydrothermal fluid, 

which suggests that areas with the greatest hydrothermal fluid flow may have the most porosity reduction 

by BDC2. The NW-SE orientation of baroque dolomite in Saller and Dickson’s (2011) study of 

Horseshoe Atoll suggests that porosity reduction by late baroque dolomite may be abundant in fracture 

zones with NW-SE orientation (Figure 25). Thus, the following considerations should be taken into 

account. 

A higher proportion of NW-SE fractures tend to be open relative to NE-SW fractures (e.g. Forand 

et al., 2017) so open fracture porosity may be more abundant near NW-SE fracture zones. Fracture 

porosity is commonly preserved in these carbonate periplatform deposits in the Midland Basin (e.g. 

Mazzullo, 1994; Wickard, 2016; Forand et al., 2017) and fractures and veins can improve reservoir 

porosity and permeability (Guo et al., 2013). Because NW-SE fractures are more commonly open and 

they are reduced by a late dolomite (possibly similar to BDC2; Saller and Dickson, 2011), NW-SE 

fractures may post-date NE-SW fractures.   

 Anhydrite cementation or “plugging” and reservoir quality destruction is widely documented in 

the Permian Basin (e.g. Cowan and Harris, 1986; Lucia and Ruppel, 1996; Saller and Henderson, 1998).  

In the Sparky #1 core, the anhydrite cement is sparse. The paragenesis and fluid inclusion data suggest it 

precipitated late in the Burial Stage, from reflux of Ochoan evaporated seawater. There is no evidence of 

Fracturing Stage anhydrite cement. Anhydrite appears to have a minimal impact on porosity and, 

therefore, anhydrite plugging does not appear to be a significant concern for this reservoir. 

Additionally, other diagenesis had a minor impact on reservoir quality.  Quartz dissolution and 

microporosity is significant in other Permian Basin plays (Devonian Thirtyone Formation; Bloxom and 

Blue Danube fields; Ruppel and Barnaby, 2001; Ruppel and Havorka, 1995) but is very minor in this core 

(Figure 14A, B).  Organic matter nanoporosity commonly provides a large proportion of unconventional 

reservoir porosity (e.g. Eagle Ford Formation).  In the Sparky #1, bitumen may host large macropores that 

could provide additional porosity as well as complicate fluid flow due to a high magnitude pore size 
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distribution (Figure 23D). But it is possible that these pores could just be a feature created during the core 

retrieval process. Wickard (2016) also documented organic matter porosity. 

In the Midland Basin, thermal maturity does not coincide well with burial history, and rocks are 

less mature north of the Horseshoe Atoll (Figure 26). Therefore, thermal maturity is not predictable using 

burial history and, instead, must have been affected by other factor(s). The paragenesis, fluid inclusion 

data, and oxygen isotope data, as well as other diagenesis studies in the Midland Basin, indicate that there 

has been hydrothermal fluid activity. These hydrothermal fluids could have enhanced thermal maturation 

so rocks that experienced more hydrothermal fluids are likely more mature than expected from burial 

history modeling. These hydrothermal fluids were likely localized along Laramide-induced NE-SW and 

NW-SE fracture zones. Higher maturity and gas-to-oil ratios may be spatially distributed relative to these 

fracture zones in the Midland Basin (Figure 28). Migration of the hydrothermal fluids appears to have 

been limited to certain stratigraphic horizons (Figure 27). So, although an area may have experienced 

significant thermal maturation via the hydrothermal fluids, this maturation may be vertically confined to 

certain stratigraphic units. Therefore, improving understanding of the distribution of fracture zones, and 

which formations experienced the most hydrothermal fluid flow, may enhance prediction of thermal 

maturity. 

Conclusion 

The diagenesis of the Sparky #1 core was investigated using transmitted-light, UV-

epifluorescence, cathodoluminescence, and SEM-EDS, as well as δ18O, δ13C, 87Sr/86Sr, and fluid inclusion 

analysis.  Within the Wolfcamp A, carbonate macroporosity is influenced by both depositional and 

diagenetic controls.  Mud-poor packstone was essentially occluded by Early Stage and Burial Stage 

calcite cement and grain-to-grain pressure solution, whereas mud-rich packstone preserved intraparticle 

porosity and developed late moldic porosity. Depositional models could be used to predict areas with 

thicker accumulations of mud-rich packstone, the better reservoir rock. 
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During the Burial Stage, there was vein opening and reflux of Late Permian evaporated seawater. 

In the Leonardian or Guadalupian, highly saline evaporated seawater (17.4 – 18.5 wt%) refluxed, 

displaced connate water in the Wolfcamp A, and precipitated calcite cement after being heated to burial 

temperature (68 – 83 °C). In the Ochoan, even more highly saline evaporated seawater (17.4 – 26.8 wt%) 

refluxed, mixed with or displaced Guadalupian seawater, and precipitated anhydrite cement prior to being 

heated to burial temperature (<50 °C). 

The Laramide Orogeny had a large impact on the Midland Basin. Laramide-induced NE-SW- and 

NW-SE-oriented fractures provided conduits for migration of deep hot fluids from the Val Verde Basin. 

These fluids then migrated northward and leaked upward through fractures into shallower units in the 

Midland Basin. After Laramide uplift, a meteoric water pressure head developed in the Ouachita-

Marathon and other highlands south of the Val Verde Basin and resulted in displacement of deep basin 

brines to the north and subsequent northward migration of these meteoric waters following preferred 

stratigraphic horizons. 

Open-system diagenesis and fluid flow (such as the hydrothermal fluid injection) may have 

caused late moldic dissolution, rather than dissolution associated with closed-system hydrocarbon 

maturation expulsion of acidic fluids. Hydrothermal fluids also caused porosity reduction; a regional, very 

late baroque dolomite reduced primary intraparticle and late moldic porosity. Hydrocarbon generation or 

migration occurred after the Late Cretaceous onset of the Laramide orogeny, much later than previously 

modeled. Hydrothermal fluid injection during or after Laramide deformation likely accelerated 

hydrocarbon maturation. Thermal maturity is not controlled solely by burial history. Improved prediction 

of thermal maturity may be gained by understanding the distribution of NE-SW and NW-SE fracture 

zones and how hydrothermal fluid flow was vertically distributed within the stratigraphy. 

These findings provide an improved diagenetic model for exploration of plays in the Midland 

Basin. 
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Appendix 

Appendix I 

Fluid Inclusion data 

Cement FIA 

# 

Th (°C) Tm ice (°C) Tm hydrohalite 

(°C) 

CC3 1 87.6, 77.6, 77.6, 72.6, 67.6, 72.6 -14.1 --- 

CC3 2 82.6, 67.6, 77.6, 87.6 -13.6 --- 

CC3 3 77.6, 77.6, 72.6, 72.6, 72.6, 82.6, 77.6, 77.6, 

72.6 

-13.6 --- 

CC3 4 77.6, 72.6, 67.6, 77.6, 77.6, 77.6, 82.6, 67.6, 

67.6, 77.6, 77.6, 77.6, 72.6, 72.6 

--- --- 

CC3 5 67.6, 67.6, 67.6, 67.6, 67.6, 67.6, 67.6, 67.6 --- --- 

CC3 6 --- -14.9, -13.9, -

14.6, -13.8, -

13.8 

--- 

AC 1 --- -13.6, -23.8, -

18.5 

--- 

AC 2 --- -16.6, -14.1, -

22.3 

--- 

AC 3 --- -27.1 --- 

AC 4 --- -13.9 --- 

CC5 1 72.6, 72.6, 77.6, 72.6, 67.6, 67.6, 67.6, 67.6, --- --- 
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67.6, 67.6 

CC5 2 67.6, 67.6 --- --- 

CC5 3 72.6, 67.6, 67.6, 72.6 --- --- 

CC5 4 77.6, 77.6, 77.6, 87.6, 82.6 --- --- 

CC5 5 72.6, 67.6, 67.6, 72.6, 72.6, 67.6, 67.6 --- --- 

CC5 6 77.6, 77.6, 72.6, 77.6 --- -19.6 

CC5 7 82.6, 77.6, 77.6, 77.6 --- -8.7, -20.0 

CC5 8 72.6, 72.6 --- --- 

CC5 9 77.6, 77.6 --- --- 

CC5 10 92.6 --- --- 

CC5 11 77.6, 77.6 -19.3 --- 

CC5 12 67.6, 67.6, 67.6, 72.6, 67.6 --- --- 

CC5 13 67.6 --- --- 

CC5 14 87.6 --- --- 

CC5 15 77.6, 67.6, 67.6, 67.6, 67.6 --- -10.0, -

17.5 

CC5 16 72.6, 67.6, 67.6 --- --- 

CC5 17 77.6, 82.6, 87.6, 87.6, 72.6, 77.6, 82.6, 77.6, 

87.6 

--- -15.4 

CC5 18 67.6, 77.6 --- --- 

CC5 19 67.6, 72.6, 72.6, 77.6, 72.6 --- --- 

CC5 20 77.6 --- --- 

CC5 21 --- --- -19.75 

CC5 22 --- -18.8 --- 

CC6 1 139.0, 125.0, 125 --- -9.3 
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(Crystal 1) 

CC6 (1) 2 95.7, 142.7, 142.7, 122.8, 162.6, 95.7 --- -11.4, -

21.5, -

19.9, -

19.8, -21.5 

CC6 (1) 3 190.8 --- -14.6 

CC6 (1) 4 120.9, 144.3 --- -16.7 

CC6 (1) 5 169.7 --- -5.8 

CC6 (1) 6 145.8 --- -15.8 

CC6 (1) 7 141.6 --- -20.6 

CC6 (1) 8 111.6 --- -17.7 

CC6 (1) 9 191.3 --- -17.7 

CC6 (1) 10 142.0, 125.0, 149.6, 163.0, 134.7, 139.3, 

160.6, 179.6, 141.6, 125 

--- -13.7, -

22.1, -

13.3, -

20.4, -

23.0, -

22.6, -

22.3, -

14.8, -11.0 

CC6 (1) 11 214.0, 209.6 --- -22.9, -

10.7 

CC6 (1) 12 150.5, 133.6 --- -12.3 

CC6 (1) 13 151.4, 140.8, 146.6, 147.7, 152.0, 145.0, 

132.0, 130.3 

--- -22.4, -

23.2, -
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12.5, -

20.7, -23.2 

CC6 (1) 14 175.6 --- -19.5 

CC6 (1) 15 97.4 --- --- 

CC6 (1) 16 162.35, 143.3 --- -18.4, -

18.1 

CC6 (1)  17 161.8 --- -21.7 

CC6 (1) 18 177.6 --- -20.5 

CC6 (1) 19 122.8 --- -21.6 

CC6 (1) 20 136.7 --- --- 

CC6 (1) 21 86.3 --- -19.6 

CC6 (1)  22 141.5, 145.7 --- --- 

CC6 (1) 23 158.3, 155.4 --- -18.0 

CC6 (1) 24 186.6 --- -16.4 

CC6 (1)  25 172.3 --- --- 

CC6 

(Crystal 2) 

1 140.1 --- --- 

CC6 (2) 2 141.8 --- -17.1 

CC6 (2) 3 170.1 --- -5.7 

CC6 (2) 4 103.8, 110.1 --- -19.5 

CC6 (2) 5 170.1, 205.1 --- -16.0, -7.7 

CC6 (2) 6 185.3 --- -17.0 

CC6 (2) 7 143.8, 139.0, 146.3, 151.3, 136.3 --- -21.6, -

18.0, -

19.5, -
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18.5, -21.2 

CC6 (2) 8 120.1 --- --- 

CC6 (2) 9 162.6 --- -19.2 

CC6 (2) 10 130.1, 106.3 --- ---- 

CC6 (2) 11 180.1, 170.1, 130.1, 113.8 --- -21.5, -

21.4 

CC6 (2) 12 160.1, 150.1 -22.7 -20.0 

QC2 1 86.3, 93.8, 86.3, 87.6 --- --- 

QC2 2 83.3, 83.7, 80.1 -26.5 --- 

QC2 3 84.5, 82.1, 83.0, 83.0, 91.3, 84.3, 91.3, 84.3, 

91.3, 86.3 

--- --- 

QC2 4 86.3, 88.8, 86.3, 86.3, 84.3 --- --- 

QC2 5 93.8, 96.3, 93.8, 91.3, 96.3, 92.6 --- -8.9 

QC2 6 80.1, 78.1, 81.5, 84.0, 80.1, 82.1 --- -14.1 

QC2 7 86.3, 86.3, 82.1, 84.6 --- -4.0 

QC2 8 91.3, 91.3, 86.3, 86.3, 91.3, 86.3 --- -10.3 

QC2 9 86.3, 84.6, 87.6, 86.3 --- --- 

QC2 10 96.3, 93.8, 92.6, 112.6 --- --- 

QC2 11 91.3, 91.3 --- -6.6, -6.2 

QC2 12 97.6, 97.6 --- --- 

QC2 13 88.8, 96.3, 101.3 --- -11.9, -

11.9, -25.7 

QC2 14 76.1 --- --- 

QC2 15 87.6 --- --- 

QC2 16 82.1, 80.1, 84.1, 76.1, 80.1, 84.1, 76.1, 80.1, --- --- 
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86.3 

QC2 17 86.3, 86.3, 87.6 --- --- 

QC2 18 93.8, 106.3, 101.3, 106.3, 97.6 --- -6.9, -10.6, 

-10.8 

QC2 19 87.6, 83.6, 88.8, 86.3 --- -8.0 

QC2 20 73.6, 80.1, 76.1 --- -0.6 

QC2 21 93.8, 93.8 --- --- 

QC2 22 88.8, 86.3, 93.8, 88.8, 92.6 --- --- 

QC2 23 96.3, 86.3, 96.3 --- --- 

QC2 24 86.3, 86.3, 88.8, 86.3, 93.8, 86.3 --- --- 

QC2 25 84.3, 75.8, 82.8 --- --- 

QC2 26 96.3, 96.3, 91.3 --- --- 

QC2 27 82.1, 86.3, 84.1, 87.6 --- --- 

QC2 28 87.6, 87.6, 87.6, 86.3, 86.3, 87.6, 80.1, 86.3 --- --- 

QC2 29 81.4, 76.1, 82.7 -27.2 -8.3 

QC2 30 96.3 --- --- 

QC2 31 112.6, 102.6 --- --- 

QC2 32 98.8, 93.8, 91.3, 91.3 --- --- 

QC2 33 79.6, 87.6 --- --- 

QC2 34 93.8, 117.6 --- --- 

QC2 35 92.6, 98.8, 92.6 --- --- 

QC2 36 77.1, 76.1, 84.4, 86.3, 83.3 --- --- 

QC2 37 96.3, 103.8, 96.3, 106.3 -27.4 --- 

QC2 39 93.8, 93.8, 93.8, 92.6 --- --- 

QC2 40 87.6 --- --- 
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QC2 41 103.8 --- --- 

QC2 42 106.3, 88.8, 84.1, 91.3, 86.3 --- -17.3 

QC2 43 96.3 --- -14.8 

QC2 44 913, 92.6, 91.3, 92.6, 112.6, 91.3, 91.3 --- -8.6 

QC2 45 96.3, 87.6, 112.6, 108.8, 88.8, 106.3, 91.3 --- -11.6 

QC2 46 86.3, 83.0, 87.6, 112.6, 91.3 --- --- 

 

Appendix II 

Carbon, oxygen and strontium isotope data 

Cement δ13C (mean, sd) δ18O (mean, sd) 87Sr/86Sr 

Micrite 3.07 0.56 --- 

Brachiopod 5.77 -3.76 --- 

Beef Calcite 2.46, 2.29, 2.31 (2.35, 0.09) -5.97, -6.07, -5.71 (-5.92, 0.19) --- 

AC --- --- 0.707491 

CC2 3.85, 3.79, 2.62, 3.47, 1.36, 

0.37, 1.98 (2.49, 1.33) 

-1.81, -1.42, -1.71, -2.04, -2.53, -

2.50, -2.32 (-2.05, 0.42) 

0.707714 

CC3 3.57, 3.81, 3.08, 3.83, 3.41 

(3.54, 0.31) 

-2.24, -2.63, -3.30, -2.63, -3.07 (-

2.77, 0.42) 

--- 

CC4 1.83, 1.90, 1.87, 1.69, 1.77, 

1.33, 1.42, 1.81, 2.06, 1.99, 

1.64, 1.56, 1.15, 1.90, 1.00, 

1.37, 1.29, 2.54, 1.52, 1.50, 

1.48, 1.03 (1.62, 0.37) 

-5.46, -5.26, -5.43, -5.59, -5.50, -

6.03, -5.93, -5.58, -5.05, -5.18, -5.57, 

-5.45, -4.96, -3.60, -5.44, -5.35, -

5.35, -4.76, -5.16, -5.20, -5.25, -5.11 

(-5.28, 0.47) 

0.707464, 

0.707463 

CC5 1.16, 0.74, 1.78, 0.74, 0.24 

(1.45, 0.50) 

-3.94, -3.13, -2.89, -3.07, -2.42 (-

3.09, 0.55) 

--- 
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CC6 0.53, 0.47, 0.54, 0.49, 1.57, 

1.12, 2.09, 1.24 (1.01, 0.60) 

-6.54, -6.58, -6.63, -6.30, -5.35, -

5.76, -4.79, -5.69 (-5.95, 0.67) 

0.707846 

CC7 0.59, 1.20, 2.34, 1.17, 1.26, 

1.27, 1.18, 0.96, 1.75, 1.66 

(1.34, 0.48) 

-4.61, -4.94, -4.25, -5.19, -4.90, -

4.70, -4.63, -4.82, -4.39, -4.54 (-

4.70, 0.28) 

--- 

CC8 0.86, 0.76, 0.76, 2.02, 2.09, 

3.52, 3.45 (1.92, 1.21) 

-5.40, -5.65, -5.61, -5.57, -5.2-, -

5.23, -5.10 (-5.39, 0.22) 

--- 

BDC2 2.46, 4.61, 2.11 (3.06, 1.36) -3.40, -2.18, -3.73 (-3.10, 0.82) 0.707630 

 

Appendix III 

TRA and GRI porosity, XRD carbonate, and LECO TOC data 

Depth Lab Porosity Analysis Total Porosity (%) XRD Carbonate (%) TOC (%) 

6816.15 GRI 4.72 N/A N/A 

6826 GRI 4.42 45.6 2.49 

6836 GRI 5.66 31.6 2.43 

6846 GRI 5.93 23.5 2.71 

6856 GRI 5.04 N/A N/A 

6864 GRI 8.75 13.0 2.16 

6867.9 GRI 8.94 N/A N/A 

6870 GRI 2.70 77.2 1.27 

6880 GRI 4.96 60.3 2.30 

6882.5 GRI 10.26 N/A N/A 

6889 GRI 7.22 47.0 3.39 

6898.5 GRI 4.14 71.6 2.34 

6909 GRI 6.11 23.1 2.40 
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6916 GRI 5.12 N/A N/A 

6924 GRI 9.26 10.0 2.29 

6934 GRI 3.43 58.7 0.41 

6938 GRI 3.15 N/A N/A 

6947.5 GRI 5.56 N/A N/A 

6957 GRI 7.98 20.4 2.76 

6967 GRI 9.1 N/A N/A 

6973.2 GRI 10.46 N/A N/A 

6975 GRI 9.61 24.2 2.91 

6984 GRI 6.15 N/A N/A 

6986.5 GRI 7.17 66.8 4.51 

6994 GRI 8.95 71.5 1.95 

7003.5 GRI 9.53 12.1 3.08 

7012.5 GRI 9.00 28.7 2.79 

7019.5 GRI 0.98 N/A N/A 

7020 GRI 2.83 88.9 0.59 

7025.2 GRI 10.44 N/A N/A 

7032 GRI 3.23 90.8 4.06 

7042 GRI 3.16 92.3 1.31 

7047 GRI 11.8 N/A N/A 

7052 GRI 5.7 N/A N/A 

7055 GRI 3.34 N/A N/A 

7057.5 GRI 2.18 N/A N/A 

7059 GRI 4.64 41.8 3.89 

7064 GRI 11.17 N/A N/A 
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7072 GRI 6.82 34.9 2.17 

7086 GRI 0.97 91.4 0.52 

7094 GRI 5.09 45.9 2.05 

7102 GRI 4.80 35.9 2.63 

7109.5 GRI 7.37 N/A N/A 

6816.08 TRA 2.51 42 N/A 

6830.05 TRA 2.11 54 N/A 

6833.20 TRA 2.66 33 N/A 

6845.44 TRA 3.25 28 N/A 

6856.15 TRA 1.57 71 N/A 

6867.46 TRA 5.62 7 N/A 

6872.54 TRA 4.48 N/A N/A 

6877.59 TRA 4.38 19 N/A 

6893.24 TRA 4.22 N/A N/A 

6898.04 TRA 3.49 39 N/A 

6902.03 TRA 3.33 N/A N/A 

6905.28 TRA 6.52 11 N/A 

6914.18 TRA 3.33 N/A N/A 

6931.48 TRA 3.04 57 N/A 

6947.07 TRA 1.34 77 N/A 

6955.87 TRA 6.28 N/A N/A 

6968.32 TRA 2.29 78 N/A 

6974.26 TRA 5.25 N/A N/A 

7005.71 TRA 5.37 20 N/A 

7007.84 TRA 0.84 91 N/A 
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7010.86 TRA 1.23 93 N/A 

7027.52 TRA 1.31 70 N/A 

7052.38 TRA 14.11 76 N/A 

7053.08 TRA 7.71 84 N/A 

7053.57 TRA 7.24 79 N/A 

7103.36 TRA 3.21 41 N/A 

7106.85 TRA 1.69 N/A N/A 

7107.20 TRA 1.29 96 N/A 

 

Appendix IV 

Fault and microfault stereonet from FMI 

 


