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1.0 Site Decontamination and Decommissioning Plan 

This plan serves to describe the objectives of decommissioning for the Waste Isolation 
Pilot Plant (WIPP), identifies the elements necessary to accomplish the 
decommissioning, and defines the steps to execute those elements in a safe and 
environmentally sound manner. 

This document is not intended to delineate the requirements necessary for Resource 
Conservation and Recovery Act (RCRA) closure. Where this document interfaces with 
those requirements, there will be guidance that directs the reader to Chapter I of the 
RCRA Part B Permit Application. 

The Waste Isolation Pilot Plant Land Withdrawal Act of 1992 (LWA), PL 102-579, 
Section 13(a) requires that within 5 years after the date of the enactment of the act 
(enacted October 30,1992), the Secretary of Energy (herein called the Secretary) shall 
submit to the Congress, the State of New Mexico, the Secretary of the Interior, and the 
Administrator of the EPA, a plan for the decommissioning of WIPP. In addition to 
activities required under the Agreement (July 1,1981, Agreement for Consultation and 
Cooperation, between the State of New Mexico and the U. S. Department of Energy, as 
amended), the plan shall conform to the disposal regulations that apply to WIPP at the 
time the plan is prepared, and the Secretary of Energy shall consult with the Secretary 
of the Interior and the State in the preparation of such plan. 

The plan provides a strategy for progressing from the final actions of the Disposal 
Phase, through the Decontamination and Decommissioning Phase, and into the 
initiation of the Long-Term Monitoring Phase. 

This plan describes a sequence of events for decontamination of the WIPP facilities 
and structures used to manage and contain TRU and TRU mixed waste during the 
receipt and emplacement operations. Alternative methods of decontamination are 
provided where practical. The methods for packaging and disposal of the waste 
generated (derived waste) during this process are discussed. The best available 
technology at the time of this plan's development, may become outmoded by future 
technology and alternative strategies . If alternative technologies are identified the 
affected stakeholder(s), the Secretary of the Interior and the State will be consulted 
prior to implementation. 

Dismantling of the WIPP major structures will be detailed in specifications separate 
from this plan for each structure. 

The disposal of uncontaminated equipment and residue is delineated in Sections 1.6.9, 
and 1.6.11. Radioactively contaminated and mixed wastes that meet the waste 
acceptance criteria for decontamination and decommissioning (DD-WAC) will be 
emplaced into the last Hazardous Waste Management Unit (HWMU) open in the 
underground. At the WIPP, HWMUs are designated as the combination of waste 
disposal rooms and connecting drifts that form a panel. Each panel is an HWMU. 
Equipment, structures, materials, and components will be decontaminated whenever 
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possible. Residues that meet the definition of "construction and demolition 
debris,"('"Construction and demolition debris' means materials generally considered to 
be not water soluble and nonhazardous in nature, but not limited to, steel, glass, brick, 
concrete asphalt roofing materials, pipe, gypsum wallboard and lumber from the 
construction or destruction of a structure project, and includes rocks, soil, tree remains, 
trees and other vegetative matter that normally results from land clearing. If 
construction and demolition debris is mixed with any other types of solid waste, it loses 
its classification as construction and demolition debris. Construction and demolition 
debris does not include asbestos or liquids including but not limited to waste paints, 
solvents, sealers, adhesives or potentially hazardous materials." SWMR-4, Section 
105, Paragraph T) that are free of contamination may be disposed in a Construction 
Landfill. Mined salt remaining after closure and berm construction will be disposed 
under Sections 2 and 3 of the Minerals Act of 1947. 

Other activities necessary to return the site to as near its original condition as possible 
are defined in Section 1.6.19. 

Generally, stakeholder involvement in the decontamination and decommissioning 
activities, as well as socioeconomic impacts to the local communities, counties, and 
state will be provided in the appropriate National Environmental Policy Act (NEPA) 
documentation for decommissioning. 

1.1 Facility Description 

1.1.1 Background 

The U. S. Department of Energy (DOE) was authorized by the Department of Energy 
National Security and Military Applications of Nuclear Energy Authorization Act of 1980, 
Public Law 96-164 (U. S. Congress, 1980) to develop a facility for demonstrating the 
safe disposal of transuranic (TRU) radioactive wastes generated as the result of 
national defense activities. This facility, known as the Waste Isolation Pilot Plant, has 
been constructed in southeastern, New Mexico, 26 miles east of the City of Carlsbad. 
The site encompasses 10,240 acres in a sparsely populated area. Land use in the 
area surrounding the WIPP land withdrawal area includes livestock grazing, potash 
mining, and oil and gas production. 

The enactment of Public Law 96-164 authorized the continuation of the phased 
development of the WIPP. Phased development began with a siting phase during 
which several sites were evaluated and a preferred site was selected based upon the 
geological and hydrological factors. During this phase, the host rock and the depth of 
the facility were selected considering geologic, hydrologic, geochemical and rock-
mechanics properties. In the next phase, the site and preliminary design validation 
phase, two shafts were constructed; an underground testing area was excavated; and 
geologic, hydrologic, and geotechnical investigations were continued to gain further 
information on the site's characteristics. Also during this phase, methods for assessing 
long-term performance were evaluated and advanced. The construction phase 
followed during which the WIPP facility was constructed, additional data about the site 
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were collected, and the tools needed for assessing performance were developed and 
refined. Surface structures were built and additional underground areas were 
excavated for further experimentation. At the conclusion of the construction phase, the 
DOE proposed to proceed into a test phase that would include testing with TRU waste. 

In October 1992 Congress transferred jurisdiction of the land from the Secretary of the 
Department of the Interior to the Secretary of the DOE and reserved the land for use by 
the DOE for the WIPP Program. The LWA also provided additional authorization to 
continue the activities initiated by Public Law 96-164. The LWA requirements focus on 
the test phase and the criteria for certification of compliance with the long-term disposal 
regulations developed by EPA. In late 1993 the DOE announced that the WIPP would 
not conduct radioactive tests in the WIPP underground. While testing with radioactive 
waste will not be conducted at the WIPP, many requirements such as development of 
certification criteria by the EPA, and other requirements necessary to begin disposal 
are still applicable and are covered in several other documents. 

1.1.2 General Plant Description 

The waste will be disposed in Hazardous Waste Management Units (HWMU) located 
2150 feet below the surface of the WIPP site in bedded salt. The facility capacity is 
limited to 6.2 million ft3 of contact handled (CH) and remote handled (RH) TRU wastes 
many of which are also contaminated with hazardous waste. The RH waste is currently 
planned to be emplaced in the ribs of the excavated rooms and the CH waste is to be 
stacked in the excavated rooms. 

As each HWMU is filled, the access drifts will be closed to prevent access by personnel 
and to decrease the potential for release of contaminants. The last HWMU will have 
space available for acceptance of decontamination waste generated (derived waste) 
during the execution of this plan. 

Descriptions of topography, soils, geology, demography, meteorology, radiological and 
hazardous materials characteristics, radionuclide inventory, and environmental 
characteristics are available in the Draft Waste Isolation Pilot Plant Project Technical 
Baseline for Regulatory Compliance (Reference 54). 

1.1.3 Structures 

All structures will require removal of office furnishings, telephone service, site computer 
network, plumbing fixtures and piping, HVAC, electrical service, structure and 
foundation. Several structures will require the removal of compressed air, large 
equipment, fluid lines, etc. Removal specifications will be developed for each structure. 

The Hot Cell in the RH portion of the Waste Handling Building may remain as part of 
the permanent marker system. Modifications to the structure may be required if it is 
determined that it will remain as an artifact. Such modifications will require engineering 
development. 
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Temporary Structures 

For each temporary structure that exists at the time of decontamination and 
decommissioning, action requests will initiate work orders with specific instructions for 
all preliminary work. The actual removal and preparatory activities for removal may be 
performed by a subcontractor. 

Following is a list of the temporary structures at the WIPP site: 

906 - U/G OPERATIONS TRAILER 918 -
907 - TRANS & HAZ. MATL. HANDLING 918A 
TRAILER 918B 
908A - ENVIRONMENTAL MONITORING LAB 950 -
TRAILER 951 -
908B - UNIVERSITY CONSORTIUM TRAILER 952 -
909 - PROJECT CONTROL TRAILER 971 -
910 -ENVIRONMENTALMONITORING 982-
TRAILER 985 -
911A - SITE LOCKSMITH TRAILER 986 -
911B - SANDIA M101 TRAILER 988 -
911C-SANDIA OFFICES TRAILER 991 • 
911E - SANDIA TRAILER 992 -
911F - SANDIA B49 AND B49 ANNEX 993 • 
911G - SANDIA LABS TRAILER 994 -
912 -TRAININGTRAILER 995-
915 -NEWMEXICO ENVIRONMENTALDEPT. 
TRAILER 
916 - SANDIA OFFICES TRAILER 
917 -AIS MONITORING 

VOC TRAILER 
-VOC AIR MON. STATION 
-VOC LAB TRAILER 
WORK CONTROL TRAILER 
PROCUREMENT/PURCHASING 
TRAILER (7-PLEX) 
OPERATIONS TRAILER 
MAINTENANCE TRAILER 
QA TRAILER 
PUBL. & PROC. TRAILER 
OPERATIONS TRAILER 

• SANDIA OFFICES TRAILER 
• SANDIA CAL. LAB TR. 
• SANDIA OFFICES TRAILER 
•SANDIA LAB TRAILER 
• SANDIA QA RECORDS TRLR. 

NOTE: This list (current as of 12/94 from the WIPP Site Facility Master Plan (Reference 2)) will be updated 
as needed. 
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Permanent Structures 

Based upon the results of the Site Radiological Characterization Survey removal 
specifications or individual D&D plans will be developed for each of the following 
permanent structures: 

PORT-A-CAMP 
252 - SPS UTILITY SUBSTATION 
253 -13.8 KV SWITCHGEAR 25P-SWG15/1 
254.1-AREA SUB NO. 1 25P-SW15.1 
254.2- AREA SUB NO. 2 25P-SW15.2 
254.3- AREA SUB NO. 3 25P-SW15.3 
254.4- AREA SUB NO. 4 25P-SW15.4 
254.5- AREA SUB NO. 5 25P-SW15.5 
254.6- AREA SUB NO. 6 25P-SW15.6 
254.7- AREA SUB NO. 7 25P-SW15.7 
255.1- EMERGENCY GEN. #1 25-PE 503 
255.2- EMERGENCY GEN. #2 25-PE 504 
311 -WASTE SHAFT 
351 - EXHAUST SHAFT 
361 -AIR INTAKE SHAFT 
362 -AIS/HOIST HOUSE 
363 -AIS/WINCH HOUSE 
364 - EFFLUENT MON. INSTR. SHED "A" 
365 - EFFLUENT MON. INSTR. SHED "B" 
366 -AISHEADFRAME 
371 - SALT HANDLING SHAFT 
372 - SALT HANDLING SHAFT HEADFRAME 
384 - SALT HANDLING SHAFT HOISTHOUSE 
384A-LAMPHOUSE 
411 - WASTE HANDLING BLDG. CH & RH 
412 - TRUPACT MAINT. BLDG. 
413 - EXHAUST SHAFT FILTER BLDG. 
413A - MONITORING STATION "A" 
413B - MONITORING STATION "B" 
414 -WATER CHILLER FACILITY & BLDG. 
451 -SUPPORT BLDG 
452 - SAFETY & EMERG. SERVICES FAC. 
453 - WAREHOUSE/SHOPS BLDG. 
454 - VEHICLE SERVICE BLDG. 
455 -AUXILIARYWAREHOUSE 
456 - WATER PUMPHOUSE 
457N - WATER TANKS 25-D-001A 
457S - WATER TANKS 25-D-001B 
458 - GUARD AND SECURITY BLDG. 

459 - CORE STORAGE BLDG. 
459A-SANDIA ANNEX 
463 - COMPRESSOR BLDG. 
465 - AUXILIARY AIR INTAKE 
468 -TELEPHONE HUT 
471 -NWATMOS. MONITORING STATION 
472 - INSTRUMENT BLDG. 
473 -ARMORYBLDG. 
474 - HAZARDOUS WASTE STORAGE 
FACILITY 
474A - HAZARDOUS WASTE STORAGE BLDG 
474B - HAZARDOUS WASTE STORAGE BLDG 
474C - OIL & GREASE STORAGE BLDG. 
474D - GAS BOTTLE STORAGE BLDG. 
474E - HAZARD MATERIAL STORAGE BLDG. 
474F - WASTE OIL RETAINER 
475 - GATEHOUSE 
480 - VEHICLE FUEL STATION 
482 - EXH. SHAFT HOIST EQUIP. 
WAREHOUSE 
485 - SULLAIR COMPRESSOR BLDG. 
486 - ENGINEERING BLDG. 
489 -TRAINING BLDG. 
816 -SANDIA TEST WELL 
ELECT. SWITCHBOARDS, SUBSTATIONS, 
AND SWITCHRACKS 
ENVIRONMENTAL MONITORING SITES 
FIRE MAIN RING HEADER 
LANDFILLS 
MICROWAVE TOWER 
PIPELINE 
POWERLINE 
ROADS (Paved & Unpaved) 
SANDIA GENERATOR NO. 1 
SANDIA GENERATOR NO. 2 
SEWAGE LAGOON & PIPING 
SALT PILE 
SNL UNDERGROUND ROOMS 
UNDERGROUND STORAGE TANKS (fuel) 
WELL PADS 
WID UNDERGROUND FACILITIES 

NOTE: This list (current as of 12/94 from the WIPP Site Facility Master Plan (Reference 2)) will be updated 
as needed. 



CONCEPTUAL DECONTAMINATION AND DOE/WIPP-95-2072 
DECOMMISSIONING PLAN FOR THE WIPP Page 6 of 41 

1.1.4 Plant Structures Description 

The WIPP is divided into three basic groups of structures; surface structures, shafts, 
and underground structures. 

The WIPP facility surface structures accommodate the personnel, equipment, and 
support services required for the receipt, preparation, and transfer of waste from the 
surface to the underground. The surface structures (excluding Port-a-camp, various 
storage areas, microwave tower, sewage treatment system, wells, pipeline, power line, 
access roads, environmental monitoring stations, landfills, Building 471 [Northwest 
Atmospheric Monitoring Station], Building. 472 [Instrument Building.] and roadbeds) are 
located in an area of approximately 35 acres within a perimeter security fence. 

The primary surface operations at the WIPP facility are conducted in the Waste 
Handling Building (WHB), which is divided into several separate waste management 
areas. These areas include, the CH TRU waste handling area, the RH TRU waste 
handling area, the transuranic package transporter (TRUPACT-II) maintenance facility, 
and support areas. 

The CH TRU waste handling area includes an outdoor truck loading and offloading 
area, a shielded storage room, an inventory and preparation area, and an overpack 
and repair room. 

The RH TRU waste handling area includes: a shipping and receiving area; a shielded 
cell for shipping cask unloading, waste canister inspection, overpacking canisters, as 
required; a canister transfer cell; and facility cask loading. 

The TRUPACT-li maintenance facility is a radioiogically clean dedicated area, adjacent 
to the CH TRU waste side of the WHB. Decontamination of a TRUPACT-II, if required, 
would be accomplished in the CH TRU waste side of the WHB. 

Other areas within the WHB include: a site-derived waste area; heating, ventilation, 
and air conditioning (HVAC) equipment area; and mechanical equipment areas. 

The site-derived waste area, located in the WHB, is provided for the handling of waste 
produced on the site as a result of decontamination operations. Waste water collection 
from fire main activation in the CH TRU side of the WHB will collect in a sump located 
in the site-derived waste room. Waste water from fire main actuation in any area with 
potential contamination (radioactive and/or hazardous) will be reacted to under the 
Hazardous Materials Spill Response section of the Emergency Services Program Plan 
(Reference 77). 

The WIPP surface structures include the Exhaust Filter Building, Engineering Building, 
Training Building, Support Building, Safety and Emergency Services Facility, 
Warehouse buildings, Guard and Security Building, Vehicle Service Building, a sewage 
treatment plant, underground fuel storage tanks (USTs), and other auxiliary buildings. 
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The Exhaust Filter Building contains banks of high efficiency particulate air (HEPA) 
filters that will be used to filter contaminated air from the underground in the unlikely 
event of a release. The underground ventilation system fans are located outside, 
adjacent to this building. 

The Support Building provides office space, change rooms, and houses the Central 
Monitoring Room (CMR) and its supporting equipment. 

The WIPP is accessible by both road and railway. Access to the site is from U.S. 
Highway 62/180, about 13 miles to the north, and from Highway 128, four miles to the 
south. Rail access is provided by a rail line connecting with a spur of the Atchison, 
Topeka, & Santa Fe railroad six miles southwest of the site. 

WIPP has four vertical shafts that extend from the surface to the underground horizon. 
These are: the Waste Shaft, the Salt Handling (SH) Shaft, the Exhaust Shaft (ES), and 
the Air Intake Shaft (AIS). 

The SH shaft is steel lined to the top of the salt formation (about 850 feet below the 
surface) and the other shafts are lined with concrete to the top of the salt formation. 

The Waste Shaft is located between the CH TRU and RH TRU areas in the WHB. It is 
nominally 19 feet in diameter and is serviced by a hoist utilizing a hoist cage that is 
primarily used for transportation of CH TRU and RH TRU wastes from the surface to 
the underground storage areas. This shaft is also used to transport personnel, 
materials and supplies, and large equipment. 

The SH Shaft is located beneath the salt handling headframe. It is nominally 10 feet in 
diameter and has a combined mancage/bottom dump salt handling skip. This shaft 
provides the only means of removing mined materials from the underground. It serves 
as the secondary ventilation supply shaft for the underground areas. The SH shaft is a 
route for power, control, monitoring and communication cables. Personnel can also be 
transported in this shaft. 

Salt from the underground mining operations is brought to the surface via the Salt Shaft 
and stored in the salt pile north of the surface facilities. 

The exhaust shaft is located adjacent to the Exhaust Filter Building. It is nominally 14 
feet in diameter and serves as the exhaust air duct for the underground areas. 

The underground ventilation system consists of five centrifugal exhaust fans, two 
parallel HEPA filter assemblies, isolation dampers, filter bypass, and associated 
ductwork. The two main exhaust fans provide unfiltered flow of up to 425,000 cubic 
feet per minute for normal underground operations. Three filtration fans can each 
provide 60,000 cubic feet per minute during filtration mode or reduced ventilation 
mode. Continuous Air Monitors (CAMs) are installed to detect airborne radioactive 
contaminants in the waste disposal area, the Waste Shaft and station, and in the 
discharge to the surface discharge stack. One alarm from the Station A Effluent 
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Sampling System or an alarm received from two like CAMs (two alphas or two 
beta/gammas) will cause automatic activation of the HEPA filtration system. 

The AIS is located to the west of the warehouse. It has three diameters (18 feet 
concrete lined, 16 feet 7 inches concrete lined and 20 feet 3 inches unlined salt 
section) and is the primary supply of fresh air underground. 

The underground structures are located on the storage horizon and consist of the 
waste storage area, the experimental area, the mining area, and the waste shaft 
station. 

The waste storage area has four main entries, a number of crosscuts connect the main 
entries. The layout of the shafts and entries permits mining and storage operations to 
proceed simultaneously. New hazardous waste management panels will be mined as 
the preceding panel is filled with waste. 

Each waste storage panel will consist of seven rooms. Each room is nominally 33 feet 
wide by 300 feet long by 13 feet high. The storage rooms are separated by salt pillars 
100 feet wide by 300 feet long. The first 200 feet of each panel is 20 feet wide and 13 
feet high to facilitate the closure of each panel. After the initial 200 feet the panel is 
widened out to 33 feet. 

The waste shaft station located at the lower end of the waste shaft provides access for 
personnel and equipment to handle the waste. 

Workshop and warehouse facilities are located at the storage horizon. Shops consist 
of a repair bay, a welding bay, a lubrication bay, an electrical shop, several parking 
areas, and a warehouse. Offices, electrical substations, and lunch rooms are also 
located at the storage horizon. 

The experimental area of the mine used for experiments using simulated wastes and 
for geotechnical evaluations consists of several rooms and pillars that are used to 
perform rock mechanics tests, waste package and waste form experiments, and brine 
migration tests. In part, tests provided information used in room and pillar design of the 
waste storage area and support Performance Assessment activities/validation. 

1.2 Description of Operating History 

1.2.1 Initial Construction and Permitting 

Development of the WIPP facility began with a siting phase (in 1973), during which 
several sites were evaluated and the present site was selected on the basis of 
extensive geotechnical research, supplemented by surface-based testing. Based upon 
the geologic properties of the selected site, the repository was designed and safety 
analyses were prepared. Subsequent research expanded the understanding of the 
geologic, hydrologic, geochemical, and rock-mechanics properties of the host rock and 
surrounding strata at the site. The siting phase ended with the publication of a Final 
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Environmental Impact Statement (FEIS) (Reference 20) in 1980 and associated Record 
of Decision (ROD), which evaluated alternatives for the safe, long-term isolation of 
TRU waste at the WIPP facility. 

The construction phase followed, authorized by Public Law 96-164 (Reference 38) 
during which surface structures for receiving waste were built and underground 
excavations were completed for one panel of rooms designed for permanent waste 
emplacement. The DOE and the State of New Mexico entered into a Consultation and 
Cooperation Agreement (Reference 43) to affirm the intent to give consideration for 
concerns and cooperation in the resolution of those concerns. The end of the 
construction phase was marked by a decision by the DOE Energy Systems Acquisition 
Advisory Board (ESAAB), after all prerequisites for ending construction were met and 
documented (in 1991). These documents used the data collected since 1980 to 
evaluate the potential short-term and long-term impacts of the WIPP facility. In 1992 
the Final Safety Analysis Report (FSAR) (Reference 49) was published. 

At the conclusion of the construction phase, the DOE proposed to proceed into a test 
phase that would include testing with TRU and TRU mixed waste at the WIPP facility. 
Although the DOE has made the decision not to conduct underground tests with 
radioactive wastes in the WIPP facility, information regarding a compliance 
demonstration has not changed and this experimental data is being collected at the 
Idaho National Engineering Laboratory. 

Upon a successful demonstration of compliance with applicable federal and state laws 
and regulations, and once the certification and approval requirements of the LWA are 
met, the WIPP facility will proceed through three other distinct phases: a disposal 
phase, a decommissioning phase, and a post-decommissioning phase. The disposal 
phase, projected to last 25 years, will consist of receiving, handling, and emplacing 
TRU and TRU-mixed waste in the repository for disposal. Additional scientific studies 
may continue during the disposal phase. The disposal phase will end when a decision 
is made to terminate further disposal activities or the repository has reached its 
capacity. 

The decommissioning phase will follow the disposal phase. During the 
decommissioning phase the facility will be decontaminated and prepared for permanent 
closure. Closure of the HWMUs will be performed in accordance with the direction of 
Chapter I of the RCRA Part B Permit application. Surface facilities will be 
decontaminated and decommissioned, underground excavations will be closed, and 
shaft seals will be emplaced. This phase is projected to last eight years, with six years 
estimated for the RCRA closure portion. 

The post-decommissioning phase will include the implementation of active and passive 
institutional controls. Active institutional controls may include activities such as long-
term site access control and post-closure monitoring. Such controls will be 
implemented consistent with applicable regulations and permit conditions. Passive 
institutional controls will include notification devices such as permanent markers 
designed to reduce the likelihood of human intrusion, archival storage of WIPP 
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information off-site, and large earthen structures marking the repository footprint on the 
surface. The concept for permanently marking the WIPP, as required by Title 40 CFR 
191.14(c), is described by a draft report listed in Attachment 3 (Reference 37). 

1.2.2 Disposal Phase Operating History 

As of this revision to the Conceptual Decontamination and Decommissioning Plan there 
is no disposal phase operating history. 

1.3 Program Objectives 

1.3.1 Decommissioning Objective 

The main objective of decommissioning the WIPP site is to return the site to as close to 
the pre-construction condition, as reasonably possible, while protecting human health, 
the environment, and to meet NEPA and WIPP Land Withdrawal Act commitments. 

1.3.2 Alternative Strategy 

The decommissioning alternatives rejected in the Final Environmental Impact 
Statement included mothballing and in-place entombment. 

These alternatives allowed for decommissioning the plant under the following credible 
situations: 

Decommissioning after the repository has been filled. The preferred 
methods would be in-place entombment of unusable underground 
structures, decontamination (as required), and dismantling of the surface 
structures. 

Decommissioning before the repository is filled, leaving open the 
possibility of later returning to fill it. Mothballing of the surface structures 
would be the preferred method for this situation. Due to creep closure the 
underground areas would require mining to obtain a safe work 
environment. 

The present plan calls for decontaminating (as required) and dismantling surface 
facilities, entombing in the waste-disposal area all wastes generated in dismantling the 
surface facilities if they meet DD-WAC, close the remaining mine, and sealing the 
shafts and boreholes. Any wastes that do not meet the DD-WAC will be transported to 
an approved and permitted off-site facility. 

Mothballing would consist of putting the plant into a state of protective storage for a few 
decades. This alternative would be selected if later repository operation or 
experiments were desired. It would require the eventual use of another alternative for 
the permanent decommissioning of the plant. The plant would be left generally intact 
except that all areas with hazardous levels of radiation would be isolated from the 
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public by suitable barriers and other means. Useful equipment could be 
decontaminated, if necessary, and removed from the site. Adequate radiation 
monitoring, environmental surveillance, and security procedures would be established 
to protect the health and safety of the public. The shafts and underground facilities 
would be left intact. This alternative was rejected. 

Entombment applies mainly to the shafts and mine. Entombment of the surface 
facilities would be similar to mothballing except that the radioactive materials would be 
removed and placed in the mine or removed from the site. After the removal of usable 
equipment (and decontamination, if necessary), the vacated mine would be closed, 
and the shafts and boreholes would be sealed. In this alternative the mine and shafts 
would be permanently sealed; the surface facilities, however, would be available for 
some other use in the future. This alternative was rejected. 

Decontamination and dismantling would involve the surface facilities, with the shaft and 
mine entombed as described above. Usable equipment would be decontaminated and 
removed; contaminated equipment and waste would be packaged and either placed in 
the mine or removed from the site if mine disposal were not feasible. Surface facilities 
would be demolished and debris removed or buried in the Construction and Demolition 
landfill. As nearly as possible, the surface would be returned to its original condition. 

1.3.3 Cleanup Criteria 

Criteria for the mixed waste decontamination is defined in 40 CFR 264, Subpart G-
Closure and Post-Closure; WIPP RCRA Part B Permit Application, DOE7WIPP 91-005, 
Chapter I—Closure Plans, Postclosure Plans, and Financial Requirements, 20 New 
Mexico Administrative Code (NMAC) 4.1 Subpart V, Subparts G, I, and X, and DOE 
Order 5820.2A, Radioactive Waste Management. 

Because of the type of waste management activities that will occur at the WIPP facility, 
waste residues that may be encountered during the operation of the facility and at 
closure may include waste generated as a result of the management of the waste 
containers (derived waste including rags and rubber gloves), waste generated as part 
of the closure activities (such as wipes used to sample the containers and equipment 
for potential radioactive contamination, solidified decontamination solutions, stabilized 
concrete dust from scabbier operations, equipment designed for disposal, 
contaminated salt that is excavated because of decontamination activities, etc.), and 
residues generated as a result of spill cleanup (rags, gloves, hazardous materials). All 
of the above wastes generated (derived wastes) during the operation and closure of the 
WIPP facility will be identified and managed as TRU mixed wastes. 

Criteria for the radiological portion of the mixed waste decontamination is defined in 
DOE Order 5820.2A (Reference 22). 

On the basis of "co-detection of hazardous and radioactive releases," decontamination 
will be considered complete for RCRA constituents when radiological decontamination 
has been accomplished. Radiological decontamination will be to less than or equal to: 
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Loose Fixed plus Removable 
a 20 (dpm/100 cm2) 500 (dpm/100 cm2) 
P-Y 200 (dpm/100 cm2) 1000 (dpm/100 cm2) 

All surveys for contamination at the WIPP facility are based on the concept of co-
detection. Co-detection is used to describe the detection of releases from containers 
by virtue of detection of radioactive contamination. Co-detection applies to all releases 
except the release of VOCs from TRU mixed waste containers. It provides the WIPP 
facility with a very sensitive method of detecting the release of non-VOC hazardous 
TRU constituents through the use of surface sampling (swipes) and radioactivity 
counting. 

Decontaminated materials and equipment must be sampled in accordance with 
applicable procedures to assure that there are no RCRA constituents beyond the levels 
authorized for release. Items that are found to exceed the limits will be properly 
packaged and transferred to an appropriate treatment storage and disposal facility. 

1.4 Program Management and Administration 

1.4.1 Organization 

A graphic representation of the management and operating contractor decontamination 
and decommissioning management organization is presented as Attachment 2. 

1.4.2 Responsibilities 

Decommissioning Project Manager - provides overall management of the 
decontamination and decommissioning effort. As the facility converts from the 
operational phase to the decommissioning phase, overall responsibility for the project 
management will shift to this individual. 

Engineering Manager - provides engineering support for all D&D activities. Provides 
management oversight for licensing and regulatory compliance activities. 

Construction Manager - provides control of maintenance activities, decommissioning 
utilities, structure removal, and shaft seal installation. 

Operations Manager - provides management of radiological and chemical 
decontamination activities, mine closure process, facility operations, health physics, 
and environmental monitoring operations. 

Administrative Manager - provides control of the budget and schedule, directs 
procurement activities, manages human resources, and manages training. 

Safety/Security Manager - provides the overall safety oversight of the D&D activities. 
Provides for the physical security of the WIPP site. 
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QA Manager - identifies, develops and defines quality requirements applicable for the 
D&D process. Consults with line management in interpreting and implementing quality 
program elements, and provides performance-based independent assessment of 
quality affecting activities. 

1.4.3 Decommissioning Project Team 

The Decommissioning Project Team consists of the Department of Energy and the 
management and operating contractor. 

1.4.4 Decommissioning Manpower 

Decontamination and decommissioning process manpower will be developed from the 
WIPP workforce. As the operational phase is completed, personnel without proper job 
skills will be cross-trained for the new positions being created by the decommissioning 
phase. This process will reduce the need for layoffs, and provide a knowledgeable and 
experienced workforce. 

1.4.5 Worker Health and Safety Training 

Worker training for health and safety will be conducted in accordance with 29 CFR 
1910.1200 and other applicable regulations. The basic training will be accomplished 
through the general employee training course administered to all new employees and 
with annual refresher training for all employees. 

For further information on training policies refer to the current procedures listed in 
Attachment 3 of this plan (References 3, 83-85). 

Personnel will continue to qualify and maintain qualification on the systems and 
equipment that they will operate. 

1.4.6 Use. Control, and Management of Subcontractors 

Current procurement policies and procedures for subcontractor interface are listed in 
Attachment 3 of this plan (References 65, 85-87). 

1.5 Program Schedule and Cost 

1.5.1 Major Milestone Schedule - Narrative 

A schedule of the D&D process is included in this document as Attachment 1. 

Acquire permits and approvals for D&D activities. 

Removal of equipment and closure of the underground experimental areas may 
commence as soon as the area is no longer required. 
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As personnel downsizing takes place, temporary surface structures will become empty, 
and removal may commence. 

Removal of temporary surface structures will be initiated prior to the projected 
emplacement of the last shipment of waste. 

A site radioactivity characterization study will be performed to determine what areas of 
the site will require decontamination, to facilitate selection of an appropriate 
decontamination and decommissioning strategy, and after the decommissioning, 
demonstrate that the residual radioactive and/or hazardous materials satisfy criteria for 
unrestricted release. 

Excess underground equipment will be decontaminated if required, moved to the 
surface, and disposed of in accordance with applicable federal property management 
regulations (41 CFR 101). 

When economically feasible all usable equipment and materials will be decontaminated 
and removed from the site. Surface facilities will be decontaminated as required. 

Contaminated structural debris, equipment, and decontamination wastes that meet the 
DD-WAC, will be packaged and placed in the mine in the last panel. Decontamination 
will be performed using technologies that do not add materials which would cause the 
derived waste to violate the DD-WAC. Liquids and fine particulate would require 
stabilization prior to disposal in the mine. Perform closure of the last HWMU in the 
same manner as the other panels. As the mine is closed the equipment will back out 
and be removed. 

Shafts will be sealed in accordance with acceptable techniques. 

Each Solid Waste Management Unit (SWMU) will be closed in accordance with all 
applicable regulations and requirements when it is no longer required. 

Dismantling of surface facilities will commence upon vacancy and completion of 
radiological survey and, if required, decontamination. 

Uncontaminated debris and unusable equipment will either be shipped away from the 
site for disposal or disposed of in the construction and demolition landfill. 

Decommission the sewage system and the NPDES storm water evaporation basins. 
Close all SWMUs. 

Excess salt will be disposed of per the Minerals Act of 1947. 

Electrical power, telephone lines, water, railroad spurs, and roads will be removed, as 
required (electrical power, RR spurs and roads should remain to the degree necessary 
to support future construction of the Permanent Marker System and Permanent Marker 
testing). 
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The surface will be regraded to approximately its original contours. 

Markers will be provided consistent with the approved passive control strategy. 

Monitoring and active control will be established. 

Unneeded environmental monitoring stations will be removed. 

The underground storage tanks used for the storage of fuels will be removed in 
accordance with applicable regulations. 

A final decommissioning report will be developed. 

1.5.2 Cost Estimate - Narrative 

A cost estimate will be developed for these activities for the Decontamination and 
Decommissioning Plan required by the Land Withdrawal Act. A conceptual cost 
estimate is available from the Waste Isolation Division Long-Term Regulatory 
Compliance group. 

1.6 Decommissioning Activities 

1.6.1 Plant Radiological Characterization 

Extensive radiological contamination surveys of all areas of the WIPP site will be 
performed. The results of these surveys will provide the basis for selection of 
technology for decontamination and decommissioning of the WIPP facilities. Along 
with the historical records of surveys performed during the operational life of the facility, 
the contamination surveys will provide evidence for release of structures, equipment, 
and components. 

Radiological Survey and Sampling Program 

The radiological survey and sampling program will be accomplished using current 
procedures listed in Attachment 3 of this plan (Reference 74). 

1.6.2 Physical Inventory 

A complete inventory of all site facilities, equipment, and assets is to be performed so 
that disposition requirements may be determined prior to the items becoming excess. 
This inventory is standard practice for every major facility change. 

Facility Physical Inventory 

This inventory can be accomplished utilizing the WIPP Site Facility Master Plan 
(Reference 2). This is a controlled drawing, which coupled with outstanding 
Engineering Change Orders provides a complete listing of the site facilities. 
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Site Physical Inventory 

Property Management maintains a database of all site equipment valued at $1000 or 
more, all real property regardless of value, and sensitive items valued at $200 and 
above. This database includes information such as the Manufacturer's nomenclature 
and model/serial number(s), the date the equipment was put into service, purchase 
order number and depreciable life, etc. 

1.6.3 Facility and Site Preparation 

Individual specifications will be developed for each structure prior to removal. These 
specifications will include a statement of work, as-built drawings, construction 
specifications, disposition of materials, required worker training and qualifications, etc. 
Specific instructions can be found in current WIPP procedures listed in Attachment 3 of 
this plan (References 86, 87). 

Temporary Structures 

Temporary structures such as the trailers used for offices will be prepared for disposal 
following vacancy and radiological clearance. Utilities (power, telephone, water, 
sewage, computer network, alarms, etc.) will be removed by site personnel. Office 
equipment and furniture removal may be contracted. The removal of skirting, 
reinstallation of axles, and towing may be performed under contract. 

Laydown Areas 

Laydown areas will be designated for radiologically contaminated materials, hazardous 
waste, solid waste, and scrapped or salvaged equipment/materials. These areas 
should be located centrally to where the majority of work is to be performed. 
Hazardous waste will be collected, accumulated, and disposed in accordance with 
applicable regulations. 

Support Services 

Power will be maintained from the SPS feed east of the site. No 
conversion to construction power will be necessary to perform structure 
removal. 

Telephone service will continue through the telephone hut until the size of 
the site makes it no longer economical to maintain the hut, at which time 
the GTE telephone service will be transferred to individual feeds. 

Water is supplied by the Double Eagle Water Line, owned by the City of 
Carlsbad, through their wells located approximately 30 miles north of the 
WIPP. Water is supplied by gravity flow through a 24-inch diameter 
pipeline to a junction point about 13 miles north of the site at U. S. 
Highway 627180. This line is sized to provide 6000 gal/min for use by 
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others in addition to the peak flow rate required by the WIPP facility. 
Controls at the junction point give the WIPP facility priority over flows to 
all other users. A 10-inch diameter pipeline supplies 375 gal/min water 
flow from the tie in point to the WIPP facility by gravity flow. 

The water supply to the site will continue until such time that the domestic 
and fire water requirements no longer exist. At that time the pipeline will 
be capped. Ownership of the waterline will be transferred to the City of 
Carlsbad. The portion of the pipeline that the City does not want, will be 
decommissioned and removed. 

Refuse removal will continue with contractor support until the facility is 
taken into the post-decommissioning long-term monitoring phase. 

Sewage treatment is currently performed in a series of settling treatment 
and evaporation ponds south of the site. When the number of personnel 
has decreased enough that the need for these ponds is no longer 
necessary, and may be supplanted by portable facilities, the ponds will be 
closed in accordance with applicable regulations. 

1.6.4 Decontamination 

The "Start Clean - Stay Clean" operating philosophy of the WIPP site will decrease the 
need for decontamination during the Decommissioning phase. However, the need for 
decontamination technology may arise. 

Chemical Cleaning 

Detergents - no detergents are currently planned for use in decontamination activities. 

Solvents 

Water in limited quantities (e.g. dampened rags) - is the primary solvent used for 
decontamination 

Windexe - may be used on a limited basis 

Radiacwasha - may be used only if water, Windexe, etc. are not effective in 
reducing contamination to acceptable release levels. 

Nonchemical Decontamination 

Polyvinyl Alcohol - is used to remove radiological contamination from smooth surfaces 
such as the waste handling building floor. The residue from this process is a solid 
plastic contaminated with radioactive material and hazardous waste. The residue of 
the Polyvinyl Alcohol may be disposed of in the underground as a mixed waste. 
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Sandblasting - this method of decontamination would create large quantities of 
contaminated waste for disposal and is not recommended. 

Grinding - this method would create a smaller quantity of contaminated waste than 
sandblasting, and might be used in limited applications. 

High-Pressure Water Spray - this method could create large volumes of water that 
would need to be treated or stabilized before disposal and is not recommended. 

Scabbier Pistons and Needle Scalers - this method utilizes pneumatically operated 
reciprocating scabbier pistons and needle scalers to remove up to 3/16 inch of the 
concrete surface which is filtered and stored in the vacuum system prior to solidification 
and disposal. 

Ice-blast Technology - uses compressed air and ice chips to remove loose or fixed plus 
removable radioactive contamination, with only 24 gallons of waste water per hour of 
operation. 

Dry Ice Blasting - on impact, dry ice pellets sublimate from their solid state into gas, 
leaving only the removed contaminant for disposal. The process is practically non-
abrasive on all surfaces, inert and non-conductive. 

Partial Removal of Components 

Partial removal of components will be performed when it is radiologically safe to 
remove a section of pipe, ventilation ducting, bracket, etc., when the larger component 
is not contaminated, and when the removal of a portion of the whole will significantly 
reduce the volume to be emplaced in the last panel. 

Cost/Benefit Analysis 

A cost/benefit analysis will be necessary for evaluation of the decontamination options 
in the event that the need for this technology arises. It is, however, too early as of this 
writing to make an estimate of the necessity for decontamination technology beyond 
that currently available at the WIPP site. 

1.6.5 Rigging of Heavy Components 

The Department of Energy Hoisting and Rigging Manual, DOE/ID-10500 (Reference 
20), will be utilized in all hoisting and rigging operations conducted at the WIPP site 
during decommissioning. The manual quotes verbatim or paraphrases the 
requirements of the Occupational Safety and Health Administration and the American 
National Standards Institute. It was developed to encompass, under one cover, 
hoisting and rigging requirements, codes, standards, and regulations. In doing so, it 
eliminates the need to maintain extensive (and often incomplete) libraries of hoisting 
and rigging standards throughout the DOE. 
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1.6.6 Liquid Radwaste Processing 

Present Capacity and Capability 

There is currently no large scale capability for liquid radwaste processing at the WIPP 
facility. Depending on the type of decontamination equipment selected and the 
quantity of waste liquid created by that equipment, a decision will have to be made at a 
later date for this system's specifications. 

Small quantities of liquid radwaste can be solidified using Aquaset® or an equivalent 
grade absorbent material. 

Services to be Added 

No new services are anticipated. Due to the small quantities of liquid waste that is 
anticipated during the decontamination and decommissioning of the WIPP, no 
additional equipment is deemed necessary at this time. If quantities should be greater 
than currently anticipated, then the following technologies may be utilized. 

Mobile Evaporators 
Demineralizers 
Mobile Solidification System 

1.6.7 Solid Radwaste Handling. Packaging and Emplacement 

Containers 

Waste containers for emplacement in the WIPP shall be noncombustible and meet all 
applicable requirements of 49 CFR §173.412 for Type A packaging. Waste containers 
of various sizes, shown to meet Department of Transportation Type A requirements by 
methods detailed in DOE Evaluation Document for DOT 7A Type A Packaging, 
DOE/DP/00058-H1 ;MLM 3245 are acceptable at the WIPP. 

Packaging 

Waste packaging is included in the information for containers in the above subsection. 

Emplacement 

Decommissioning waste will be empiaced in the underground, utilizing approved waste 
handling operations procedures, in the last HWMU prior to closure of the unit. 
Containers that are not the standard waste box or 55-gallon drums, will require 
separate procedures to ensure that the containers are loaded into the panel in a safe 
and coordinated manner. 
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Interim Storage/Staging 

No areas within the facility are being permitted as interim storage areas. Satellite 
accumulation area regulations will apply. See 40 CFR 262.34 for limitations on 
quantities, time, and methodology for accumulation of hazardous waste at the 
decommissioning site. Waste containers with radioactive mixed waste will remain at 
the location of decontamination effort until the container is filled or the decontamination 
at that location is completed. As decontamination progresses beyond the surface, the 
waste containers will be directly emplaced in the panel. Once a container of waste is 
filled, it will be moved to the storage area and emplaced in a prompt manner. 

1.6.8 Nonradioactive Hazardous Waste Handling and Disposal 

The handling and disposal of nonradioactive hazardous waste will be performed in 
accordance with applicable regulations and approved WIPP hazardous waste 
management procedures. There are approved procedures in place at this time 
(References 46, 55, 57). 

Waste Packaging Process 

Current WIPP procedures listed in Attachment 3 of this plan delineate the 
responsibilities and handling requirements for site generated nonradioactive hazardous 
waste at the WIPP (References 46, 55, 57). The waste packaging process is designed 
to protect human health and the environment from negative effects of hazardous waste 
by ensuring that hazardous waste is properly handled, accumulated, and transported to 
an approved off-site treatment/storage/disposal facility in accordance with all applicable 
local, state and federal regulations, DOE Orders and WID policies and procedures. 

Transportation 

Current WIPP procedures as listed in Attachment 3 of this plan delineate the 
responsibilities and requirements that provide for the shipment of nonradioactive 
hazardous materials by the Waste Isolation Division (WID) from the WIPP, in 
compliance with the DOE requirement for management of materials transportation as 
specified in DOE Order 1540.1 A, and applicable laws and regulations related to the 
shipment of hazardous materials (References 21, 55). 

Instructions for the on site transportation of hazardous material, hazardous waste and 
non-RCRA regulated material are provided in current WIPP procedures listed in 
Attachment 3 of this plan (Reference 57). 

1.6.9 Solid Waste Handling and Disposal 

Guidelines for the operation of the construction and demolition landfill in a manner 
which is protective of human health and the environment and ensures compliance with 
applicable local and state laws and regulations are contained in current WIPP 
procedures listed in Attachment 3 of this plan (Reference 56). 
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Identification of Laydown Areas 

The primary laydown area for solid waste (other than construction landfill debris) will be 
designated on the asphalt pad southeast of the Waste Handling Building. 
Construction and demolition debris will be moved directly to the construction landfill. 

Traffic Management of Waste Site 

No scavenging will be allowed at the waste site. Prior to loading of vehicles for 
transport to the landfill, the waste will be characterized by process knowledge or 
sampling to not contain any hazardous wastes. 

Local Registered Sanitary Landfill Site 

The registered sanitary landfill site utilized by the WIPP site is currently located near 
Hobbs, NM. The landfill is not currently permitted, but will have a permit hearing in 
January 1995, permit submittal in June 1995, and approval is expected eighteen 
months following submittal. 

Compaction 

There is currently no requirement for compaction of the solid waste. 

1.6.10 Removal of Radioactive Equipment 

All equipment will be checked for the presence of radioactive contamination. If 
radioactive contamination is detected, the contaminated equipment will be assumed to 
be contaminated with the hazardous waste constituents of the waste in the containers 
that the equipment contacted. Contaminated equipment will be decontaminated to the 
clean limits specified in Section 1.3.3 of this document or placed in containers and 
managed as derived TRU mixed waste. 

Isolation of System and Cutting of Pipe 

The WIPP does not have piping systems that will carry radioactive materials. The 
closest approximation would be possible contamination of the air handling ductwork in 
the waste handling building. In the event that the site radioactive characterization or a 
routine survey detects contamination in any of the ductwork, specific work instructions 
will be developed for the decontamination and removal of that ductwork. Those 
instructions will be based on the level and extent of contamination found, using 
standard industry practices. 

Exhaust Filter Building and HEPA Filters 

The Exhaust Filter Building (EFB) and HEPA Filters associated with the EFB must be 
operable during underground ventilation. Emplacement of contaminated EFB HEPA 
filters requires underground ventilation. 
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Procedures will be developed to ensure that the following steps will be performed: 

a. Underground operation will be halted 

b. the EFB HEPA filters will be removed 

c. If the EFB HEPA filters are contaminated beyond acceptable criteria, they 
will be packaged for emplacement in the underground 

d. A radiological survey will be performed on the EFB and associated 
equipment 

e. Decontamination will be performed on all EFB equipment that is 
contaminated 

f. HEPA filters will be installed 

g. The EFB ventilation systems will be tested to meet surveillance 
requirements 

h. Underground operations will recommence 

Performance of these steps will decrease the potential for TRU or TRU mixed waste 
being generated during the decommissioning of the EFB. In the unlikely event that 
there is radiologically contaminated waste generated during the EFB decommissioning, 
it may be designated as low level radioactive waste and shipped to a licensed disposal 
facility. 

Sampling and Characterization 

Radioactivity - Methods for assuring that equipment is not contaminated and ready for 
free release are listed in Attachment 3 of this plan (Reference 78). 

Equipment decontaminated will require a verification survey before release for 
disposition. 

Size/Volume Reduction 

There is currently no requirement for size/volume reduction. However, the WIPP has 
an active waste minimization and pollution prevention plan which applies both size and 
volume reduction where possible. This technology will be considered during 
decommissioning and utilized if technically and economically feasible, or necessary for 
emplacement of this waste into the last HWMU. 
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Removal and Packaging 

Removal of radioactive equipment will be performed under strict health physics control 
following the procedures specified in documents listed in Attachment 3 of this plan, and 
approved work instructions (Reference 74). 

The waste will be packaged in approved containers as specified in Section 1.6.8 of this 
plan. 

Emplacement 

Decontamination wastes will be emplaced in the last HWMU as derived mixed waste. 

1.6.11 Removal of Nonradioactive Equipment 

Isolation of System and Cutting of Pipe 

System isolation and pipe cutting is marginally applicable to the WIPP facilities. 
Separate work instructions will be developed for the removal of closed systems using 
standard industry practices. 

Verification of Noncontaminated Condition 

All systems external to the Waste Handling and Storage areas will have been declared 
clean to the limits specified in Section 1.3.3 of this document during the site 
radiological characterization survey. Systems within those areas will require health 
physics surveys prior to removal. All systems that contained or may have contained 
hazardous materials will require sampling and possible flushing prior to removal. 

Removal and Packaging 

Removal of nonradioactive equipment will be performed following approved work 
instructions which will be developed by Work Control. 

Holding Area 

Location - The asphalt pad southeast of the waste handling building will be designated 
as the primary holding area for nonradioactive equipment. 

Traffic Management - Equipment awaiting disposition will be segregated from access 
by non-authorized personnel. 
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Disposition 

Retired - Nonradioactive equipment that is not scrap or salvage will be placed on the 
excess property list. 

Disposal - Nonradioactive equipment that cannot be retired will be dispositioned as 
scrap or salvage. 

1.6.12 Removal of Power and Control Systems 

Circuits will be de-energized and removed as equipment and facilities are made 
available for disconnect. The diesel generators will be maintained until all vital loads 
are removed. After all site loads are removed, the utility will be notified to remove their 
site feed. 

Removal of the uninterruptable power supplies (UPS) will present no additional 
problems. All batteries will be removed and excessed. 

Operations interface 

Close coordination between the operations and construction managers will be required 
to assure that necessary circuits for the remaining facility are maintained as the circuits 
are removed. 

Switch-over to Construction Power 

Primary power will be utilized until all its electrical systems are completely removed. 
Construction power is not required during the decommissioning of the site. 

Disposition 

Where economically feasible based upon the criteria of cost, condition, etc. electrical 
equipment will be retired or declared excess as appropriate. 

1.6.13 Removal of Contaminated Surfaces 

Potentially Contaminated Areas 

Walls, Floors, and Structures - Surfaces that will be potentially contaminated are in the 
Waste Handling Building CH Bay, Overpack and Repair Room, RH Bay, Cask 
Unloading Room, Hot Cell, Cask Transfer Shuttle car, Shaft Access, Waste Handling 
Building Ventilation system, and Exhaust Filter Building. 

Shafts and Drifts - The Waste Handling Shaft, Exhaust Shaft, exhaust drift, and the 
underground drift from the Waste Station to the waste panel are areas of potential 
contamination. The Exhaust Shaft and the E-300 drift from S-1600 to S-400 have the 
'potential for contamination if an emplaced container is breached. 

DOE/WIPP-95-2072 
Page 24 of 41 
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The waste packages are surveyed prior to downloading, and therefore the potential for 
waste shaft contamination is limited to waste conveyance accident scenarios, which are 
deemed incredible events. The Waste Shaft will be a part of the site radiological 
characterization survey, but it is not anticipated that any decontamination will be 
required in the shaft. All shafts and drifts will be surveyed for the site radiological 
survey, but it is anticipated that the need for decontamination, if any, will be confined to 
the access drifts from the waste station to the entrance to the final panel. 

Removal Controls 

Decontamination will commence at the areas farthest from the waste shaft and proceed 
to the shaft access, and recommence from the shaft waste station south to the last 
panel. The minimum volume of material should be removed to control the storage 
volume needed in the underground. 

Removal Methods 

Applicable methods of contamination removal are listed in Section 1.6.4. 

1.6.14 Closure of Last Ha2ardous Waste Management Unit 

Closure Survey 

A radiological closure survey will be performed in accordance with approved 
procedures. RCRA closure will be performed in accordance with the specifics defined 
in Chapter I of the RCRA Part B Permit Application. 

1.6.15 Closure of Mine Underground 

Equipment Removal 

Equipment and materials will be removed from the mine to the extent practicable. 

Electrical Systems - Electrical systems will be removed as the closure progresses out 
of the mine. 

Mining Equipment - As the mining equipment is no longer needed it will be removed 
through the waste handling shaft. Some pieces of the equipment may require 
disassembly or cutting to fit into the shaft. 

Support Equipment - Support equipment such as golf carts, ambulance, fire truck, 
portable offices, etc. will be removed from the mine and dispositioned as they become 
excess. 
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1.6.16 Shaft Sealing and Plugging 

Shafts will be plugged in accordance with acceptable sealing techniques. 

Shaft Seals - An essential task during the decommissioning of the waste repository will 
be sealing the remaining holes and shafts. Shaft seal design alternatives have been 
studied for several years. A reference design is available. 

1.6.17 Demolition and Removal of Structures 

Criteria 

All site structures with the possible exception of the Hot Cell portion of the Waste 
Handling Building are to be removed during the decommissioning. The Hot Cell in the 
RH portion of the Waste Handling Building may remain as part of the permanent 
marker system. Criteria for free release of structures is delineated in Section 1.3.3 of 
this document. 

Removal of Contamination 

Appropriate techniques will be applied for the conditions of the contamination including 
quantity of contaminant, location, worker health and safety, fixed or loose, surface to be 
decontaminated, etc. 

Removal Techniques 

Applicable methods of contamination removal are listed in Section 1.6.4. 

Verification of Noncontaminated Status 

Structures that were shown noncontaminated by the site radiological and hazardous 
constituent characterization and historical records may be removed when there is no 
further use for them. Structures that indicated radiological contamination, will require a 
verification survey after decontamination. Those structures that are then shown clean 
will be removed as the schedule permits. 

Disposition 

Transferred - Structures will be declared excess in accordance with applicable Federal 
and DOE Property Management Regulations. 

1.6.18 Final Radiological Survey and Hazardous Constituent Analyses 

The final radiological survey and hazardous constituent analyses will encompass the 
entire WIPP site. 
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Sampling and Statistical Analysis 

Approved procedures will be utilized to perform the final radiation survey and swipe or 
material sampling. 

Environmental Monitoring 

A final environmental monitoring survey will be performed to assure that the facility has 
not created any environmental hazards. Environmental monitoring will continue after 
decommissioning concurrent with long-term monitoring. 

Survey Plan 

Surveys will be performed in accordance with approved procedures. 

Confirm Structures Meet Disposition Objectives 

All structures with the possible exception of the Hot Cell portion of the Waste Handling 
Building will have been removed. The final radiological survey of the Hot Cell will verify 
meeting disposition objectives. 

1.6.19 Restoration of Site 

Decommissioning of Solid Waste Management Units 

There are 13 discernable groups of SWMU at the WIPP site. The following table lists 
those groups and their descriptions. All SWMUs will be characterized and closed in 
accordance with applicable federal and state regulations. Recontoured sites will be 
reclaimed in accordance with the WIPP Land Management Plan. 

SWMU 
No. 

Unit Type Unit Description Waste Description 

001 
a-ab 

Mud Pits Approximately 46 
decommissioned mud pits 
are located on 28 drill 
pads, which were used for 
settling drill cuttings out of 
the drilling fluids being 
used in drilling holes to 
support hydrologic testing 
and monitoring, potash 
evaluation, and drilling for 
hydrocarbons. 

Sodium- and potassium 
chloride saturated brine; 
starch; bentonite gel; diesel 
fuel; drill cuttings; metal 
cuttings; grease; hydraulic 
fluid; motor oil. 
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002 
a -d 

Salt and Top 
Soil Storage 
Areas 

A total of four areas 
ranging in size from 3 to 15 
acres used for salt and 
topsoil storage. 

Salt; topsoil; traces of 
hydraulic oil; motor oil; 
diesel fuel; and scrap steel. 

003 
a-b 

Landfills Two landfills used for 
disposal of construction 
debris. 

Foundation excavation soils; 
concrete; scrap wood; and 
metal. 

004 
a-c 

Storage Yards Three yards used for 
storage of construction and 
maintenance materials, 
wastewater, and used oils 
or materials that can be 
reclaimed or recycled. 

Water contaminated with 
motor oil, hydraulic oil, and 
diesel fuel; used hydraulic 
oil, motor oil, antifreeze, 
glycol-based oils, chemical 
grout; used lead acid 
batteries; scrap metal. Used 
hydrocarbons are collected 
in containers. 

005 
a -c 

Concrete 
Batch Plants 

Three areas used as 
temporary locations for 
concrete batch plants. 

Concrete; trace amounts of 
motor oil and grease. 

006* 
a -b 

Holding Ponds Two ponds used to hold 
brine drilling fluid from the 
drilling of the salt handling 
and waste handling shafts. 

Saturated brine; bentonite; 
drill cuttings; hydraulic oil 
and grease. 

007 
a -c 

Evaporation 
Ponds 

Three ponds used for the 
evaporation of water. 

Water; soap; nonhazardous 
cleaning solutions; oil; 
unsaturated salt brine. 

008 
a- r 

Surface 
Satellite 
Accumulation 
Areas 

Ten hazardous waste or 
used petroleum product 
satellite accumulation 
areas; two hazardous 
waste staging areas. 

Nonradioactive, site-
generated wastes, collected 
in containers including spent 
solvents, aerosol cans, oily 
rags, expired chemicals, and 
paint products. 

009 
a - l 

Underground 
Satellite 
Accumulation 
Areas 

Ten hazardous waste or 
used petroleum product 
satellite accumulation 
areas. 

Nonradioactive, site-
generated wastes, including 
spent solvents, aerosol 
cans, oily rags, used oils, 
spent lead acid batteries, 
grout, and cement. 
Hazardous waste and used 
petroleum products are 
collected in containers. 
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010 
a -d 

Shaft Sumps** An area at the bottom of 
each of the four WIPP 
shafts that collected 
construction debris or 
accumulated brine. 

Welding residue; scrap 
wood and metal; salt; Class 
C cement; chem-seal; 
bentonite; grease and oil; 
cement and chem grout; 
Rustler formation brine; 
washwater. 

011 
a-e 

Sewage 
Treatment 
Facility 

Five ponds used for WIPP 
sewage treatment. 

Sanitary waste; neutralized 
film developer, and oil. 

012 Nonhazardous 
Solid Waste 
Collections 
Bins 

Twenty portable bins used 
for solid waste collection. 

Nonhazardous solid waste 
including noniiquid sanitary 
waste and industrial waste. 

013 TRU Mixed 
Waste 
Management 
Units 

Areas where transuranic 
(TRU) mixed waste was 
managed during the 
Disposal Phase. Includes 
contact and remote 
handled TRU areas of the 
Waste Handling Building 
and Panels 1 through 8 in 
the underground. Waste 
will be in approved 
containers. 

Radioactive mixed waste 
consisting of TRU waste that 
is co-contaminated by 
various listed solvents, or 
which contain characteristic 
waste consisting mostly of 
metals. 

*Both holding ponds designated as 006a and 006b have been remediated. 

** The AIS & ES terminate at the storage horizon, but are designated as sumps for the 
RCRA Part B Permit application. 

Removal of Site Boundary Structures 

Fences - Fences around the surface facilities will be removed and either retired or 
transferred. A fence line shall be established to control access to the repository 
footprint area (the waste disposal area projected to the land surface.) for the active 
controls after closure. A standard five-strand barbed wire cattle guard fence shall be 
erected along the perimeter of the repository surface footprint. The fence shall have 
gates placed approximately mid-way along each of the four sides. 

Guardhouse - Structures will be declared excess in accordance with applicable federal 
and DOE property management regulations. 
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Grading 

Following removal of all structures and surfaces, as well as buried piping, conduit, and 
wiring, the surface will be graded to near the original contour. 

Revegetation 

Following closure of the WIPP site, the area will be replanted in accordance with 
applicable regulations and agreements. 

Facility and Site Closeout 

A final inspection of the facility will be conducted to ensure that the area has been 
returned to as close as reasonably possible to the surrounding landscape. Monitoring 
for assurance that the vegetation and animal populations are returning to normal will be 
accomplished within the Post-Closure Monitoring Program. 

1.6.20 Facility Release and Reporting 

Certification of Unrestricted Level for Release 

Certification of unrestricted level for release will involve the evidence of historical 
reports of surveys and the results of the site radiological characterization survey 
conducted at the start of the decontamination and decommissioning effort, and the final 
radiological survey and hazardous constituent analysis. 

Release of Site and Structures 

Individual structures will be released as excess property as they are found free of 
contamination, as specified in Section 1.6.4 of this plan, and there is no further use for 
them at the site. 

Final Program Report 

A final program report will be issued for the decontamination and decommissioning 
program to summarize the decommissioning process and the steps taken to obtain 
closure status. 

1.7 Facility Modification 

1.7.1 Material Staging/Storage Facility 

Laydown, staging, and storage areas will be designated for use during the 
decommissioning process. These areas will require the same level of survey and 
cleanup as the other portions of the site for free release and closeout. 
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It is anticipated that a staging area will be required for oils and ethylene glycol waste. 
There is an anticipated 1500 gallons of waste ethylene glycol with 3000 gallons of flush 
water waste. Drum storage or a roll-off tank (preferred method), will be required for the 
ethylene glycol waste. All ethylene glycol will be surveyed and sampled. Once a 
determination is made that the material is not radiologically contaminated, all ethylene 
glycol will be sent off-site to be recycled. 

1.7.2 Liquid Treatment Facility 

There is currently no requirement for a liquid treatment facility at the WIPP. However, 
all liquid site derived wastes will be solidified per current WIPP procedures and 
disposed of in the repository. 

1.8 Waste Management 

1.8.1 Radioactive Materials 

Types 

All radioactive waste generated will be designated as "derived" waste. The waste will 
not contain any constituents that would prevent it from meeting the DD-WAC, and will 
be emplaced in the last HWMU. 

Quantities 

The quantities of radioactive mixed waste that will be emplaced into the last HWMU at 
decommissioning of the WIPP facility is expected to be low due to the "start-clean, 
stay-clean" operating philosophy. All contamination events during the life of the facility 
will be controlled and cleaned immediately. 

Dose Rates 

To meet the criteria for contact handled waste, the dose rates must not exceed 200 
miliirem per hour (mrem/hr). 

1.8.2 Hazardous Wastes 

Types 

The WIPP facility controls the types and amounts of hazardous materials that are 
brought onto the site. Polychlorinated biphenyls and asbestos are excluded from use 
on the site. This process reduces the potential for hazardous wastes to be generated 
during D&D. 
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Quantities 

The quantities of hazardous waste that will be generated during decommissioning of 
the WIPP facility is expected to be low due to the "start-clean, stay-clean" operating 
philosophy. All contamination events during the life of the facility will be controlled and 
cleaned before further work may continue in the area. 

Disposition 

Hazardous materials will be characterized and dispositioned utilizing the current WIPP 
procedures listed in Attachment 3 of this plan (References 33, 46, 51, 52, 55). 

Packaging - Packaging will meet all applicable requirements. 

On Site Storage - Nonradioactive hazardous materials will be stored in satellite waste 
accumulation areas, and transferred to the staging area in accordance with procedures 
listed in Attachment 3 of this plan. 

Transportation - Nonradioactive hazardous materials will be shipped in accordance 
with procedures listed in Attachment 3 of this plan. 

Disposal - Nonradioactive hazardous materials disposal will be at a permitted 
treatment, storage, or disposal facility. 

1.9 Licensing and Regulatory Issues 

1.9.1 Regulatory Compliance 

Because of the stringent requirements for managing radioactive materials, the closure 
of the WIPP facility will require longer than the 180 days allowed in the regulations. 
Therefore, an extension to the 180 days must be requested for the closure in the permit 
application. If, for some unforeseen reason, closure cannot be completed within the 
time(s) specified, the DOE will request an extension to the closure time. This request 
will be submitted to the NMED in writing, at least 30 days before the expiration of the 
time allowed in the closure plan, and will describe the reason the extension is needed 
and estimate the amount of additional time needed to complete the closure. During the 
extended closure period, the DOE will continue to demonstrate compliance with 
applicable permit requirements and that all steps will be taken to prevent threats to 
human health and the environment as a result of TRU mixed waste management at the 
WIPP facility. 

No later than the submission of the certification of closure of each hazardous waste 
disposal unit, the owner or operator must submit to the local zoning authority, or the 
authority with jurisdiction over local land use, and to the Regional Administrator, a 
survey plat indicating the location and dimensions of hazardous waste disposal units 
with respect to permanently surveyed benchmarks. This plat must be prepared and 
certified by a professional land surveyor. The plat filed with the local zoning authority, 
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or the authority with jurisdiction over local land use, must contain a note, prominently 
displayed, which states the owner's or operator's obligation to restrict disturbance of 
the hazardous waste disposal unit in accordance with the applicable regulations. 

The Final Safety Analysis Report will require modification to meet the requirements of 
the Consultation and Cooperation agreement between the State of New Mexico and the 
U. S. Department of Energy. 

A WIPP specific closure and post closure NEPA document will be developed prior to 
initiating the final closure phase. 

1.9.2 Permit Modifications 

Current Facility Status 

The facility is currently awaiting authorization to receive TRU mixed waste for disposal. 

Permit modifications may be necessary for decommissioning. Direction on this subject 
can be found in 40 CFR 270.41, 270.42, and 270.43. 

40 CFR §270.41 Modification or Revocation and Reissuance of Permits, §270.42 
Permit Modification at the request of the Permittee, and §270.43 Termination of 
Permits, are detailed in the Code of Federal Regulations. 

Revisions to the FSAR will be required to incorporate the D&D changes in work scope, 
direction, organization, etc. 

Development of an appropriate NEPA document, possibly a supplemental 
environmental impact statement will be necessary to address environmental changes 
resulting from substantial changes in the WIPP mission. 

Prevention of Criticality 

Adherence to the waste acceptance criteria for waste received at the site and for 
derived waste will assure that criticality is not an issue during the decontamination and 
decommissioning phase. 

Release Prevention 

Maintenance of the negative pressure in the waste handling areas and adherence to 
the applicable procedures will prevent the release of contaminants. 

Decommissioning Activities Safety Analysis 

DOE Order 5480.21, Unreviewed Safety Questions, Section 10, Program 
Requirements, requires that a contractor authorized to operate DOE nuclear facilities 
shall perform safety evaluations for all changes in facility and procedures as described 
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in the existing safety analyses and tests or experiments not described in the existing 
safety analyses. 

Decommissioning is described in the Final Safety Analysis Report (FSAR), and this 
plan does not change the facility or procedures beyond that described in the FSAR. 

The need for a decommissioning activities safety analysis will be evaluated prior to 
initiation of the decontamination and decommissioning plan. If a safety analysis is 
required for decommissioning activities, it will be documented through the FSAR 
update. 

Changes to Operational Safety Requirements (OSR) 

Decommissioning of WIPP is not expected to require a change in operational safety 
requirements. The requirements will need to be individually inactivated (as an 
unresolved safety question) as each of those systems covered by the OSRs are 
removed from service. 

1.9.3 Residual Radioactivity 

Post-Decommissioning Radiation Survey Program 

Following decontamination (which will ensure the removal of waste residues at 
background levels) and decommissioning of the WIPP site, there will be no need for a 
radiation survey program. This may change in the final version of the Post-Closure 
Monitoring Plan. 

Certification Requirements 

Certification of post-decommissioning radiation levels will be provided in the post-
closure notification to the State of New Mexico. 

1.10 Records Disposition 

Quality records generated during the decommissioning process will be identified on the 
decontamination and decommissioning section records inventory and disposition 
schedule. Following review of the records by cognizant personnel the records will be 
transmitted to Project Record Services. 

A copy of records of waste disposal locations and quantities specified under 40 CFR 
§264.73(b)(2) will be submitted to the regional administrator and local land authority 
within 60 days of closure of the facility. 
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2.0 Supporting Documents 

These documents are required to support the overall decommissioning program. This 
section provides a brief overview of the documents and document control numbers. 
Several of these documents will also address the requirements of the long-term 
protection plan for acceptable cleanup levels, sampling and analysis plans, and QA/QC 
specifications. 

The documents listed below that are designated as "currently in place" are reviewed 
and updated periodically to ensure correctness with the current facility configuration 
and operational status. 

2.1 Detailed Implementation Plan 

A detailed implementation plan is not credible at this time for the completion of the 
decommissioning of the Waste Isolation Pilot Plant. Processes that are in current use 
and will be utilized for decontamination and decommissioning are detailed in 
procedures that are currently in place. New systems that are procured for the 
decontamination and/or decommissioning will require separate process specific 
procedures for operation. Prior to final waste emplacement a detailed implementation 
plan will be developed. 

2.2 Engineering PJgn 

Procedures are currently in place which will direct engineering activities during the 
decommissioning process and are listed in Attachment 3 of this plan (References 58-
70). 

2.3 Cost. Schedule, and Financing Plan 

Procedures are currently in place for financial aspects of decommissioning and are 
listed in Attachment 3 of this plan (References 86, 87). 

At this date cost and schedule estimates are of little true value in predicting the actual 
numbers and timelines for 28 years in the future. A conceptual cost estimate is 
available from the Waste Isolation Division Long-Term Regulatory Compliance Group. 
A cost, schedule, and budget will be developed prior to final waste emplacement. 

2.4 Solid Waste Management Unit Closure Plan 

A plan will be developed for closure of the solid waste management units. The plan will 
be developed to accomplish the closures of the separate SWMUs in accordance with 
applicable regulations. 



CONCEPTUAL DECONTAMINATION AND DOE/WIPP-95-2072 
DECOMMISSIONING PLAN FOR THE WIPP Page 36 of 41 

2.5 Health and Safety Plan 

Procedures are currently in place to ensure the health and safety of workers and the 
public. These procedures are listed in Attachment 3 of this plan (Reference 72). 

2.6 Quality Assurance Plan 

Procedures are currently in place in to meet the requirements of DOE Order 5700.6C. 
These procedures are listed in Attachment 3 of this plan (Reference 82). 

10 CFR 830.120 is implemented through DOE Order 5700.6C. 

2.7 Emergency Plan 

Emergency procedures are currently in place. These procedures are listed in 
Attachment 3 of this plan (Reference 76). 

2.8 Environmental Report/NEPA Documentation 

Procedures are currently in place for environmental reporting and NEPA documentation 
and are listed in Attachment 3 of this plan (References 47, 48, 50). 

2.9 Radiological Protection Plan 

Policies are currently in place for assuring that worker exposures to radiological and 
chemical hazards are kept low. These policies are listed in Attachment 3 of this plan 
(References 72, 73, 81). 

2.10 Physical Security Plan 

Procedures are currently in place for physical security. These Procedures are listed in 
Attachment 3 of this plan (Reference 71). 

2.11 Environmental Monitoring Plan 

Procedures are currently in place for environmental monitoring and are listed in 
Attachment 3 of this plan (References 44, 45, 52, 53). 

2.12 Supplemental Environmental Impact Statement 

Development of a Supplemental Environmental Impact Statement will be necessary to 
address environmental issues resulting from substantial changes in the WIPP mission. 
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Appendix DEF 

This appendix has been extracted from the Waste Isolation Pilot Plant No-Migration 
Variance Petition (1990). 

7.3 GRAVITY-DRIVEN STRUCTURE IN THE CASTILE 

This document describes the structural features in the Castile Formation that are commonly attributed to 
gravity-driven deformation. In order to properly present this subject, the data will first be presented in a 
general historical overview, permitting the reader to understand the sequence of investigations. The 
known extent of deformation in the Castile, how these structures are likely to develop in the future, how 
well they can be predicted, and the potential impact of these structures on the WIPP will also be 
discussed. Apart from the general geological impact, the performance of the WIPP as it might be 
affected by such structures is not specifically assessed here. 

7.3.1 Background Information 

Parts of the Castile Formation have been known for a number of years to be deformed. Cross-sections 
of the basin geology through its margins have shown some evidence of deformation. Jones et al. (1973) 
provided a map of the isopachs of part of the Castile which clearly show much thicker portions in some of 
the areas along the northwestern to northern Delaware Basin, just inside the margin of the Capitan reef. 
Very little information had been collated concerning deformation within the Delaware Basin until studies 
were initiated of the Delaware Basin as a possible site for radioactive waste disposal. Jones et al. (1973) 
is probably the clearest early presentation of this information, though the dissertation by Snider (1966) 
and the paper by Anderson et al. (1972) also reflect thicker sections in some Castile units adjacent to the 
reef. 

In 1975, Sandia National Laboratories (SNL) drilled a third borehole, called ERDA-6, at a site (Figure 7.3-
1) that had been partially investigated by Oak Ridge National Laboratories (ORNL) during 1974. Two 
boreholes (AEC-7 and AEC-8) had been drilled in 1974 by ORNL before Sandia was assigned to carry 
out the task of investigating this site for radioactive waste disposal under programs that preceded WIPP. 
Formation boundaries and marker beds in ERDA-6 were structurally high compared to AEC-7 and 8, and 
the degree of deformation increased downward. At about 826-meter (2,711-foot) depth, ERDA-6 began 
to produce pressurized brine and gas. The hole was eventually tested extensively to determine the 
nature and origin of the brine (see Section 4.4). Beds within the Castile were displaced structurally 
upward, apparently by hundreds of feet (Jones, 1981; Anderson and Powers, 1978), and some of the 
lower units may have actually pierced upper units (Anderson and Powers, 1978). Because of the desire 
for structurally uncomplicated units to simplify mining for a repository, the site under investigation at 
ERDA-6 was abandoned in 1975, and in 1975-76 the current site was initially selected and investigations 
were begun (Powers et al., 1978). As part of the selection criteria, a zone about 10 kilometers (6 miles) 
wide inside the Capitan reef was avoided because it included known deformed Castile and Salado 
(Griswold, 1977). This is the first instance in which the site investigations were directly influenced by 
discovery of deformation in the Castile and lower Salado. 
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The present site for the WIPP was selected and initially investigated in 1976 to determine if the desired 
characteristics for the preliminary site selection were present (Griswold, 1977; Powers et al., 1978). As 
the general criteria appeared to be met during this phase, the site and surrounding areas were 
characterized much more extensively and intensively beginning in 1977. Extensive new seismic 
reflection data were collected in 1977 and 1978 that began to reveal the deformed Castile north of the 
center of the site (Figure 7.3-2). Because the principal effect was that the good quality Castile reflectors 
from the area south of the site center were "disturbed", the area to the north was dubbed the "disturbed 
zone". It also became known as "the area of anomalous seismic reflectors" or "zone of anomalous 
seismic reflection data." The boundary of the "disturbed zone" (DZ) was variously described as being 
from about 0.8 to 1.6 kilometers (0.5 to 1 mile) north of the center of the site, depending on the criteria to 
define the DZ. Powers et al. (1978) generally defined the DZ beginning about 1.6 kilometers (1 mile) 
north of the site center, where the seismic reflector character was poor to uninterpretable or "anomalous" 
(Borns et al., 1983). About 0.8 kilometer (0.5 mile) north of the site center, it appeared that beds within 
the Castile Formation began to steepen in gradient, dipping to the south from a higher area to the north. 
The Environmental Evaluation Group (EEG) summarized various map limits to the DZ, including the area 
where the Castile dip begins to steepen (Neill et al., 1983). Borns et al. (1983) included two separate 
areas south of the site as part of the DZ based on seismic character. 

The first new drillhole within the area encompassed by the DZ was WIPP-11, and it was located about 5 
kilometers (3 miles) north of the center of the WIPP site (Figure 7.3-1). Long and Associates (1977) 
examined proprietary petroleum company data in 1976, and they identified anomalous areas around the 
WIPP site, including the structural anomaly at the WIPP-11 location. Seismic reflection data acquired in 
1977 indicated possible salt flowage within the Castile and a structure that could be similar to that at 
ERDA-6 (Sandia National Laboratories and U.S. Geological Survey, 1979). WIPP-11 was drilled early jn 
1978, demonstrating the extensive deformation within the Castile and extending upward into the Salado. 
WIPP-11 did not encounter any brine or gas flows. 

Seismic reflection data acquired in 1977 not only showed a zone of steepened dip of the Castile north of 
the site center, it also showed a possible fault offsetting parts of the Salado and Rustler Formations. A 
series of five boreholes were planned to provide detailed information on the structure of the 
Rustler/Salado contact. Four boreholes (WIPP 18,19, 21, and 22) were required to demonstrate that 
there was no detectable offset on that contact in the area interpreted from 1977 seismic reflection data 
(Figure 7.3-1). Later epochs (1978 and 1979) of seismic data in the same area, along with the drilling, 
continued to show generally poor resolution or uninterpretable data in the area of the DZ. These studies 
generally showed that the acoustic velocity of the upper section changes laterally, complicating further 
the interpretation of the deeper Castile structure. Through the WIPP 18-22 drilling program, the upper 
Salado and Rustler were determined to be fundamentally undisturbed over the southern margin of the 
disturbed zone where the Castile appears to dip to the south (Sandia National Laboratories and U.S. 
Geological Survey, 1979). 

The upper part of the Castile about 1.6 kilometers (1 mile) north of the WIPP site center was interpreted 
to range from about 100 meters to as much as 120 meters (250 to 400 feet) (Sandia National 
Laboratories and D'Appolonia Consulting Engineers, 1982c) above the elevation of the top of Castile at 
about the center of the WIPP site. WIPP-12 was located approximately 1.6 kilometers (1 mile) north of 
the site center to test the amount the Castile was elevated (Figures 7.3-1, 7.3-2). It was drilled late in 
1978 to the top of the Castile and detected approximately 50 meters (160 feet) of structural elevation 
compared to ERDA-9 and the center of the site (Sandia National Laboratories and D'Appolonia 
Consulting Engineers, 1982c). The amount of disturbance of the Salado was not considered to be an 
impediment to underground development, though the underground storage facility was later reoriented 
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from this northern area to an area south of the site center (see Section 1.1). From drilling WIPP-12 and 
the WIPP 18-22 series, the southern margin of the DZ was considered to be much more gentle in 
structure, while the seismic character and WIPP-11 indicated much more severe deformation of the 
Castile further to the north. 

Two additional phases of seismic reflection data were acquired in 1978 and 1979. These data mainly 
concerned the immediate site area [about ten square kilometers (four square miles)] and the southern 
edge of the DZ. They indicated much the same problems and margins associated with the DZ from the 
1977 data. The latest seismic data (1979) were principally acquired to facilitate construction and Site and 
Preliminary Design Validation (SPDV) activities. As the project moved into SPDV activities, the DZ was 
little investigated directly during the period from about late 1979 until mid-1981. 

A microgravity survey of the site area was conducted to determine if the structure within the DZ could be 
partially resolved by that method (Barrows et al., 1983; Barrows and Fett, 1985). The large differences in 
density of halite and anhydrite might cause detectable differences in the gravity field locally if the units 
were displaced and/or thickened relative to the surrounding areas. The microgravity survey covered an 
area of "normal" stratigraphy from south of the WIPP site center to the area of WIPP-11 (Figure 7.3-3). 
As interpreted (Barrows et al., 1983), the microgravity does not resolve the larger scale deformation 
within the Castile Formation. Based on the interpretation of probable shallow disturbance of the gravity 
field, WIPP-14 and WIPP-34 were drilled about 3 kilometers (two2 miles) north and about 0.8 kilometer 
(0.5 mile) east of the site center (Figure 7.3-1). These boreholes encountered normal stratigraphy within 
the Rustler and upper Salado (Sandia National Laboratories and D'Appolonia Consulting Engineers, 
1982c; Sandia National Laboratories and U.S. Geological Survey, 1981) with some slight structural 
depression made apparent mainly by the deformation northeast of this area around ERDA-6 (Holt and 
Powers, 1988). Barrows et al. (1983) attributed the gravity anomaly around WIPP-14 to decreased 
density within parts of the Rustler Formation, mainly from the difference in density due to anhydrite 
versus gypsum in WIPP-14. The overall difference in mass was attributed to karst processes by Barrows 
et al. (1983) rather than to deformation of any of the units associated with the DZ. 

During the mapping of the first shaft drilled at the WIPP site (the Construction and Salt Handling shaft), 
MB 139 was observed to have a few inches of relief on the basal contact and 0.6 to 0.9 meters (2 to 3 
feet) of relief on the upper surface. Jarolimek et al. (1983) interpreted the internal structure on these high 
points of MB 139 as showing a radial structure due apparently to gypsum growth textures and 
subsequent crushing, indicating a fundamentally depositionai origin to the relief rather than any structural 
disturbance related to the DZ. Borns (1985) conducted an investigation of additional cores and holes 
drilled through MB 139, as there was concern on the part of the EEG that the apparent structure was 
related to the DZ. Borns (1985) also concluded that the relief was not due to structural deformation, but 
instead was due mainly to erosional processes which carved part of the relief found on the top of the MB. 
From either point of view, the difference in relief on the upper and basal contacts of MB 139, in such a 
thin unit, were convincing evidence that a form of tectonic deformation was not involved. 

In late 1981, WIPP-12 was deepened to test for the possible presence of brine and/or pressurized gas 
within the structure in the Castile Formation (D'Appolonia Consulting Engineers, Inc., 1982). The 
probability of producing brine/gas from WIPP-12 was considered reasonably low at the time because 
most known pressurized brine/gas was associated with much more deformed units than the Castile at 
WIPP-12. Fractured anhydrite in the upper Castile did begin to yield pressurized brine and gas when 
intercepted late in 1981, and WIPP-12 and ERDA-6 were further tested (see Section 4.4). Later 
geophysical work (The Earth Technology Corporation, 1987) suggests that the brine may underlie part of 
the WIPP facility, beyond the area usually included in the DZ. Though the DOE and EEG agreed that 
neither brine nor structure constituted a threat to the health and safety, the proposed underground 
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facilities were reoriented south of the site center, avoiding longer haulage and the slight structure 
encountered at the facility horizon (see Section 1.1). As a consequence of the deepening and testing of 
WIPP-12, the link between structure and pressurized brine and gas was strengthened (see also Section 
4.4). 

The last direct investigation of the DZ was a by-product of another investigation. DOE-2 was drilled 
approximately 2 miles north of the center of the WIPP site to investigate the origin of a modest 
depression on MB 124 (Griswold, 1977; Powers et al., 1978) that was detected in a corehole drilled by a 
potash company. DOE-2 was was principally a test of the hypothesis that the depression was caused by 
ductile flow of halite in response to deep dissolution of halite by water from the Bell Canyon Formation 
(Mercer et al., 1987). Halite layers in the lower Salado were thicker than usual, indicating that part of the 
sequence had not been dissolved, and the Castile was very deformed. The Castile stratigraphy was not 
normal; the second halite was apparently squeezed out of the area during deformation. The stratigraphy 
in DOE-2 is apparently the result of processes which caused the DZ, and is not the result of any 
dissolution (Borns, 1987; Mercer et al., 1987). 

The preceding paragraphs describe most of the direct investigations of the disturbed zone and place 
them in their historical context. In the next few sections, more of the specific features of the DZ will be 
described, interpreted, and discussed to indicate the significance of the structures and processes of 
formation for the WIPP. 

"7^T2~ Specific Features of the Disturbed Zone 

The first specific feature of the DZ is its boundary. In Section 7.3.1, the different concepts of the 
boundary depended on ideas of where the Castile began to change and steepen dip (about one half mile 
north of the site center, or where the various epochs of seismic data became unreliable to 
uninterpretable. Borns et al. (1983) present one diagram (Figure 7.3-2) of the seismic time structure for 
the top of the Castile Formation which illustrates the variously defined boundaries as well as any 
diagram. The principal part of the disturbed zone is defined by a lobate area (Figure 7.3-2) shown as an 
"area of complex structure" where the seismic data are considered "ambiguous". The structurally 
deformed area clearly includes an area about halfway between boreholes WIPP-12 and ERDA-9, as well 
as a larger area to the northeast. The two-way travel time contoured on the map is a function of depth; 
as the reflector is nearer the surface, the travel time to the reflector and back to the surface decreases. 
Thus, the areas enclosed with contours of smaller values should be structurally higher. [The top of 
Castile in WIPP-12 was 50 meters (160 feet) higher than it is in ERDA-9.] The map was not directly 
converted to depth because the seismic reflection and borehole geophysical logging programs 
demonstrate clearly that there are also lateral velocity variations within the upper part of the rock section, 
especially within the Rustler and Dewey Lake Formations. These velocity variations cannot be extracted 
from the travel times adequately to permit converting the travel time to depth. Nonetheless, the map 
demonstrates the general best information about the extent of the DZ. The central and southern part of 
the WIPP site area displays relatively uniform seismic travel time structure and nothing within the 
geological data contradicts that information to date. 

The broad forms of the structures within the DZ are commonly generally anticlinal and synclinal (Borns, 
1987), though they are not necessarily regular shapes. The best known shape for part of the DZ is 
between WIPP-12 and ERDA-9, where seismic information and several drillholes constrain part of the 
stratigraphy. There the structure tends to be a gently dipping limb of ar anticlinal structure. Most of the 
remaining shapes attributed to the Castile within the DZ or related areas are based more on one drillhole 
or a few drillholes that somewhat constrain the structure. WIPP-11, WIPP-13, DOE-1, and ERDA-6 are 
all examples. A generalized cross-section of the structure at ERDA-6 (Anderson and Powers, 1978) 
shows a piercement structure and a regular shape; the piercement is based on stratigraphic inferences, 
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but the shape is fundamentally uncontrolled by closely spaced data. WIPP-11 and WIPP-12 are both 
believed to penetrate anticlinal forms, though the structure is only partially known from drilling and 
seismic reflection data. DOE-2 is believed to lie in a synclinal structure, and contacts on various units 
show a nested series of depressions in the upper Salado (Boms, 1987). There are too few drillholes into 
the Castile to reconstruct the detailed shapes of Castile structures. The seismic data are not well enough 
constrained to calculate depths to reflectors, and most reflectors are too "disturbed" to interpret in this 
area. The specific shapes of individual structures are unlikely to be defined in the near future. 

Anderson and Powers (1978) contoured several structures within the Delaware Basin, including 
structures at Poker Lake at least grossly similar to ERDA-6. Boms and Shaffer (1985) reexamined the 
information from Poker Lake and concluded that the actual shape is poorly constrained. Outside of the 
area on the north side of the current WIPP site, the information available is too sparse to define the 
individual shapes of structural features on borehole data. 

It is important to note that, to date, none of the structures is demonstrably associated with comparable 
structure on the underlying Delaware Mountain Group. Snyder (in Boms et al., 1983) does show an 
upthrown block (horst) through WIPP-11 on the top of the Bell Canyon Formation that is based on his 
projection of the thickness of the lower Castile; WIPP-11 did not penetrate the complete Castile section. 
Other areas, such as the Poker Lake structures, may display some relief on the top of the Delaware 
Mountain Group, but Borns and Shaffer (1985) do not attribute the relief to faulting. They believe the 
relief existed before and during deposition of the overlying Castile units. The underlying units to the 
Castile Formation are, for the most part, uninvolved in the structures displayed by the Castile. 

Structure contour and isopach maps of the Salado and Rustler over areas of complicated Castile 
structure also show that the overlying units are successively less involved in the structure (e.g., Section 
7.2; Borns and Shaffer, 1985; Borns et al., 1983; Holt and Powers, 1988). Lower units that are thicker 
and deformed are overlain by units that are thinner and less structurally involved in the deformation. 
Under normal geological circumstances, e.g., dealing with a rock sequence of carbonates or siliciclastics, 
the deformation would be considered to be completed by the time of deposition of the lowermost 
undeformed rock unit. Here, within a much more plastic set of rocks, the same geological reasoning is of 
less value, as the rocks may compensate laterally for late deformation effects and produce the same 
results as we see here. 

Borns (1983, 1987; Borns et al., 1983) has extensively examined the macroscopic to microscopic 
features from cores taken within the structurally deformed areas. These studies follow earlier, broader 
studies of macroscopic features from the "state line outcrop" (Kirkland and Anderson, 1970) and ERDA-6 
(Anderson and Powers, 1978). Kirkland and Anderson (1970) reported that small scale folding within the 
Castile outcrops is oriented consistently along the general north-south strike of beds in the Delaware 
Basin. From this they concluded that the deformation was related to tilt of the basin, generally believed 
to be Cenozoic in age (e.g., Anderson, 1978b; King, 1948; Borns et al., 1983) though authors differ in 
opinions of when this took place by tens of millions of years. Anderson and Powers (1978) used this 
apparent relationship to estimate that folding at ERDA-6 took place after the tilt of the basin. Jones 
(1981) estimated that deformation took place before the Ogallala Formation was deposited because that 
unit is undeformed at the location of ERDA-6. Bachman (1980) and Madsen and Raup (1988) are 
among investigators who interpret angular relationships between various formations of the Ochoan 
Series, beginning with the Castile-Salado contact. These relationships require tilting of the existing beds 
to the east, as the angular unconformities are always placed on the west side of the basin. Tilting of the 
basin may well have occurred through much of the time when the Ochoan Series was being deposited, 
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as Holt and Powers (1988) present evidence that the depocenter for the Rustler Formation was 
displaced eastward from the Castile and Salado patterns and overlies part of the Capitan reef on the 
northeast side of the Delaware Basin. The Delaware Basin appears to have tilted at various times from 
the late Permian to at least the Cenozoic, and the conditions for deformation may well have existed since 
the late Permian. Direct evidence of the time of deformation has been difficult to obtain, and tilting of the 
basin, as a condition for the deformation, appears to have occurred at times beginning in the late 
Permian. Jones (1981) argues that the structure at ERDA-6 must be in part younger than Triassic 
because Triassic rocks are also deformed over the deformed evaporites. He further believes that the 
structure must be older than late Cenozoic because the Ogallaia Formation over part of the structure is 
undeformed and erosionally truncates the upper part of the Triassic rocks. This may be the most 
conclusive age relationship demonstrated for any of these related structures. Conventional relationships 
with beds overlying deformed evaporites, such as that cited by Jones (1981) for the Ogallala, are suspect 
if the deformation ends or dies out vertically within the evaporites because of the potential for 
compensating deformation in evaporites (e.g., Borns, 1983). 

Borns (1983,1987) reexamined the "state line outcrop" as well as the cores from various boreholes, and 
he concluded that the styles of deformation present in these cores indicate a very complicated history, 
including episodes of deformation that are probably synsedimentary. The folding may, for example, 
display disharmonic or opposing styles that would not normally be attributed to a single episode of strain 
in a pervasive stress field. If the deformation all occurred in response to a single event such as the tilting 
of the Delaware Basin, the folds and other strain indicators should all have a common orientation. 
Isoclinal folding may be very early while asymmetric folding is often penetrative, indicating later time of 
origin. Fractures in more brittle units such as the Castile anhydrites are often very high angle to vertical 
and are considered one of the late deformation features in cores. These fractures in the larger anticlinal 
structures of the DZ are apparently the proximate source of pressurized brines and gases. Borns (1985, 
1987) recognized that tilting of the basin, among other possible sources of stress, may have occurred at 
several different times and is not limited to a single Cenozoic event. 

^7-^3^ Hypotheses of Formation of Deformation in Castile 

Several hypotheses have been advanced for the formation of the Castile structures in the DZ and other 
parts of the Delaware Basin (Borns et al., 1983). The five principal processes hypothesized as causes of 
the DZ are gravity foundering, dissolution, gravity sliding, gypsum dehydration, and depositional 
processes (Borns et al., 1983). Each of these hypotheses will be briefly summarized, though gravity 
foundering due to density differences between halite and anhydrite is considered the leading hypothesis 
(Boms, 1987). 

Gravity foundering is based on the fact that anhydrite (about 2.9 gm/cc) is much more dense than halite 
(about 2.15 gm/cc). When anhydrite beds overlie halite, there is considerable potential for the anhydrite 
to sink and the halite to rise. This potential exists throughout much of the Delaware Basin in the Castile. 
Mathematical and centrifuge models of similar systems confirm the potential for such deformation and 
even suggest that the rate of deformation is about 0.05 centimeter/year (0.02 inch/year) (Borns et al., 
1983). At such a rate, the DZ could be inferred to develop over about 700,000 yrs (Borns et al., 1983). 
The principal difficulty with this hypothesis is that there are large areas of the Delaware Basin which 
remain undeformed, though the stratigraphy is similar to that within the DZ. The potential for gravity 
foundering exists over most of the basin, yet only a small part actually manifests such deformation. A 
special condition, localized higher water content or an anomalous distribution of water, is hypothesized to 
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explain why deformation is localized despite the pervasive density inversion (Boms et al., 1983). 
Pressurized brine and gas associated with some of these structures is at least consistent with this 
explanation (see also Section 4.4). 

Halite could potentially be removed from the evaporite section by dissolution and change the form of the 
evaporites. The density structure could be changed by removing salt near the surface, causing collapse 
and fill with sediment that is more dense than the removed salt (Anderson and Powers, 1978). Borns et 
al. (1983) reviewed some of the evidence that evaporites were deformed near surficial sinks and 
concluded that there was certainly some association but that the pattern of deformation did not match the 
shallow dissolution. If salt is dissolved from the lower Salado or Castile, then overlying beds should 
deform in response to the removal of mass. DOE-2 was drilled to test that hypothesis. Recrystallized 
halite has been offered as evidence of the passage of fluids, but there appears to be no unique 
relationship between recrystallized halite and deformation. In addition, certain halite sections appear 
much overthickened, which is clearly not directly due to halite removal. These features indicate generally 
that the halite can be squeezed and will "move" laterally. The fact that the Rustler shows no discernible 
overall structural lowering over the DZ (Holt and Powers, 1988) suggests that dissolution of the lower 
Salado or Castile is not the origin of the deformation. The one area in which the Rustler is structurally 
affected is around ERDA-6, and there it is warped upward as noted by Jones (1981). Borns et al. (1983) 
do not believe that the Bell Canyon has been a source for brines in the Castile because of the chemistry 
(Lambert, 1978,1983) and the small volume. 

Gravity sliding in the Delaware Basin could be driven by two physical situations: the general eastward dip 
and the dip off the Capitan reef and forereef into the basin. In contrast to the gravity foundering 
mechanism, where movement is dominantly vertical, gravity would result in sliding blocks moving mainly 
laterally as well as downslope in this mechanism. Some of the deformation is adjacent to the reef (Jones 
et al., 1973), lending some substance to the hypothesis that the reef-forereef slope and facies changes 
could cause such sliding. Some deformation is in somewhat isolated portions of the basin (e.g. Poker 
Lake; Anderson and Powers, 1978; Borns and Shaffer, 1985), and these structures were originally 
interpreted to align along the strike of the basin (Anderson and Powers, 1978). Borns and Shaffer (1985) 
conclude that the data do not uniquely support that interpretation, and these structures may or may not 
support the concept of gravity sliding within the basin. Borns et al. (1983) also concluded that the timing 
of the various structures is an important factor in evaluating this hypothesis. As discussed above, neither 
the age of the various structures nor the timing of the basin tilt are well constrained. If tilting of the basin 
is an important event in forming these structures, the various macro to microstructures should probably 
be consistently related. As in gravity foundering, much of the basin area has not reacted to what appears 
to be widespread similar stresses. Special circumstances, such as an anomalous distribution of water, 
may be necessary to overcome a threshold for deformation to occur. 

In general, as temperature and pressure increase, gypsum dehydrates to form anhydrite and release free 
water. Borns et al. (1983) discuss the effects this process has in experiments in weakening the 
anhydrite. Borns et al. (1983) suggest, however, that a major difficulty with this hypothesis is that there 
should remain relicts of the original gypsum within the sedimentary column and these are not observed. 
Borns et al. (1983) suggest that mostly anhydrite was deposited in the Castile, and, as a consequence, 
the dehydration hypothesis has little observable support. More recently, pseudomorphs after gypsum 
have been recorded in every major anhydrite of the Castile (Harwood and Kendall, 1988, pers. comm.; 
Hovorka, 1988, pers. comm.; Powers, unpublished data; Sandia National Laboratories and D'Appolonia 
Consulting Engineers, 1982a). Gypsum certainly has been present in the Castile, though anhydrite 
cannot be dismissed as possibly an important primary mineral. Delicate forms of original gypsum crystals 
are sometimes preserved and pseudomorphed by anhydrite or halite. Each requires volume for volume 
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replacement, probably through dissolution and crystallizing the replacement mineral. There are no 
observed fluid escape paths, and the gypsum may have been replaced very early in the sedimentary 
history. The additional major drawback of this hypothesis is that the process should be prevasive, while 
the deformation is localized. Special pleading for an additional factor is necessary in this process as in 
some other hypotheses. 

Depositional or syndepositional processes have been invoked for some of the deformation in the Castile 
Formation. Borns et al. (1983) list four main mechanisms that have been suggested: 
penecontemporaneous folding, resedimentation, slump blocks off reef margins, and sedimentation on 
inclined surfaces. Penecontemporaneous folding requires consolidation of the units over relatively short 
times. Boms et al. (1983) also cite the lack of observed features that indicate the rocks were reexposed. 
Evaporite units in the Mediterranean contain resedimented material: turbidites, slumping and mudflows 
with other clastic sediment. Boms et al. (1983) report that "the units of the WIPP area show little chaotic 
or clastic structures". They also apply the same argument of Kirkland and Anderson (1970) that the 
deformed units would have to be consolidated by the time of resedimentation. 

In a more recent study of cores from the western part of the Delaware Basin, Robinson and Powers 
(1987) report a lobate unit of resedimented Castile anhydrite clasts overlying both the lower anhydrite 
and halite of the Castile and underlying the second anhydrite. The apparently unconformable contact 
with both anhydrite I and halite I lies across the extension of the Huapache monocline which appears to 
have been still active during the time part of the Castile was deposited. Polyclasts within some beds of 
this unit demonstrate that the original anhydrite was partially consolidated and that a unit of clasts was 
also at least partially consolidated to provide the polyclasts. These units were consolidated early -
between the time halite I was deposited and anhydrite II began to be deposited. 

In the rest of the basin, there is no apparent interval between the end of halite and beginning of the 
anhydrite deposition. The relationship clearly indicates that the western margin was an area of sulfate 
clast formation, deposition, and lithification over a very short interval of geologic time. Hovorka (1988, 
pers. comm.) indicates that similar clastic deposits occur in cores from nearer the eastern margin of the 
Delaware Basin. Snider (1966) proposed much earlier that sedimentation caused anomalous thickness 
of Castile units near the basin margin, and Billo (1986) presented a similar conclusion. Neither reported 
any textural evidence to support their conclusions. 

Clearly, Castile rock has been resedimented, but in the area where textural data are available, only 
modest deformation appears to be present (Robinson and Powers, 1987). At this time, there is little to 
suggest that such sedimentation resulted in the deformation in the DZ. There is also no direct evidence 
from the WIPP area that suggests slump blocks off the reef margin moved into the area, causing 
deformation. The high inferred slopes of some of these structures argues strongly against sedimentation 
on inclined surfaces (Boms et al., 1983). 

The concept that deformation was syndepositional or penecontemporaneous with deposition appears to 
mainly be driven by the fact that deformation decreases upward through successive units. Normal 
geologic reasoning would support penecontemporaneous deformation, but does not take into account the 
rather plastic behavior of halite, allowing flow from over high areas to move halite into low areas. 
Overlying units, such as the Rustler, are made of much less plastic material and do not respond as the 
Salado does. The deformation just appears to be compensated in overlying units through deposition. 

Overall, both gravity-driven mechanisms require some special additional conditions restricting 
deformation to small areas though most of the basin appears to be equally susceptible. Dissolution 
permits a more localized effect, but there does not appear to be an overall loss of mass in these areas 

WIP:R-0428-7 7-18 



and the chemistry of the fluids and hydrology of the units do not readily support the concept. Most of the 
syndepositional processes have no evidence to support them in the area of the DZ. The most favored 
hypothesis at the moment is gravity foundering, with a yet undetected anomalous distribution of fluid 
lowering the viscosity of halite locally to permit deformation. 

73^Timing of Deformation 

Most of the arguments about timing of deformation have already been discussed. Standard geologic 
arguments about relative timing, based on involvement of the overlying units, is unlikely to hold for the 
evaporite units. Jones (1981) notes that uplifted and arched Triassic rocks near the ERDA-6 borehole 
are truncated by the flat-lying, undeformed Pliocene Ogallala Formation. He interpreted this as an 
indication that salt movement was complete before deposition of the Ogallala. However, he does not 
explain either how the Triassic structure relates to the deeper DZ or how it is distinguished from near-
surface dissolution effects (Borns et al., 1983). Castile rocks may have been deformed during any time 
period from Permian to the present. More to the point, for some hypotheses, the general conditions 
thought necessary to deform the Castile and Salado are still present, and mechanisms such as gravity 
foundering are potentially active (Borns et al., 1983). 

An additional piece of data is relevant. Brines from ERDA-6 and WIPP-12 were analyzed, and the brines 
were calculated to last have moved after about 800,000 years ago (Lambert and Carter, 1984; Barr et al., 
1979). One set of reasonable assumptions about brine chemistry and interactions with the rock leads to 
calculated residence times of about 25,000 to 50,000 years for these brines. This may relate to the last 
time deformation was active on this structure, though it is not uniquely an indicator of deformation. The 
interaction between rock and water may have been strictly hydrologically driven, and may not require 
deformation at that time. 

The second point of interest is that some modelling calculations indicate, as stated above, that the kinds 
of structures observed in the DZ may require periods on the order of 700,000 years to form. There is no 
indication when the structures formed by this calculation, but it is relevant to timing and assessing how 
these structures might affect the WIPP. 

•ttS Importance to the WIPP 

The structures interpreted from core retrieved from WIPP-12 and ERDA-6 serve as possible analogs to 
effects of deformation on the WIPP. The DOE and EEG have analyzed the effects of brine and structure 
at WIPP-12 and the southern portion of the site and concluded the geologic conditions represent no 
threat to health and safety (see Section 1.1). In addition, both boreholes encountered brine only within 
the anhydrite units, and that is the experience of all other encounters of these larger brine inflows (see 
Section 4.4; Popielak et al., 1983). Anhydrite supports the fractures that provide porosity for the brine, 
and the anhydrite/halite units form an effective seal, as the pressurized brines and gas did not escape 
upward. The principal concern for isolation would be that the deformation, and its associated 
phenomena such as pressurized brine and gas, could cause breaching of the repository and provide or 
make a pathway for the escape of the waste constituents. The period of time expected for development 
of the structure (700,000 years) is well beyond periods of regulatory concern. In addition, the evidence of 
the pressurized brine and gas occurrences is that they are confined to these Castile anhydrite layers and 
do not breach the lower Salado to reach the stratigraphic level of the repository. There is nothing at 
present to indicate that these features will form in the time period of concern or that they can directly 
cause a breach of the repository. 

3^ - SALADO PENETRATIONS 

Within the 16 square-mile WIPP Site Boundary, 36 boreholes have been identified as penetrating into the 
Salado Formation (Figure 7.4-1; Table 7.4-1). Thirty of these boreholes terminate near the top of the 
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Salado, the remaining six boreholes were completed through the Salado to deeper formations. These 
boreholes have either been plugged and abandoned or recompleted for use as hydrologic monitoring 
wells. 

The six wells that penetrate through the Salado are two exploration wells and four drilled in support of 
WIPP. Two hydrocarbon exploration wells, Clayton Williams #1 Badger Unit and Michael Grace #1 
Cotton Baby, were drilled within the WIPP Site Boundary. The location of these wells is shown on Figure 
7.4-1, and the construction information is provided in Table 7.4-1. These wells did not produce 
economical quantities of hydrocarbons and were plugged and abandoned in accordance with the State of 
New Mexico plugging criteria. The four additional deep boreholes, WIPP-12, WIPP-13, DOE-1 and 
ERDA-9, were drilled as stratigraphic holes for geologic site characterization (Figure 7.4-1; Table 7.4-1). 
These four boreholes have been recompleted and are currently used for hydrologic testing and sampling. 

Most of the thirty boreholes completed near the top of the Salado Formation were drilled in support of 
WIPP. Seven of the boreholes (designated with an "H" prefix on Figure 7.4-1) were drilled to just below 
the Rustler/Salado Formation contact and were completed as hydrologic exploration wells. These wells 
were completed with the section within the Salado Formation either left as an open hole or, in some 
cases, a cement plug was installed to prevent mixing of ground water between the Rustler and Salado 
formations. Five boreholes were drilled within the boundary to characterize the site stratigraphy. Four of 
these boreholes (WIPP-18, WIPP-19, WIPP-21, and WIPP-22) were subsequently recompleted for 
hydrological testing and sampling purposes and are currently in use. The remaining stratigraphic 
borehole, B-25, was drilled as part of the geotechnical foundation analysis program. This borehole was 
plugged as described in Table 7.4-1. Industry potash and WIPP potash assessment boreholes 
(designated as "D", T , or"P", respectively, on Figure 7.4-1) were drilled within the site boundary. These 
boreholes were plugged with cement and abandoned, except for borehole P-15. This borehole was 
plugged as described on Table 7.4-1 and recompleted as a hydrologic test well. 

^5 MARKER BED 138 

Marker Bed 138 is an anhydrite layer within the Salado Formation that is located above the facility 
horizon in the WIPP underground. Two other laterally continuous anhydrite beds are also present. The 
location of anhydrite layers within the immediate strata sequence around the facility location is shown in 
Figure 7.5-1. 

The actual position of Marker Bed 138 relative to the excavations in different parts of the underground is 
provided in the Design Validation Final Report (DOE, 1986b). In the proposed storage area, it is 
approximately 11 meters (36 feet) above the roofs of rooms. It consists of a light to medium grey, 
microcrystalline, partly laminated anhydrite which contains scattered halite growths. It typically is 0.2 
meter (0.7 foot) thick. Clay seam 'K', which is about 1.3 centimeters (0.5 inches) thick, is present at the 
base of the marker bed. 

The two additional anhydrite beds present in the roof at WIPP are closer to excavations than is Marker 
Bed 138. They are not continuous throughout the basin and therefore, are not identified as marker beds, 
but they are continuous across the WIPP site. For identification, they have been designated as Anhydrite 
"A" and Anhydrite "BH. 

Anhydrite "A" lies approximately 5 meters (16 feet) above the roof in the storage areas but is exposed in 
the Sandia experimental area north of the storage panels. It is about 0.2 meter (0.7 foot) thick and 
consists of a light to medium grey, light brown, and sometimes light moderate reddish orange, 
microcrystalline, partly laminated anhydrite. Halite growths occur within it, and a clear, coarsely 
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FOREWORD 

Over the history of the WIPP project, extraordinary properties have 
been attributed to "the halite that was" ... and wasn't in the Rustler. 
Halite is quite thick in some members of the Rustler east of the site; these 
same members are much thinner and are mostly mudstane at the WIEP site. A 
simple assumption was made that these halites continued laterally - after 
all, same of the beds above and below are continuous over very large areas. 
The mudstones then must be "dissolution residues," following this simple 
assumption. Still, we know that environments always change laterally, and 
halite (or mudstone or carbonate) must give way laterally to another rock or 
an area that isn't accumulating halite. Where were these transitions for the 
Rustler? 

After our experience mapping the waste shaft, we felt strongly that we 
were seeing transitional area. The bedding, fossils, bioturbatian, and 
sedimentary structures were convincing evidence to us that the shaft area had 
not undergone significant dissolution since the Rustler was deposited and 
that sufficient features were observable in shafts and cores to recontruct 
depositional environments. From this reconstruction, we expected that more 
realistic limits could be placed on the extent of salt dissolved from the 
Rustler since the Permian. Here we report our reconstructed depositional 
environments. 

The initial response to our mapping experience varied, though much of 
it was skeptical. Some workers have felt strongly that expectations of 
lateral continuity outweigh specific evidence we presented such as continuity 
of bedding and primary sedimentary features. Very slow dissolution was 
postulated, so that sedimentary features and relationships can be preserved 
while 75 to 90% of the rock is removed. While we are reluctant to say that 
such a process cannot occur, we believe a more appropriate explanation is 
available. 

Halite does appear and disappear in. parts of the Rustler. But 
observable features and relationships in the Rustler indicate that it can 
disappear soon after it was deposited, as might be expected for one of the 
more soluble of evaporite minerals. It creates interpretable structures as 
it is dissolved, same of which are newly described in this report. We hope 
that other geologists who are interested in evaporites will benefit from our 
experience, too. 
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Many individuals have helped us during this investigation. Not all can 
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The main thrust of this report is to describe and interpret 
sedimentolcgical features in terms of depositional environments. It was 
written mainly for sedimentologists. A few obscure but useful words are 
explained in the text. We anticipate that geologists less familiar with 
evaporites and sedimentology will require occasional reference to the 
American Geological Institute Glossary of Geology. 3rd ed., ed. by R.L. Bates 
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ABSTRACT 

The late Permian Rustler Formation is the youngest of three 
evaporite-bearing formations in the Delaware Basin. The depositianal 
environments which formed the Rustler and the post-depositianal events which 
subsequently modified the Rustler have never before been investigated in a 
detailed, systematic way. The purpose of this study is to describe the 
detailed sedimentology and interpret the depositianal environments of the 
Rustler. Another objective of this study is to reassess the extent of 
Rustler dissolution. The reconstructed depositional environments help to 
bound the extent and relative timing of dissolution. Existing literature was 
surveyed to distill criteria by which dissolution can be recognized. 
Microscopic examination of diagenetic alteration of the Rustler rounds out 
the evidence. 

The Rustler was examined in detail in two shafts and many cores from the 
vicinity of the Waste Isolation Pilot Plant (WIPP) site in southeastern New 
Mexico. Nearly 600 geophysical logs from boreholes in southeastern New 
Mexico were interpreted, and the stratigraphy and lithology over a larger 
study area were related to units observed in cores and shafts from the WIPP 
site. 

The Rustler consists of sulfates, carbonates, halite, and clastic rocks. 
Rustler sulfates and carbonates are areally extensive and vary little. Those 
zones containing halite and mudstone laterally change greatly in thickness 
and lithology. The Rustler thickens considerably toward a depocenter east 
and southeast of the WIPP site. Most of the variation in Rustler thickness 
is attributed to those stratigraphic intervals containing halite. 

The depositional environments of the various units within the Rustler 
were reconstructed using a sedimentological approach. Carbonate and sulfate 
units were deposited subaqueously following a transgression or freshening 
event. Among the diagnostic features for subaqueous deposition are algal 
beds and laminations, bioturbaticn, fossils, gypsum growth textures, and 
cross-bedding sequences. Halite and mudstone units accumulated slowly due to 
repeated solution and reprecipitatian of halite in salt pan and marginal 
mudflat environments. Subsidence in the depocenter allowed halite to 
accumulate and be preserved. Halite commonly was dissolved syndepositianally 
from parts of the halite and mudstone units. Small scale dissolution, often 
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reported in halite from both modern and ancient evaporite environments, was 
common, and, on a larger scale, syndepositional dissolution drastically 
modified the sedimentary sequence. Diagnostic features include pedogenic 
clay skins, incorporative gypsum, incorporative and displacive halite in 
various stages of growth and solution, and bedding. Smeared intraclast 
textures are a newly-described feature formed by repeated solution of halite 
in mudflat environments. 

Several times during Bustler deposition, relatively fresh water 
transgressed rapidly over very low topography. Carbonate or sulfate formed 
subagueously as evaporation proceeded. Salinity increased and the brine 
margins retracted as desiccation continued. Marginal elastics and a halite 
lens in the depocenter accumulated relatively slowly and were controlled by 
subsidence and cannibalism of soluble minerals at the margins. Deposition of 
these saline facies was abruptly ended by another freshening event. This 
style of deposition began with an initial marine transgression over the 
Salado and was repeated several times. 

The Bustler in, and adjacent to, Nash Draw has been breociated because of 
solution of the Salado. Breccias were superimposed on Bustler rocks, 
including clastic rocks exhibiting smeared intraclasts which are due to 
syndepositional dissolution. These breccias have a stratiform base, and the 
degree of brecciatian diminished upwards. These features are consistent with 
post-depositianal dissolution of a bed at depth as described in the 
literature. Some of these areas are now also being affected by karst 
processes (as at WIPP 33). 

Host of the immediate site area is unaffected by large-scale 
post-depositianal dissolution. Halite was removed from parts of the lower 
unnamed member, Tamarisk Member, and Forty-niner Member before overlying 
units were deposited. Minor brecciatian at boreholes H-3 and H-ll indicates 
some dissolution and collapse after the Bustler was deposited. These 
boreholes are in marginal areas of the depositional environments where some 
halite precipitated in mudstone units. Part of the Tamarisk Member is 
brecciated in WIPP 13. Partial core from WIPP 13 limits interpretation of 
this anomaly. Halite is not predicted for the Tamarisk Member at this 
location, but the brecciation may have begun below the Tamarisk. 
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The Bustler has been altered extensively at the microscopic scale. 
Petrcgraphic evidence demonstrates mainly volume-for-volume replacement of 
minerals, especially sulfates. Overgrowths on some clastic gypsum grains 
preserve shapes, suggesting the gypsum may never have inverted to anhydrite. 
These phenomena help limit hypotheses of the effects of the volume changes 
associated with sulfate mineral inversion. 
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1.0 UTERDDUCnCN 

The Late Permian Rustler Formation is the youngest of three Ochoan 
evaporite-bearing formations in the Delaware Basin, and it overlies the 
Salado Formation which contains the facility horizon of the Waste Isolation 
Pilot Plant (WIPP). The Rustler is being characterized in detail to 
understand the geological history of the strata overlying, and in the area 
surrounding, the WIPP. The long-term isolation of waste at the WIPP will be 
evaluated partly on our understanding of this geological history. 

The Rustler must be characterized in two ways. First, the condition of 
the Rustler at the present time must be clearly understood. Hydrologic and 
water-quality data have been collected and synthesized to explain groundwater 
sources and movement in the Rustler. Second, data must be collected in order 
to interpret more precisely those events which formed the Rustler and 
subsequently modified it through geologic time. In this report, Rustler 
sedimentary features are reported and the depositional history of the Rustler 
is interpreted. Post-depositional history of the formation is partially 
assessed. 

The WIPP project is a Department of Energy (DOE) research-and-development 
facility constructed to demonstrate the safe disposal of radioactive wastes 
derived from the defense activities of the United States. The WIPP site is 
located about 26 miles east of Carlsbad, Mew Mexico, in an area known as Los 
Medanos (Fig. 1.1). 

1.1 GENERAL 
The Late Permian Rustler Formation of the Delaware Basin in southeastern 

New Mexico and west Texas records, perhaps uniquely, the evaporitic end 
stages of a cratonic basin. The Rustler is unusual as it represents the 
transition from the thick bedded evaparites of the Salado Formation to the 
clastic dominated continental deposits of the Dewey lake Redbeds (also caned 
Dewey Lake Formation). Transitional deposits of this nature have not been 
widely investigated. 

The depositional pattern of the Salado' (thicker, laterally continuous 
beds of halite branded by thinner, areally extensive beds of sulfate) did not 
continue in the Rustler. The Rustler lithology is sere variable, consisting 
of interbedded sulfates, elastics, carbonates, and halite. The lower Rustler 
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contains principally clastic rocks with interbedded sulfates and halite. The 
upper Rustler consists of carbonates and thick sulfates which sandwich 
thinner units of elastics and laterally equivalent halite. 

The depositional environments which produced the Rustler are poorly 
understood, as no attempt had been made until recently to collect and 
synthesize detailed sedimentological data into a depositional model (Holt and 
Powers, 1984, 1986a & b, 1987; Powers and Holt, 1984). Before this work, 
data on the Rustler came from studies of limited and highly disrupted 
outcrops (e.g. Vine, 1963), field examination of core, and general 
interpretations of geophysical logs. Most studies of ancient evaporites are 
based on observations of cores and interpretations made from geophysical 
logs. This is partially due to the fact that evaporites crop out poorly. 
Hydration and dissolution seldom leave original textures and features 
intact. Most core studies concentrate on recognizing features with modern 
analogs. In this study, an in situ sequence was directly observed and 
combined with detailed core description and geophysical log interpretation to 
yield a much better set of sedimentary features and more complete 
understanding of lateral lithologic relationships. 

The Rustler at the WIPP site near Carlsbad, New Mexico, has been 
investigated recently in detail, providing unique litholcgic data for this 
formation. The Rustler was directly observed, described, and geologically 
mapped in two shafts. The mapping revealed lateral relationships and 
sedimentary features that rarely are observed in core or surface outcrop. As 
the shafts displayed the entire Rustler section in situ, data from the shafts 
(Holt and Powers, 1984, 1986a) are superior to those collected by other 
means. Observations made in the WIPP shafts provided the impetus for further 
study; cores were also re-examined and redescribed, and lithologies were 
interpreted in some detail from geophysical logs. The purpose of this 
investigation is to synthesize the data collected from the northern Delaware 
Basin (WIPP site area) and surrounding areas into a detailed depositional 
model of the Rustler Formation. Once a detailed depositional model has been 
established, it becomes possible to separate depositional from diagenetic 
features and to more accurately access diagenetic models. 

Jones and others (1973), Bachman (1974, 1976, 1980, 1984a), and Lambert 
(1983) have discussed dissolution or proposed models of dissolution for the 
Rustler in the vicinity of the WIPP. An improved understanding of the 

1-2 



depositional environments of the Fustier should enhance our understanding of 
any diagenetic events, including dissolution, that have affected the Rustler. 

1.2 STUDY AREA 
The Delaware Basin of southeastern New Mexico and west Texas is a major 

subdivision of the Permian Basin (Fig. 1.2). It is bounded on the west by 
the Diablo Platform, on the east by the Central Basin Platform, and on the 
north by the Northwestern Shelf. The areal extent of the basin is greater 
than 13,000 mi 2 (33,500 km 2), and it is filled with as much as 24,600 ft 
(7,500 m) of Phanerozoic sedimentary rocks (Hills, 1984). The Capitan reef 
almost completely surrounds the Delaware Basin. It is considered among the 
latest deposits immediately preceding deposition of the Ochoan evaporites. 
This study concentrates on the northern portion of the Delaware Basin and 
adjacent parts of the Northwestern Shelf and Central Basin Platform. The 
WIPP site lies among the vegetated dunes of the Ios Medanos area, sane 26 mi 
(42 km) east of Carlsbad, and is located in the northern part of the Delaware 
Basin between Nash Draw and San Simon Swale. 

1.3 REVIEW OF PREVIOUS WCRK 
The depositional and diagenetic events which produced the Rustler 

Formation have not been investigated in any detailed, systematic way. Early 
workers (e.g. Lang, 1935; Adams, 1944) described the Rustler from outcrop and 
well data, but they provided little assessment of depositional environments 
or post-depositional events. Danegan and DeFord (1950) asserted that the 
Rustler was Permian in age on the basis of invertebrate fossils collected 
from the Culebra Dolomite Member of the Rustler in Culberson County, Texas. 
Walter (1953) further identified and examined these fossils, and he indicated 
that the environment was quite saline based on the restricted fauna. Vine 
(1963) described the Rustler outcrops in Nash Draw and the Rustler from a 
core south of the WIPP site as part of the geological work preparatory to 
Project Gnome, a nuclear device exploded in 1961 in the Salado Formation 
south of the WIPP site. Cooper and Glanzman (1971) and Gard (1968) provided 
final reports on hydrology and geology of the Project Gnome site that include 
considerable discussion of the Rustler stratigraphy and lithology as well as 
the effects of dissolution. Geologists from the U.S. Geological Survey 
prepared several reports in the early 1970s as part of broad site selection 
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activities for radioactive waste disposal that resulted in investigation of 
the Los Medanos area. Jones and others (1973) interpreted the regional 
thinning of the Rustler as the result of an eastward migrating wedge of 
dissolution. 

Eager (1983) broadly described a core through the Rustler in Culberson 
County, Texas, and related litiiology to geophysical logs. Six stratigraphic 
units were identified by Eager (1983): the four formal members and two 
informal members below the Culebra Dolomite Member. The basal 96 ft (29 m) 
was called the "siltstone member" and includes about 22 ft (6.7 m) of 
dolomite. The "lower gypsum and mudstone member" of Eager (1983) is between 
the "siltstone member" and the Culebra and is about 50 ft (15.2 m) thick. 
Eager (1983) attributes the Rustler to eolian,. supratidal carbonate flats, 
brine pan and mud flat environments based on the general lithologic 
similarities to evaporites of the Palo Duro Basin as reported by Handford 
(1981), Handford and Fredericks (1980), MoGillis and Presley (1981), and 
Presley and McGillis (1982). 

Field investigations began in 1974 in the Los Medanos area to locate a 
site for the WIPP, and the present site was located in 1975. The site was 
investigated in detail to validate it based upon established criteria. The 
Rustler was deemed of importance to the WIPP as it overlies the Salado and 
contains two water-bearing units (the Magenta and Culebra Dolomite Members). 
The hydrology of the Rustler lias been characterized extensively to help 
determine the likelihood of the Rustler acting as a conduit for radioactive 
materials to the biosphere. As part of the site investigations, a number of 
Rustler cores were taken. The initial field descriptions of those cores 
appear in basic data reports for each hole (e.g. Janes and Gonzalez, 1980). 
Data and interpretations of the hydrology of the Rustler have been presented 
in several HIPP documents (e.g. Mercer and Orr, 1979; Gonzales, 1982; Mercer, 
1983). Ferrall and Gibbons (1980), Lambert (1983), and Powers and others 
(1978) discussed dissolution within the Rustler. The WIPP site location and 
design met all established criteria and the site validation report was 
published in 1983. 

In 1984 and 1985, two shafts were enlarged or newly constructed through 
the Rustler to the WIPP facility level. These shafts were mapped in their 
entirety (Holt and Powers, 1984, 1986a), giving special attention to the 
Rustler. The Rustler exhibited none of the features that would be expected 
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if recent dissolution had occurred. Holt and Powers (1984) state that: 
"Post-depositianal dissolution features were not observed in any 
stratigraphic horizons in the waste shaft. In fact, several zones 
previously identified as dissolution residues in nearby boreholes (e.g., 
ERDA-9) contain pronounced primary sedimentary features. This is of 
great significance since dissolution has, historically, been considered 
as an important process that has greatly modified the Rustler Formation 
in this area." 

The authors were subsequently given the task to study in detail the 
sedimentology, depositional environments, and subsequent modifications of the 
Rustler, building on their unique experience in mapping and describing the 
Rustler in the waste handling and exhaust shafts. This report is the 
consequence of that task. 

Several of the intervals within the Rustler were modified by diagenetic 
processes. Based upon examination of four cores and one geophysical log, 
Iowenstein (1987c) discussed, post-depositional alteration within the 
Rustler. Bachman (1987b) reported on evaporite karst, culminating years of 
study of the processes and features in Ochoan rocks, including the Rustler. 
Diagenetic alterations are assessed in this study as they pertain to both the 
depositional environments and dissolution. 

1.4 METHODS OF ANALYSIS OR APPROACH TO EVAPORITE STUDIES 
As previously discussed, the surface outcrops of most ancient evaporites 

provide little or no significant data concerning the depositional environment 
which formed the evaporites or subsurface geologic processes that modified 
them. In turn, the majority of evaporite-related studies rely on two types 
of data from the subsurface: geophysical logs and core. Among the most 
common tools available for evaporite studies are geophysical logs. The 
geophysical log itself is data about the physical properties of the rocks 
that must be interpreted. The interpretations are sometimes not unique and 
are frequently based upon a factor which cannot be quantified - experience. 
Geophysical logs become more useful when the logs from holes containing core 
are compared with descriptions of that core. This procedure allows for 
better extrapolation of rock types away from a data area. 
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Geophysical log interpretations are limited. No information can be 
collected or inferred beyond that which is inherent in each specific logging 
tool. In the best of cases, geophysical logs individually may yield general 
or semi-quantitative information concerning density, water content, natural 
radioactivity, acoustic velocity, conductivity, resistivity, spantanteous 
potential and dip. As one type of geophysical log data does not usually 
yield a unique interpretation of lithology, geophysical log types are 
combined in a manner in which the data collected allows unique, or nearly so, 
interpretations of parameters of interest. At best, these interpretations 
can reveal general information concerning rock type, mineralogy and pore 
fluid type. Geophysical logs normally cannot provide any information 
concerning sedimentary features (although the dip log may indicate 
crossbedding). Therefore, it is improper to rely on geophysical logs for the 
interpretation of anything they are not designed to provide. The value of 
geophysical logs lies in their availability across the region of interest. 
Thus, vertical and lateral lithologic and stratigraphic relationships can be 
inferred from logs of boreholes without core, providing much greater range to 
interpret geological history for the Rustler. 

In most cases, geophysical logs cannot provide the types of data most 
needed for accurate and detailed reconstruction of depositional and 
diagenetic models. Just as it is impossible, using geophysical logs, to 
differentiate directly between sulfate deposited in a sabkha and that 
deposited in a saline lagoon or lake, it is also generally impossible to 
distinguish between a clastically deposited mudstone and a mudstcne residue 
left after the removal of salt. The features and fabrics we rely on for the 
interpretation of depositional environment and diagenetic history (including 
dissolution) come from direct observation of rock. 

This can be done in one of two ways. First, rock samples collected by 
coring can easily be described and allow for the direct observation of 
sedimentary features. The surface of evaporite core is frequently less than 
ideal for detailed observations, so it is often desirable to cut a slab from 
the core. Another advantage of cores is that they can be taken from holes 
over a wide area relatively cheaply, providing a larger view of the unit. 
One disadvantage of the study pf core is that the data are limited by core 
size and the chance of coring and preserving specific features of 
importance. Second, in situ observations of rock can be done in manmade 
underground openings such as shafts and drifts. Observation of the rocks in_ 
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situ has distinct advantages over observation of core, although it may be 
orders of magnitude more expensive than core. The entire sequence may be 
observed without interruption. Larger scale features may be readily observed 
and relationships not clear in core may be obvious. Thus the features 
observed in core can be understood with greater confidence. 

Nevertheless, the surface of underground excavations is usually rough, 
and some of the details which are readily distinguishable in core may not 
bevisible. This is especially true for sulfate rocks. It is dear that the 
best approach toward collecting direct observational data is to use both core 
and observations from underground excavations, as one's weakness is the 
other's strength. 

Other types of direct observations on evaporite cores or samples can be 
made. These include thin sections, X-ray diffraction, and other chemical and 
microscopic techniques. 

As geophysical log data are more cxiiuiion and of greater areal extent than 
data collected from direct observations, it is important to integrate the 
data types. One can compare the direct observations from core with the 
geophysical logs and determine what geophysical log signatures correspond 
with the observed rocks. One can reasonably expect to extrapolate 
lithologies between direct data points via geophysical logs. Those 
interpretations became less valid when they are not bounded by directly 
observed data and lose validity further from a direct observation. It is 
best to use caution when using geophysical logs alone. 

Once the data have been collected and compiled, features with easily 
recognizable modern depositianal analogs should be identified. The sequence 
of occurrence of those features in both the lateral and vertical sense should 
be analyzed and lithofacies should be determined. As few ancient examples 
exactly mimic modern analogs, it is not necessary to find an exact 
environmental match. The processes which formed the sedimentary features are 
commonly recognizable. It is the assimilation of those processes and their 
inherent limitations that yields a range of possibilities of original 
depositional environment, further narrowing of the field is then done by 
determining which of the possible models is inconsistent with the lateral and 
vertical lithofacies relationships. Once this process is completed on a 
small scale, it should then be reapplied to the larger scale. The most 
reasonable interpretation should be selected and tested. 
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Data have been compiled on several types of maps and diagrams for 
interpretation. Lithofacies are identified, and their lateral variations 
assessed. By comparing the features and facies relationships of the Rustler 
to modern analogs, depositional models have been generated for various parts 
of the Rustler and integrated to create a composite depositional model of the 
Rustler Formation. 
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2.0 GEOLOGIC HISTORY OF THE DELAWARE BASIN 
2.1 PRE-PENNSYLVANIftN 

Prior to the Late Mississippian, Paleozoic depositianal patterns in the 
Delaware Basin reflect migrations of epeiric seas over the region and the 
structural development of the Tobosa Basin, the predecessor to the Permian 
Basin. From the Late Cambrian/Early Ordovician until the Late Mississippian, 
a nearly continuous record of sedimentation is preserved as the region was, 
for the most part, tectanically stable during that time. Carbonates 
deposited under shallow shelf conditions dominate the rock record. However, 
carbonate deposition was interrupted by shale sedimentation during the Middle 
Ordovician, Late Devonian, and Early Mississippian. 

During and immediately following the Late Mississippian, the Delaware 
Basin began to develop structurally by vertical movement along pre-existing 
structural trends (Hills, 1984). A thick sequence of basinal shales was 
deposited in the Delaware Basin during the Late Mississippian. 

2.2 PENNSYLVANIAN PERIOD 
The tectonic processes that were initiated during the Mississippian 

continued into the Early Pennsylvanian, and clastic materials derived from 
the Pedernal uplift in central New Mexico, the exposed Central Basin 
Platform, mountains in the Ouachita-Marathon area, and the Matador Arch 
filled the growing Delaware Basin (Hills, 1984; Powers and others, 1978). 

During the Middle to Late Pennsylvanian, tectonic activity increased in 
the region (Ross, 1986). Broad carbonate shelves grew concurrently along the 
margins of the Delaware Basin (Hills, 1984). Carbonate bank development 
began in Atoka time and persisted through the Late Pennsylvanian and much of 
Permian time (Mazzulo, 1981). For the most part, clastic input from the 
north was trapped behind the carbonate banks, thus starving the Delaware 
Basin of sediment (Adams and others, 1951). 

By early Permian (mid-Wolfcampian) time, tectonic activity had ceased 
(Ross, 1986), and the entire region subsided, deepening the Delaware Basin 
and establishing the major features of the Permian Basin. 

2.3 PERMIAN PERIOD 
2.3.1 Wblfcampian Epoch 

In the Early Permian, the last stages of the Marathon orogeny thrust 
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geosynclinal rocks northward providing a source of fine clastic material 
which filled much of the southern and central portion of the Delaware Basin 
(Hills, 1984; Ross, 1986). Limestones, including the Abo reef, were 
deposited on the shelfal areas and during periods of quiescence, as thin 
units within the basin (Hills, 1972; Hills, 1984). Ihe development of 
carbonate reefs severely restricted basinal circulation (Hills, 1984). 
Regional tectonic stability marked the remainder of the Permian, although 
local structural events continued to modify the basin (Powers and others, 
1978). 

2.3.2 Laonardian Epoch 
The restriction of marine circulation continued into the Middle Permian, 

and the sea regressed to the southwest (Hills, 1972). This led to the 
development of large reefs and carbonate banks. Evaporites were deposited in 
highly saline shallow lagoons in the back reef (Hills, 1972). Sandstones 
continued to be deposited in the central part of the basin and were 
interbedded with carbonate wedges thinning toward the center of the basin. 

2.3.3 Guadalupian Epoch 
A general eastward tilting of the Delaware Basin began near the end of 

Leonardian time and subsidence continued through Guadalupian time (Hills, 
1984). About 3,000 to 4,000 ft (900 to 1,200 m) of Guadalupian sands and 
silts were poured into the Delaware Basin; large carbonate reefs developed 
through later Guadalupian time (Hills, 1984). 

As circulation became widely restricted due to the upward growth of the 
reefs and continued subsidence, the basin became sediment-starved (Oriel and 
others, 1967; Hayes, 1964; Hills, 1984). Reef and bank growth continued 
around the basin margins, and by late Guadalupian time had closed the Hovey 
Channel (Fig. 1.2) (Ross, 1986). Ihe salinity of the fluids within the basin 
increased, dramatically halting reef growth. 

2.3.4 Ochoan Epoch 
The Delaware Basin was very restricted by the beginning of Ochoan time 

and evaporative conditions prevailed. Topographically, the Delaware Basin 
was fairly deep. Up to 1600 ft (500 m) of Castile evaporites consisting of 
carbonate and anhydrite with interbeds of halite were deposited on the 
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Guadalupian sediments. The Castile is restricted to the Delaware Basin, 
because Lang (1939, 1942) redefined the base of the Salado as the base of the 
Fletcher anhydrite that rests on the Capitan reef in the subsurface. 

Following the deposition of the Castile, the basin desiccated to an 
areally extensive salt-pan/saline mudflat. Surface topography was 
essentially nonexistent and the laterally continuous desiccating-upward 
cycles of carbonate - sulfate - halite were deposited (Jones, 1972; 
Iowenstein, 1982, 1987a). locally, over 2300 ft (700 m) of the Salado 
evaporites, mostly halite, were deposited in the basin. Salado deposition 
extended over the margins of the then buried Capitan reef. 

Rustler time was marked by a major freshening of the basin. Clastic 
sediments were introduced into a deeper, somewhat less saline lagccnal type 
environment which later desiccated to a saline mudflat/salt pan. Rapid 
transgressions followed by desiccation deposited carbonates, sulfates, and 
halite rocks during the remainder of Rustler time. 

Near the end of the Permian, nearly 650 ft (200 m) of siltstones and 
sandstones were deposited over Rustler evaporites. Earlier studies of the 
Dewey lake Redbeds have been limited in scope (e.g., Miller, 1955, 1957). 
Miller (1966) interpreted the Dewey Lake as having been deposited in a 
shallow marine environment. Oriel and others (1967) followed Miller (1966), 
while Eager (1983) suggested that the Dewey Lake originated as prodeltaic 
sediments. Schiel (1987), as part of a continuing study, suggests the Dewey 
Lake is a continental deposit, in contrast with previous marine 
interpretations. 

2.4 POST-PERMIAN 
Following the deposition of the Dewey Lake Redbeds, most of southeastern 

New Mexico and west Texas were subject to erosion. The uplift and/or tilting 
that caused erosion was minor as the unconformity between the Late Triassic 
Dockum Group and the Late Permian Dewey lake Redbeds is minimal. By the Late 
Triassic, southeastern New Mexico was reduced to a broad peneplain (Kelley, 
1971). A northwesterly draining flood-plain basin formed in the Late 
Triassic and was not contained by the Delaware Basin (Hills, 1963; Brokaw and 
others, 1972; MoGowen and others, 1983). Source areas to the south provided 
detrital material for the Santa Rosa and Chinle Formations (McGowan and 
others, 1983). 
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The Jurassic was a period of uplift and erosion of Triassic and possibly 
Permian rocks in the western part of the Delaware Basin. Southeastern New 
Mexico was a source area for Jurassic rocks in central and northern New 
Mexico (Powers and others, 1978). 

By Cretaceous time, earlier erosion had exposed Precambrian to Permian 
rocks in the region. From late in the Early Cretaceous until early in the 
Late cretaceous, southeastern New Mexico was covered by shallow shelfal seas 
(Hills, 1984). Thin deposits of limestone and coarse sandstone and 
conglomerate were deposited. In the Delaware Basin, the Cretaceous rocks 
were removed by later erosion, save isolated slump blocks of limestone and 
shale associated with karst features (Bachman, 1974). Late in the Cretaceous 
or early in the Tertiary, the Guadalupe Mountains were uplifted and tilted to 
the northeast. Mild tectonism affected the Northwestern Shelf (Kelley, 
1971). 

Regional uplift and tilting of southeastern New Mexico and west Texas to 
the east and southeast occurred in the late Tertiary. Tectonic activity to 
the west increased, resulting in the uplift of the Delaware, Guadalupe, and 
Sacramento Mountains. Eastward flowing streams drained the recently elevated 
highlands forming coalescing alluvial systems. These systems eventually 
produced an extensive blanket of sands and gravels called the Ogallala 
Formation. The Ogallala represents the first preserved sedimentary record 
since the Cretaceous (Bachman, 1974). Ogallala deposition ended in the 
Pliocene with the advent of additional regional uplift and warping (Powers 
and others, 1978). The surface became stabilized, and soil forming processes 
began that resulted in the formation of an extensive caliche caprock 
(Bachman, 1980). 

A major uplift of the Guadalupe Mountains occurred in the late Pliocene 
and early Pleistocene. Subsequent erosion and coalescence of subsided areas 
removed Ogallala sediments (Nicholson and Clebsch, 1961; Mercer and Orr, 
1979). During the early to middle Pleistocene, Nash Draw, the Clayton Basin, 
and San Simon Swale underwent subsidence (Bachman, 1974). 

The middle Pleistocene was relatively humid, and the conditions were 
right for the fluvial reworking and deposition of earlier sediments as the 
Gatuna Formation. Gatuna time was followed by a much more arid environment. 
The arid conditions coupled with a tectonic and an erosionally stable surface 
permitted the formation of the Mescalero caliche. During the late 
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Pleistocene to' Holocene, eolian reworking of detrital materials formed the 
extensive dune fields which now blanket large portions of southeastern New 
Mexico. 
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3.0 STRATIGRAPHY 
3.1 OCHOAN STRATIGRAPHY 

The Ochoan Series in the Delaware Basin was named by Adams and others 
(1939) for the Ochoa Post Office (T.24S., R.34E., Lea County). It includes 
four formations, three of which consist primarily of evaporites. They are, 
in ascending order, the Castile, Salado, and Rustler Formations, and the 
Dewey Lake Redbeds (or Formation)(Fig. 3.1). 

3.1.1 Castile Formation 
Richardson (1904) named the Castile Formation for outcrops near Castile 

Spring in Culberson County, Texas. The Castile was divided into a "lower" 
and an "upper" salt series until Lang (1935) named the upper salt series the 
Salado Formation. 

The Castile Formation consists of thick units of laminated 
anhydrite/carbonate and halite. The sulfatic beds dominate. Halite is thin 
or absent in the western part of the Delaware Basin. The change is usually 
attributed to dissolution of halite (Anderson and others, 1972, 1978; 
Anderson, 1978, 1981, 1982; Bachman, 1984b; Lambert, 1983). 

Anderson and others (1972) divided the Castile into additional informal 
members from the base upwards: basal limestone, anhydrite I, halite X, 
anhydrite II, halite H , anhydrite H I , halite m , and anhydrite IV. 
Bachman (1984b) reported additional halite within anhydrite IV and called it 
halite V (sic). The informal framework provided by Andersen and his 
co-workers is in regular usage by investigators of the Castile Formation. 

The basal contact of the Castile with the underlying Bell Canyon 
Formation of the Delaware Mountain Group is poorly exposed at best. 
Geophysical logs display a sharp transition based on natural gamma, acoustic, 
density, and other parameters. The contact has been considered unconformable 
based on these signatures. Cys (1978) reviews the evidence from a core of 
the transition in Winkler County, Texas, and concludes that the contact is 
clearly transitional. Cys (1978) placed the contact at the first lamina of 
anhydrite. He indicates that the sharp log signature is due to the thinness 
of the transitional contact relative to the resolution of the log. Anderson 
and others (1972) report a thin limestone unit at the base of the Castile. 
More recently, Robinson and Bowers (1987) examined cores of the contact from 
numerous boreholes along the western edge of the Delaware Basin, and 
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geophysical logs from a larger area. Cores show the transition over a few 
tens of centimeters, and the logs display sharp transitions. In addition, 
there appears to be an intertcnguing of limestone and sulfate near the base 
of the Castile forming what has been called "false Lamar" (Powers and 
Robinson, in prep.). The intertonguing occurs east of Whites City over 
several miles. While the Bell Ccjnycn/Castile contact is transitional over an 
interval of < 3 ft (1 m) and 'the log signature is distinctive, some marginal 
variation in the contact is demonstrable. 

The upper contact with the Salado is less clear. Lang (1939, 1942) 
placed the base of the Salado at the base of the Fletcher Anhydrite Member 
which rests immediately en the Capitan Limestone. Jones (1954) and Jones and 
others (1973) included the Fletcher Anhydrite Member in an anhydrite unit 
considered part of the Castile in the Delaware Basin. This anhydrite was 
informally designated anhydrite H I or IV, or a combination of HE/IV, by 
Anderson and others (1972). 

Bachman (1984b) reviewed the nature of the Castile/Salado contact in same 
detail. He generally confirms (p. 8) the conclusion of Jones (1954) that 
"the contact between the Castile and Salado is gradational and 
interf ingering." 

Bachman (1984b) interprets the contact as generally sharp, but modified 
in part by dissolution resulting in a residue resting on the Castile. 

The Castile has been the subject of many well-known studies. Anderson 
and others (1972) relate studies of the anhydrite/carbonate laminations begun 
by Udden (1924), carried on by Adams (1944), and extended by Anderson and 
co-workers. The Castile Formation is usually considered an example of a 
deep-water evaporite basin; the characteristics attendant with such deposits 
are discussed more fully by Schmalz (1969), Dean and others (1975), and 
Kendall (1984). 

The Castile Formation is dominated lithologically by thick units of 
sulfate (mainly anhydrite) or thinly laminated anhydrite and carbonate. Near 
the center of the basin, thick units of relatively pure halite are 
interbedded to intertonguing with the sulfate units. The thickness of beds 
within the Castile can be consistent over considerable distances, interrupted 
only by intraformaticnal deformation or by dissolution. Anderson and Powers 
(1978) report an deformation of parts of the Castile from several areas 
within the Delaware Basin buried no more than about 4000 ft (1200 m) deep at 
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present. Boms and others (1983) and Boms and Shaffer (1985) examined 
deformation in the Castile near the WIPP site and in larger areas of the 
basin. Borns and Shaffer (1985) concluded that the structures outlined by 
Anderson and Powers (1978) were smaller than originally conceived and were 
similar to salt flowage/deformation structures near the WIPP site. 

Same investigators report basin margin effects, including submarine fan 
deposits of gypsum or anhydrite (Billo, 1986), along the eastern and northern 
basin margin. Robinson and Powers (1987) report a fan-lite deposit of 
sulfate clasts approximately equivalent to halite I (Anderson and others, 
1972) along the western margin of the basin. Details of the sedimentological 
processes for the Castile are still being profitably studied. 

3.1.2 Salado Formation 
The term Salado was originated by Lang (1935) for the upper, salt-rich 

part of the Castile gypsum of Richardson (1904). An informal threefold 
division of the Salado Formation is utilized here: an unnamed upper member, 
a middle member locally designated the McNutt potash zone, and an unnamed 
lower member. As each of the members contains similar amounts of halite, 
anhydrite, and polyhalite (Jones, 1972), the members are distinguished by 
their content of other potassium and magnesium-bearing minerals. The upper 
and lower members generally lack these minerals, while the middle member 
(McNutt potash zone) contains a relative abundance of potassium and 
magnesium-bearing minerals. Due to the abundance of laterally persistent 
beds, the middle and upper Salado are also subdivided on a much finer scale. 
A system of numbering individual beds of anhydrite and polyhalite (marker 
beds) was introduced by geologists of the U. S. Geological Survey (Jones and 
others, 1960). The marker bed system is used extensively by mining companies 
in the Carlsbad potash mining district. 

The Salado consists of halite, anhydrite, and polyhalite with varying 
amounts of other potassium-bearing minerals. About 85-90% of the Salado is 
halite (Jones and others, 1973). Beds of anhydrite and polyhalite alternate 
with thicker beds of halite throughout the Sal ado section. 

Halite in the Salado is rarely pure and often contains minor amounts of 
clay, polyhalite, and anhydrite. The halite is generally white to clear, but 
it may be tinted orange, reddish-brown, and gray by varying amounts of 
interstitial polyhalite or clay (here used mainly as a textural term as the 
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finest grain sizes include clay and other minerals). Halite may also occur 
in some argillaceous beds and anhydrites as displacive crystals. Halite 
replacements of sulfate are common; the most recognizable are halite 
pseudcmorphs after gypsum swallowtail crystals. 

In the Salado, argillaceous halite is reddish-brown to gray. In an 
argillaceous halite, clay minerals may occur as matrix material, interstitial 
material, and intercrystalline material. The clay mineral content of the 
Salado (Bodine, 1978) and most individual argillaceous halites increases 
upward (Iowenstein, 1982, 1987a). 

Most sulfate units in the Salado consist of finely crystalline polyhalite 
and anhydrite. During geologic mapping in the exhaust shaft, various classic 
sulfate sedimentary structures were observed in the anhydrites and 
polyhalites of the Salado, including nodular structures, enterolithic 
structures, and swallowtail structures. Some of the anhydrite and polyhalite 
beds are visually structureless. The majority of the polyhalite and 
anhydrite beds are underlain lay thin beds of gray carbonate-rich claystone. 
Polyhalite and anhydrite may also occur in halite beds as disseminated, 
irregularly shaped blebs or as stringers. 

Unlike the Castile, the Salado is not confined to the Delaware Basin. 
North and east of the WIPP site Salado deposition passed well beyond the 
Capitan reef and occurred on the Northwestern Shelf and the Central Basin 
Platform. The Salado has been erosionally removed from the west and south 
sides of the Delaware Basin leaving a horseshoe-shaped rim of brecciated 
insoluble material. 

The upper contact of the Salado with the Rustler within the central part 
of the basin is marked consistently on geophysical logs by a relatively large 
increase in natural gamma over an interval as thick as 100 ft (30 m) . This 
log signature immediately overlies successively deeper Salado marker beds to 
the west (Jones and others, 1960; Bachman, 1974), usually attributed to 
solution or leaching of salt from the upper Salado (Vine, 1963). Janes and 
others (1973) argue that this zone is partly attributable to the Rustler and 
partly to the Salado Formation. Holt and" Powers (1984) described erosion and 
channeling very near the base of the Rustler that indicates processes other 
than late dissolution may contribute part of the apparently unconformable 
relationship between Salado and Rustler. 
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3.1.3 Rustler Formation 
The Rustler Formation is the youngest of three Ochoan evaporite-bearing 

formations in the Delaware Basin (Fig. 3.1). Richardson (1904) named the 
Rustler for outcrops in the Rustler Hills, Culberson County, Texas. Lang 
(1939) clarified the term "Rustler" to stratigraphically define the interval 
between the Pierce Canyon Redbeds (abandoned term; now recognized in part as 
the Dewey Lake Redbeds) and the Salado Formation. Lang (1939; in Adams, 
1944) recognized and named two laterally extensive dolomite units. The lower 
is named the Culebra Dolomite Member, and the upper is named the Magenta 
Dolomite Member. 

Vine (1963) introduced the presently used fivefold stratigraphic 
subdivision of the Rustler (Fig. 3.2). Vine named the interval above the 
Magenta the Forty-niner Member, and the interval between the Culebra and the 
Magenta the Tamarisk Member. The interval between the Rustler/Salado contact 
and the Culebra was not named and is referred to as the unnamed lower member. 

The Rustler Formation in this area is characterized by a variable 
lithology consisting of interbedded sulfates, carbonates, elastics, and 
halite. Jones (1972) reported the Rustler as consisting of 10% carbonate 
rocks, 30% sulphate rocks, 43% chloride rocks, and 17% clastic rocks. 

The Rustler varies in thickness from tens of feet, where exposed and 
subjected to solution and erosion, to nearly 560 ft (170 m) in the 
northeastern part of the Delaware Basin. The western margin of the Rustler 
has been removed by erosion. The Rustler crops out along the Pecos River 
Valley, within Nash Draw, and in an arcuate pattern near the southwestern 
edge of the Delaware Basin. It has been extensively altered by near-surface 
ground water in Nash Draw. 

Outcrops of the Rustler are poor at best. Solution and/or hydration of 
the soluble rocks within the Rustler, and frequently the solution of halite 
from the underlying Salado Formation, extensively modify and disrupt any 
primary sedimentary features. Rustler units may be displaced from their 
expected position. Where dissolution of the underlying Salado is complete, 
Rustler outcrops may consist only of broken blocks of less soluble rocks. 

The upper contact of the Rustler with the Dewey Lake Redbeds has been 
reported as conformable (e.g., Bachman, 1984b). Within the shafts of the 
WIPP site, Holt and Powers (1984, 1986a) report local minor erosional relief 
on the contact. 
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3.1.4 Dewey lake Redbeds 
The Dewey Lake Redbeds are the uppermost of the four Ochoan formations 

and represent the close of the Paleozoic in the Delaware Basin. The 
assignment of the Dewey Lake to the Permian is somewhat arbitrary as it is 
not supported by radiometric dating or fossil evidence in the Delaware 
Basin. Fracasso and Kolker (1985) provide Permian radiometric ages from the 
Quartermaster Formation, the Dewey Lake equivalent in the Texas panhandle. 
The Dewey Lake was named by Page and Adams (1940) based on samples from the 
Perm Oil, Habenstreit #1 well, Glasscock County, Texas. The term "Dewey 
Lake" superseded the term "Pierce Canyon" originally proposed by Lang (1935) 
for redbeds in the Delaware Basin. The term "Pierce Canyon" was used as late 
as 1963 by Vine in his descriptions of the Permian redbeds in Nash Draw. 
However, the U.S.Geological Society later abandoned the term "Pierce Canyon" 
and adopted the term "Dewey Lake," as it was more widely accepted by 
geologists, and "Pierce Canyon," as defined, included rocks of the 
Pleistocene Gatuna Formation. 

The Dewey Lake conformably overlies the Rustler Formation on a large 
scale (with local minor erosional relief) and underlies late Triassic and 
younger rocks. The Dewey Lake thins to the northwest as the result of 
pre-Late Triassic erosion. The Dewey Lake is often assumed to be laterally 
equivalent to the Quartermaster Formation or Group of the Texas panhandle and 
Oklahoma (Hills and Kbttlowski, 1983). However, the age of the Quartermaster 
is not consistently stated, and the relationship with the Dewey Lake is not 
clear (Hills and Kottlowski, 1983). 

The Dewey Lake is characterized by its reddish-orange to reddish-brown 
color and varying sedimentary structures. The Dewey Lake consists almost 
entirely of mudstone, claystcne, siltstone, and interbedded sandstone. 
Abundant sedimentary structures are characteristic of the Dewey Lake (Holt 
and Powers, 1984, 1986a) and include horizontal laminations, fine 
cross-laminations of varying size, rip-up clasts, silt-filled mud cracks, 
interbasinally derived pebble conglomerates, fining upward sequences, and 
soft sediment deformation features. Locally, greenish-gray reduction spots 
are abundant, and a few beds may have a gray color. Schiel (1987), in a 
continuing study of the Dewey Lake, has also provided initial interpretations 
of geophysical logs indicating generalized lithologic trends within the Dewey 
Lake. 
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With the exception of the upper portion, the Dewey lake is characterized 
by locally abundant gypsum-filled fractures. The majority of the fractures 
are filled with fibrous gypsum, although granular gypsum fracture fillings do 
occur in the upper portion of the Dewey Lake, The significance of the first 
occurrence (from the surface) of gypsum-filled fractures at various 
localities is not clear. It informally has been considered a possible 
indicator of the depth and extent of infiltration of recent meteoric water, 
though this is certainly not a unique interpretation. Preliminary 
comparisons of data gathered from the waste handling and exhaust shafts with 
data gathered from boreholes around the WIPP site indicate that the first 
occurrence of gypsum fracture fillings does not occur in the same 
stratigraphic interval laterally (Holt and Powers, 1986a). 

Ihe majority of all fractures in the Dewey Lake are horizontal to 
subhorizontal and follow bedding planes. High angle fractures are the least 
cannon fracture type in the Dewey Lake. At least three separate episodes of 
fracturing and subsequent filling with gypsum have been reported from the 
Dewey Lake at the exhaust shaft (Holt and Powers, 1986a). 

3.2 HUSTLER STRATIGRAPHY 
The stratigraphy of the Fustier Formation at the WIPP site is discussed 

in the following sections. Vine's (1963) fivefold subdivision of the Bustler 
is used as the stratigraphic framework for the Bustler data in later chapters 
(e.g., sedimentological data in Ch. 5). Some units of the Rustler vary 
considerably beyond the area of the WIPP site. These variations, including 
hydration and alteration of sulfates near the surface, are not considered 
here. 

3.2.1 Unnamed lower Member 
The unnamed lower member consists of clastic sediments with subordinate 

amounts of bedded halite, anhydrite, and polyhalite (Fig. 3.2). The lower 
member is roughly 130 ft (40 m) thick. The basal contact with the Salado, as 
observed in the shafts, indicates neither significant erosion nor dissolution 
(Holt and Powers, 1984, 1986a). 

The lowermost 65 ft (20 m) of the lower menfter consists of siltstone with 
minor amounts of sandstone. Two halite-rich, sequences overlie the 
siltstone. These sequences are in turn overlain by a 10 ft (3 a) thick, 
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bedded anhydrite sequence. Ihe top of the unnamed lower member Is marked by 
roughly 10 ft (3 m) of claystone. 

3.2.2 Culebra Dolomite Member 
The Culebra consists of brown, finely crystalline, locally argillaceous 

and arenaceous dolomite with rare to abundant vugs with variable gypsum and 
anhydrite filling (Fig. 3.2). The Culebra is about 27 ft (7 m) thick. 
Frequently, the upper 4 inches to 1 ft (0.1 to 0.3 m) consists of 
organic-rich, thinly to micro-laminated claystone and carbonate. 

3.2.3 Tamarisk Member 
The Tamarisk Member varies from about 100 to 170 ft (30 to 50 m) thick in 

normal sections. It consists of a lower and an upper anhydrite separated by 
either a thin 6.5 to 10 ft (2 to 3 m) thick claystone or a thicker interval 
of halite (Fig. 3.2). 

3.2.4 Magenta Dolomite Member 
The Magenta is a light gray to dark brown gypsiferous and arenaceous 

dolomite roughly 25 ft (8 m) thick (Fig. 3.2). It displays abundant primary 
sedimentary structures including wavy and lenticular bedding, 
cross-stratification, climbing ripple structures, and nodules of gypsum. The 
Magenta assumes a purplish cast after surficial weathering or In the shallow 
subsurface. 

3.2.5 Forty-niner Member 
The Forty-niner is similar to the Tamarisk as it consists of a lower and 

an upper anhydrite which sandwiches claystone or a laterally equivalent 
halite (Fig. 3.2). The contact with the Dewey Lake Redbeds is sharp and 
undulatory within the WIEP shafts; it is regionally conformable. 
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4 . 0 LATERAL RELATIONSHIPS WTIHIN THE BUSTIER FORMATION 

Lateral relationships will be described at two different scales; local 
(WIPP site area) and regional. The local geology reported here is strongly 
influenced by previous shaft descriptions (Holt and Powers, 1984, 1986a) and 
redescribed cores from HIPP boreholes, emphasizing sedimentary features and 
relationships important in interpreting the oppositional history and 
subsequent events. Geophysical logs of these boreholes have been correlated 
to details from shaft and core descriptions. The local sedimentary features 
and relationships are presented elsewhere in detail (Ch. 6); here, we 
summarize briefly the site relationships as a prelude to a regional 
synthesis. The regional lateral relationships are based principally on our 
interpretation of geophysical logs, tied to the stratigraphy and lithology of 
the site area. A variety of isopach maps and structure contour maps will be 
used in conjunction with cross sections to provide the basis far lateral 
relationships in the Rustler at both scales. 

The regional information serves mainly to illustrate important 
stratigraphic and sedimentologic relationships. These relationships are best 
preserved from the vicinity of the site to the east, north, and south, 
limited by the state boundary. Outcrops of the Rustler west of the site have 
not been examined in detail for stratigraphic and sedimentologic data for 
reasons outlined by Vine (1963). West of the site, logs are increasingly 
difficult to interpret as they are near the surface and have been disrupted 
by erosion and solution of both Rustler and Salado. For this report, which 
concentrates on depositional and dissolution features in the vicinity of the 
WIPP site, the region includes the site (see Fig. 4.20) and areas west, but 
usable information is from the site area to the east, north, and south. 

Several distinctive, widespread lithostratigraphic units may be 
correlated. This kind of correlation does not require synchronous deposition 
or bounding isochronous surfaces (Hedberg, 1976), although widespread beds of 
similar mineralogy and geochemistry in an evaporite basin are often, at least 
implicitly, asstimpd to be isochronous or nearly so. Within parts of the 
Rustler, the vertical sequence of beds is similar to lithofacies developed 
laterally in evaporite deposits, and thus they may generally be interpreted 
as prograding or retrograding deposits. Mildly disjunct fades, somewhat 
similar in arrangement to punctuated aggradational cycles (PACs) of Goodwin 
and Anderson (1980) and Anderson and others (1984), indicate rapid relative 
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changes in sea level or regional base level (Ch. 6). 
The framework for lateral relationships is the five member 

lithostratigraphic designation of the Rustler (Vine, 1963). Individual beds 
within these menibers are described In some detail in shafts and cores (Ch. 
5). These beds, as far as geophysical characteristics permit (Fig. 4.1), are 
traced laterally across the region. Some lithologies (e.g., Tamarisk 
halites) occur regionally, as interpreted from geophysical logs, and do not 
occur in cores from the site area. These lithologies vary within 
well-defined members, however, and are easily assigned to lateral lithofacies 
variations in most areas. The region well north and east of the site 
demonstrates some changes within the lower Rustler requiring considerable 
care in interpretation. Some of these lateral changes are briefly mentioned, 
as they are beyond the areal scope of this report and are not resolved. 

The isopach and structure contour maps may be used to infer considerable 
information about the depositional history and structural evolution of the 
late stages of the Delaware Basin and immediate surroundings. Section 4.3 
summarizes that information, part of which is also used to interpret the 
depositional history section. 

4.1 WIPP SITE 
Within the site area, all members are clearly defined and change little 

in thickness and general lithology. The Tamarisk and Forty-niner Members 
vary most in thickness and lithology due to the presence or absence of 
halite. 

4.1.1 Unnamed lower Member 
The lower contact of the unnamed lower member is at the base of a section 

of reddish-brown to greenish-gray siltstones, above a halitic and sulfatic 
section of the Salado. Within the shafts, this boundary is sharply defined. 
Cores also show sharp differentiation of the boundary, and these boundaries 
are closely related to natural gamma increase (from the underlying Salado 
Formation), and changes in the sonic, density, or neutron character (Fig. 
4.2). 

To the west, this basal contact has been considered less definable. 
Jones and others (1973) have stated that the argillaceous elastics above 
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halitic Salado' include the residue from dissolution of the upper Salado, 
meaning that the Rustler/Salado contact nay not always be located at the base 
of the natural gamma bulge characteristic of the lower Rustler. Some of the 
evidence for this conclusion is observable near the site. In the Nash Draw 
area, Salado halite can be demonstrated to have been removed sometime after 
Rustler deposition on the basis of brecciation of much of the Rustler (Ch. 7; 
see also Mercer, 1983). Within the site, however, there is very clear 
evidence of erosive channeling and fill near the base of the Rustler (Holt 
and Powers, 1984), and the Salado/Rustler contact is variable within the 
region in areas that have not undergone post-Rustler dissolution. 
Channeling, fossils, and bioturbatian in the basal Rustler are clear 
indicators of much less saline water compared to the Salado brines (Holt and 
Powers, 1984, 1986b; Ch. 5, 6). It is reasonable to suppose that this water 
caused dissolution and/or erosion of the upper Salado, though the amount is 
yet undetermined. The extent of this early process may be obscured in the 
western part of the study area by later solution and collapse of the Rustler 
and upper Salado. 

The upper boundary of the unnamed lower member is placed at the base of 
the culebra Dolomite Member, specifically at the contact with a gray 
claystane unit. This contact is among the clearest and most easily 
interpreted both in the site area and the region (Fig. 4.2). The 
correspondence between shafts, cores and logs is excellent. This boundary is 
used as a baseline in profiles for correlation purposes in this report (Fig. 
4.3 - 4.6). 

Within the lower unnamed member are two main anhydrite beds. These beds 
are traceable regionally as well as through the eastern part of the site 
area, providing a tie within the lower section. The lower, thinner sulfate 
thins or disappears in the western part of the site. 

4.1.2 Culebra Dolomite Mwitoer 
The upper contact of the Culebra within the site area was poorly 

preserved and described prior to shaft excavation. Within both shafts, a 
waxy organic-rich, well-laminated carbonate and clay bed occurs. It is cored 
with difficulty, probably washes out during drilling, and can be associated 
with a gamma spite and low density, low acoustic velocity signature on logs 
(Fig. 4.2). This signature carries through much of the region and is the 
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basis for interpreting its regional extent. In this chapter of the report, 
the contact of the Culebra has been placed at the base of this organic unit 
because of the variable thickness in the organic-rich unit. In many previous 
reports, the Culebra boundary was placed above the organic-rich beds on the 
basis of gamma logs. For the discussion of sedimentary features (Ch. 5) and 
depositional environments (Ch. 6), the organic-rich unit is included in the 
Culebra. Some of the systematic variation in Culebra thickness in the site 
area between this and other reports can be attributed to this interpretive 
difference. 

within the site, the Culebra is slightly variable in thickness. It is 
present throughout the site and is an important regional marker. 

4.1.3 Tamarisk Member 
The upper contact of the Tamarisk with the Magenta Dolomite Member is 

distinctive in shafts, cores, and logs throughout the site and region (Fig. 
4.2). It is a transitional boundary spanning a few feet (1-2 m) between the 
upper sulfate of the Tamarisk and the carbonate, including algal structures, 
of the basal Magenta. 

The most laterally cxsitinuous unit of the Tamarisk Member is the upper 
sulfate. A sulfate above the basal organic claystone and carbonate (see 
4.1.2) is regionally continuous, though it is absent in WIPP 19, a borehole 
about 0.5 mi (0.8 km) north of the site center. 

The beds between these sulfates are among the most variable units in the 
Rustler. Even within the site area, the interval between these sulfates 
varies in thickness from about 15 to about 115 ft (4.6 to 35 m). A 
polyhalite bed occurs within this interval in the eastern part of the site 
area; the polyhalite can be traced through a part of the region as well 
especially in the Rustler depocenter southeast of the site (e.g. log of HOI, 
Fig. 4.2, 4.3, 4.5, 4.6). 

4.1.4 Magenta Dolomite Member 
The upper contact of the Magenta is transitional over a small thickness, 

resulting in easy identification in the site area and easy correlation within 
the region (Fig. 4.2). As with the Culebra, the Magenta varies slightly in 
thickness within the site area, though it is continuous throughout the site 
area and the region. 
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4.1.5 Forty-niner Member 
The upper contact of the Forty-niner is sharp in shafts, core, and logs 

(Fig. 4.2). The transition from the sulfate of the Forty-niner to the 
elastics of the overlying Dewey Lake Redbeds has local relief of a few inches 
(a few cm) in shafts and cores. 

The sulfate beds at the base and top of the Forty-niner are persistent 
throughout the site area as well as the region. The thickness of these 
sulfates varies only slightly within the site area. However, the thickness 
of the clastic/halitic beds between the sulfates varies greatly both locally 
and regionally. The thickness varies mainly with the volume of halite 
present. 

4.2 REGIONAL IATERAL REL&TTregWTPR 
Important regional relationships have been defined by correlating 

geophysical logs with cores and shaft descriptions. In addition, certain 
units of the Rustler vary considerably within the region studied, providing 
evidence of facies changes. 

4.2.1 Lower Unnamed Member 
The basal contact of the Rustler a few tens of miles east and southeast 

of the site appears very much like the contact at the site (Fig. 4.2). At 
the fringes of the study area, the basal contact may exhibit a variable 
position with respect to Sal ado marker beds (e.g., MB 103 and 109) and the 
culebra. At the eastern and northern edges of the region, the log character 
indicates that the part of the section equivalent to the lower silts and 
clays of the Rustler is very similar to, and perhaps continuous in deposition 
from, the Salado; it could possibly be considered part of the Salado. The 
natural gamma bulge is such diminished, indicating less clay in a thinner 
unit, and acoustic velocities are similar to halite (Fig. 4.2). Because the 
basal gamma signature appears continuous though diminished, we consider this 
interval part of the Rustler. A further study of the regional character of 
this boundary is obviously warranted, though not a part of this report. 

Two anhydrite beds within the lower unnamed member are prominent in the 
site area and to the east (Fig. 4.3 - 4.6). These distinctive units occur in 
the upper part of the mprnhpfr at the site but are lower in the ™=w»w to the 
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east and south. Further to the south, these two anhydrites are again high in 
the member, and a sulfate/carbonate which is not present at the site appears 
near the base of the member. The position of these anhydrites is variable 
with respect to the base of the Rustler and with respect to the base of the 
Culebra. Their position generally relates to the thickness of halite in the 
member. As halite decreases above the anhydrites, their position is closer 
to the Culebra. As halite decreases below the anhydrites, their position is 
closer to the base of Rustler. These changes do not occur at the same 
locations along the constructed, profiles (Fig. 4.3 - 4.6), indicating the 
cause of position change is not common to both sections of the member. In 
addition, elastics between the upper anhydrite and Culebra vary in thickness, 
but the variation does not appear to directly relate to thinning or absence 
of halite. The position changes and relationships appear to be due to 
variations in depocenter for a saline pan and attendant clastic deposits. 

Halite below the two anhydrite markers is thickest to the east of the 
site area. The relationships within the lower unnamed member (as well as the 
rest of the Rustler) are somewhat unclear due to a lack of data in the 
immediate vicinity of the buried Capitan reef margin east and north of the 
site. The thickness of this lower part of the member does not appear to vary 
greatly across the reef at the north, though it may be significantly thinner 
along some areas southeast of the site. The proportion of halite in the 
member is greater over the Central Basin Platform, and the lithologic 
sequence is similar to the Salado. The Central Basin Platform area may have 
formed a semi-independent depocenter dominated by a saline pan during this 
time. 

The lower unnamed member is thickest (550 ft; 168 m) east and south of 
the site, both within the Delaware Basin and across the margin of the Capitan 
reef to the east (Fig. 4.7). Though data are few over the reef, the areas 
east of the reef are clearly equivalent in maximum thickness. 

Borns and Shaffer (1985) also found the thickest part of the upper Salado 
to the south and east of the site area. Within that area, the Salado/Rustler 
contact usually varies slightly in position above distinctive beds above MB 
103. The contact is not perfectly concordant even in these areas, indicating 
erosion and/or solution of the uppermost Salado with the influx of water with 
much lower salinity to begin Rustler deposition. 

4-6 



4.2.2 Culebra"Dolomite Member 
The Culebra varies moderately in thickness, from about 10 to 35 ft (3 to 

11 m), through the region (Fig. 4.8). The Rustler dolomites are reported to 
be oolitic (lang, 1935; Adams, 1944) but we have not confirmed this. Limited 
field observations and core descriptions from sulfur exploration in Culberson 
County, Texas, indicate that the Culebra is richer in elastics to the south 
and southwest of the site. 

The distinctive Culebra log signature within the Delaware Basin begins to 
fade at about T15S. The Culebra thins to the north, appears to hpnempi 
increasingly sulfatic, and then disappears as a distinctive unit. It is not 
clear whether the Culebra disappears entirely by pinching out or merges with 
the upper anhydrite of the Tamarisk Member. Along the western edges of the 
Rustler (outcrops in TT7S, R28E), a very thin unit of. mottled to 
color-laminated elastics with no distinctive anhydrite occurs between the 
Culebra and Magenta. The lower Magenta shows probable algal laminations and 
thin breccia zones bounded by zones of continuous bedding. Geophysical logs 
east of this outcrop show the upper anhydrite of the Tamarisk Member. This 
important question of the lateral relationship of the Culebra to Tamarisk is 
still unresolved. 

At the southeastern corner of the regional study area, the Culebra 
underlies a single anhydrite. The lower Tamarisk anhydrite has pinched cut 
or perhaps combined with the upper Tamarisk anhydrites. This relationship on 
the Central Basin Platform is similar to that north of T15S. 

The eastward extent of the Culebra has not yet been determined in this 
study, but the Culebra appears to be thinner (about 10 to 15 ft; 3 to 4 m) 
over the Central Basin Platform. A few of the available logs suggest the 
Culebra hporwyt sulfatic and combines with the upper Tamarisk anhydrite in 
the northeastern part of the study area. 

4.2.3 Tamarisk Member 
The Tamarisk has a TIPIXITHTW thickness of about 270 ft (82 a) in the region 

(Fig. 4.9), while in the site area it is cccnonly about 90 ft (72 a) thick. 
The difference is mainly attributable to a thick section of halite within the 
Tamarisk depocenter (Fig. 4.9). 

The organic-rich carbonate and clay bed immediately overlying the Culebra 
has good continuity within most of the region. It varies locally in 
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thickness and may also be absent in a few wells (Fig. 4.3 - 4.6). At this 
time, no apparent trend in either thickness variations or rare absences of 
the bed has been observed. 

The lower anhydrite of the Tamarisk is generally about 20 to 25 ft (6 -
6.7 m) thick in R32-34E. It thins away from this zone and disappears 
entirely north of the study area. Within the thicker zone, the unit is 
divided by a clastic, and probably carbonate-rich, zone into two beds 
approximately equal in thickness (Fig. 4.10). The separating bed is 
considered to be the lateral equivalent of a persistent thin claystone 
observed in shafts, some cores, and most logs. The clastic/carbonate bed is 
5 to 10 ft (1.5 - 3 m) thick in parts of the area where the anhydrite is 
thickest. Eastward, onto the Central Basin Platform, only about 10 ft (3 m) 
of anhydrite, undivided by other beds, is usually present. It appears that 
the upper part of the unit pinches out depositianally toward the east and 
northeast. Local variations, such as the lack of this anhydrite bed 
immediately north of the site center (WIPP 19), have not been demonstrated on 
the regional scale. 

The beds between the anhydrites of the Tamarisk are laterally traceable, 
but are among the most variable lithologically in the Rustier. Within the 
region, the beds vary from 0 to about 200 ft (0 - 61 m) thick. Its thickest 
area is east of the site, along the Delaware Basin margin and on the Central 
Basin Platform. The beds consist largely of halite where they are thickest. 
The interbeds thin to the north, west, and south (Fig. 4.3 - 4.6, 4.11), and 
are dominantly elastics when less than 20 to 30 ft (6 - 9 m) thick. North of 
R18S, this unit may be entirely missing, as the Culebra appears to underlie 
the upper Tamarisk anhydrite or even the Magenta (4.2.2). Clastic zones in 
the Tamarisk are also generally traceable laterally within parts of the 
halite unit; in some areas southeast of the site, halite clearly surrounds a 
clastic or mudstone unit (e.g., C04, Fig. 4.10; Fig. 4.5). 

A polyhalite or polyhalite/anhydrite bed is associated with the halite 
between the two sulfates of the Tamarisk. This bed, which occurs along the 
eastern part of the WIPP site, is very distinct because of the high natural 
gamma and associated high acoustic velocity and/or density (Figs. 4.2, 
4.10). The polyhalite exists within the Delaware Basin as well as on both 
the Central Basin Platform and Northwest Shelf areas. Within the Tamarisk 
depocenter, it maintains a rather constant position above the lower anhydrite 
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of the Tamarisk, but its position is more variable with respect to the upper 
anhydrite. Where halite is thickest in this member, the polyhalite is about 
100 ft (30 m) below the upper anhydrite. As this halite thins, the 
polyhalite approaches the upper anhydrite base, and, in T25S, R33E for 
example, the polyhalite immediately underlies the upper anhydrite of the 
Tamarisk without any evidence of intervening halite or elastics (Figs. 4.3, 
4.5, 4.6). Where this occurs, the polyhalite may be underlain either by 
halite or by elastics overlying halite. Snyder (1985, p. 4) reports "...that 
no polyhalite is present where all halite has been removed from the Tamarisk 
Member". 

This marker is important evidence of the lateral depositional variations 
within the Delaware Basin during this depositional episode. Polyhalite 
overlies halite or halitic units east of the WIPP site. Polyhalite also 
overlies clastic zones (mudrocks) in several boreholes around the margins of 
the halitic areas. The elastics are lateral equivalents to the halitic 
zones. This relationship of polyhalite over elastics indicates that solution 
did not remove halite from the elastics after formation of the polyhalite, or 
the polyhalite would have been dissolved. Polyhalite is very soluble, and it 
is usually considered a secondary or diagenetic mineral. ' 

Through much of the basin area east of the WIPP site, polyhalite 
underlies a thick, relatively pure halite that laterally thins and 
disappears. In several boreholes around the margins of this halite lens, 
polyhalite directly underlies anhydrite. There is no log evidence of either 
elastics or erosianal plane between polyhalite and anhydrite in these holes. 
If there is any "dissolution residue" present in these holes, it would have 
to be anhydrite in good contact with the overlying anhydrite. The presence 
of the polyhalite indicates that any removal of halite (laterally equivalent 
to the halite lens) must have taken place before formation of the polyhalite. 

When did the polyhalite farm? There is no direct evidence. Reasoning 
suggests it farmed early, nmtiaps nearly coeval with the original sulfate 
(assuming this polyhalite is not primary). As the polyhalite thickness is 
about the same whether it underlies anhydrite or halite, it is unlikely that 
the polyhalite originated as a replacement or alteration of anhydrite or 
gypsum by downward percolating fluids. Within the basin, under the halite 
lens, polyhalite is unlikely to have formed from solutions percolating 
downward through much halite as permeability is plugged quite early 
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(Lowenstein, 1987) and the halites indicate no diagenetic alternation by 
potassium-rich solutions (no increase of natural gamma). If polyhalitization 
was driven by brines from the underlying zones, these fluids passed equally 
effectively through halitic and clastic zones. There is no gamma log 
evidence of alteration by potassium-rich solution in halitic zones, and they 
are usually plugged very early. 

The polyhalite within the Tamarisk is present in locations where it 
limits the timing of any removal of halite from adjacent units. Halite is 
not believed to have been dissolved from any zone adjacent to extant 
polyhalite since polyhalite formed. Though the absolute age of the 
polyhalite is not known, the polyhalite occurs in areas where adjacent 
halites should show very little permeability to brines that would alter 
original sulfate minerals to polyhalite. The polyhalite is thought to have 
formed very early, showing in its lateral extent and relationships effects of 
the basin margins and limiting the timing, at least, of any dissolution of 
halite in clastic units laterally equivalent to halitic zones. 

Two thin anhydrites (possibly mixed anhydrite and halite or carbonate) 
occur within the halite, above and parallel to the polyhalite (Fig. 4.10). 
These two anhydrites are easily traceable outside the Delaware Basin, 
providing evidence of continuity of both depositional process and lithology 
for this unit (Fig. 4.3, 4.5, 4.6). As the halite above these thin beds 
thins and disappears laterally, the halite between these two beds does not 
thin. The thin anhydrites in turn disappear or merge with the upper 
anhydrite of the Tamarisk. It is possible these two beds are successively 
truncated by the upper anhydrite of the Tamarisk, but borehole well log 
locations are not appropriately located to resolve this question. 

The upper thick anhydrite of the Tamarisk is persistent throughout the 
study area. It is persistent beyond the extent of the Culebra and lower part 
of the Tamarisk. This anhydrite usually varies moderately in thickness, as 
where the polyhalite merges with the base of the anhydrite. laterally, the 
high gamma spike of the 4 0 K in the polyhalite disappears, and the thickness 
of anhydrite is similar to the combined thickness of anhydrite and 
polyhalite. local thickening in the site area has also been noted, as in 
WIPP 13. West of the site area and in parts of the site area, Snyder (1985) 
attributes thickening to gypsification and the attendant volume increase. 

Within the upper Tamarisk Member anhydrite (A3 of Ch. 5), laterally 
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continuous features occur in logs throughout the basin (Fig. 4.12). From 
core descriptions (Ch. 5), lithologies and sedimentary features from this 
anhydrite in the site area can be grouped into broad units. A three part 
division of the anhydrite core features appears to correspond well to the 
geophysical log features (Fig. 4.12). 

Within the upper Tamarisk anhydrite, the basal log unit displays breaks 
in the acoustic velocity attributed mostly to carbonate; there is a probable 
higher organic content and a few thin argillaceous intervals. This unit may 
be as much as 40% of the bed thickness, though it is more commonly 25-30%. 
On many logs, natural gamma is noticeably higher in this lower part of A3 
than in the upper parts. This corresponds to the carbonate plus 
organic/argillaceous content apparent in some cores. Within the site area, 
decreased neutron activity from this part of the sulfate bed has been 
attributed to gypsif ication (Snyder, 1985). Gypsif ication of these units can 
be demonstrated petrographically, but it is an inadequate explanation for the 
observations as similar log features occur throughout the basin. Both 
organic and clay content also affect neutron log signatures in a way similar 
to hydrated minerals. And this lower unit is clearly discernible in the 
basin overlying halite. That is inconsistent with the hypothesis of 
gypsification by circulating water removing halite. 

The middle log unit of the upper Tamarisk anhydrite generally has a very 
low background natural gamma and a consistently high acoustic velocity, 
indicating high purity anhydrite. This log unit is about 35-40% of the 
thickness of A3. Within cores, this segment corresponds to a zone of 
anhydrite pseudomorphs and crushed pseudomorphs after gypsum growth textures 
as well as crushed nodular textures. Only the great continuity of this 
subunit can be observed in the logs, not the presence of specific textures. 

The upper subunit of A3 is thinner than the lower subunits, usually 
representing about 20-25% of A3. Natural gamma activity is usually slightly 
above, and acoustic velocity is mare variable than, the middle subunit. A 
persistent, thin zone of lower acoustic velocity is taken as the base of this 
subunit. The cores corresponding to this zone are dolcmltic and also partly 
nodular. The transition to Magenta is gradual within both cares and log 
signatures over a few ft (1 - 2 m). 
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4.2.4 Magenta Dolomite Member 
The Magenta is a carbonate sandwiched between two anhydrite layers (Fig. 

4.1, 4.2) and it is marked by a characteristic high gamma associated with 
relatively low densities and acoustic velocities. It can be traced 
throughout the study area (Fig. 4.3 - 4.6). The Magenta thins across the 
Central Basin Platform and may be absent or dominantly sulfatic along the 
eastern margin of the study area. 

An outcrop of the Magenta from TT7S, R28E, shows that the Magenta appears 
well-laminated from algal growth. The Magenta thins to the north and 
northeast of the site; there is little variation to the south and east in the 
study area. Within the site area, algal features appear near the base of the 
Magenta. Along the western edge of Nash Draw, algal structures are more 
common near the middle of the Magenta. Specific algal features are discussed 
in Chapter 5. 

An isopach map of the Magenta is not presented. The thickness is not 
great, but the variability is significant. Normal contouring is not 
possible, nor is it seemingly fruitful. 

4.2.5 Forty-niner Member 
The sulfate beds of the Forty-niner are the most widespread units of the 

Rustler Formation. The upper sulfate is easily traced and is frequently 
called "first anhydrite" by oil companies working in the area. Though 
details have not been worked out, it appears that this unit may anlap older 
rocks (Salado?) to the north of the study area. The maximum apparent 
thickness of the Forty-niner is 104 ft (32 m) (Fig. 4.13). 

The lower anhydrite of the Forty-niner maintains its thickness 
immediately north of the study area. The upper anhydrite thins by 50% or 
more by T8S and T9S. These units are consistently detectable near the 
Texas-New Mexico border this far north (T8-9S). To the west, the units are 
either eroded or thin to the point of not being consistently detected. 

Between the two anhydrite beds is a bed of elastics and halite. In the 
shafts at the WIPP site, the clastic unit displays clear bedding and cut and 
fill, showing detrital origin. The halite is apparently restricted to the 
Delaware Basin proper from the eastern part of the WIPP site to the east and 
south. When halite is present in the halite/mudstane, it is present at the 
base. In some boreholes, this basal halite is overlain by a clastic bed or 
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alternating clastic-halite beds. The exception is in the southeastern part 
of the study area where borehole D04 (Fig. 4.5) shows halite sandwiched 
between possible clastic layers. The thickness of the bed without salt 
varies little over the study area, and it is traceable as far as the sulfate 
units. Its fullest extent has not been determined. 

The upper anhydrite of the Forty-niner Member southeast of the site is 
interpreted to enclose a halite lens (Fig. 4.14, 4.6). The best evidence is 
in a borehole (B06) in Sec. 6, T24S, R34E, where the acoustic travel time 
indicates halite less than 10 ft (3 m) thick. The natural gamma is at 
background levels, consistent with halite. Several logs in the vicinity also 
show a distinct lowering of acoustic velocity, usually much less than halite 
acoustic velocities. As the gamma is not elevated in most of these logs 
halite is interpreted to be present. Acoustic logs are normally corrected 
for borehole diameter. It is believed that the low acoustic velocity in this 
zone is probably due to inadequate correction for highly enlarged borehole 
diameters caused by drilling with undersaturated fluids. A few logs indicate 
a modest increase in gamma, probably due to clay content. 

About 10 ft (3 m) below the top of the upper anhydrite, many borehole 
logs exhibit a thin zone of increased natural gamma, accompanied *rme*-jw** by 
a slight decrease in acoustic velocity (Fig. 4.14). This zone is detectable 
mainly along the western and northern parts of the general Rustler 
depocenter, and it is probably indicative of increased carbonate/organic 
content. This zone in cores is generally laminar. 

The upper contact of the Rustler is placed at the top of the upper 
anhydrite of the Forty-niner Member throughout the study area. As the bed is 
consistently present and only thins significantly well north of the main 
study area, there is no evidence of real unconformity at the contact within 
this area. There may be disconformity. The Dewey lake Redbeds have been 
studied petrographically (Miller, 1966), and some sedimentary features are 
reported (Holt and Powers, 1984, 1986a). Its internal stratigraphic 
relationships and depositions! environments remain to be determined (Schiel, 
1987). 

4.3 RESKKflL SlHULTURflL RETAEKlcrilKS 
The isopach nap of the Rustler Formation (Fig. 4.15, 4 .27) , and those of 

members or parts of mriTfoers (Fig. 4.7 - 4 .9 , 4 .11 , 4 .13, 4.22 - 4 .26) , 
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consistently indicate a general depocenter east and south of the site. 
Perhaps the most significant observation is that the depocenter includes 
areas behind the Capitan reef, on the Central Basin Platform or adjacent 
Northwest Shelf. The data are few close to the reef, but it appears that the 
Rustler does not diminish in thickness over the reef, indicating a common 
depocenter and that the reef and former basin margin affected deposition of 
the Rustler little, if at all. Preliminary data, beyond the area of study, 
indicate that the Rustler is considerably thinner outside the map area. 
There does not appear to be a secondary or equal depocenter in the region. 
In the Midland Basin, the Rustler is thinner and clastic-dominated. 

All of the structure contour maps, from base to top (Fig. 4.16-4.19, 4.28 
- 4.31), of the Rustler show similar features. The depocenter area from 
isopach maps also is a structurally low area. A basin form trends from scuth 
to north, apparently turning to the northeast to cross the Capitan reef 
margin. This structure is considered to have developed at an equal rate or 
pace with the Rustler, as it coincides with the depocenter for all of the 
members. 

Superimposed on the basin structure are two important post-Rustler 
structures. A fault, downthrown on the west side, is interpreted to account 
for the large structural differences on various Rustler beds along the 
approximate western margin of the Central Basin Platform. This fault trends 
slightly east of south, from the northern edge of the map toward the 
southeastern map area. Its southern extent in the Rustler is indeterminate 
based on the information available to us at this time. In addition, a 
significant structural low exists west from this fault to the approximate 
area of the Capitan reef. The western margin of this wedge-shaped structural 
low could be a fault or a manoclinal fold. It is left as a fold in the 
absence of closer-spaced data demanding a fault interpretation. 

In addition to the fault and the fold, smaller structural lows and highs 
exist. In addition to the low coinciding with the depocenter, a conspicuous 
high exists along the eastern margin of the fault in the area of T19-20S, 
R36-37E. North of this bulge, the structure an both sides of the fault is 
reversing. No simple interpretation of the fault mechanism exists, though 
adjacent strike-slip faults have been known to produce adjacent highs and 
lows across faults (R. Dyer, pers. camm.). Hills (1984) infers two parallel 
ri^it-lateral strike-slip faults underlying the faulted Rustler section on 
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Precanibrian basement. It is not clear if there is a relationship between 
faults in the Rustler and this much earlier trend. 

Aside from the form of the deformation of the Rustler in this area, it is 
important to note that the deformation clearly indicates post-Rustler 
tectonics along the Central Basin Platform margin, later than previously 
suspected (Hills, 1984). Continuing study of the Dewey lake Redbeds (Schiel, 
1987) should clarify the extent of deformation during or after the Dewey 
lake. 
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5 . 0 RUSTIER SEDIMENTOICGtf 

The Rustler sedimentology is described in considerable detail from shafts 
and cores (Fig. 5.1) because some features have not been described previously 
in the literature and because prior core descriptions include few sedimentary 
features. The sedimentary structures and lithologic features and their 
associations are the principal framework for interpreting oppositional 
environments. The depositianal environments for the Rustler, in turn, will 
provide a framework for interpreting the degree to which the absence of 
certain evaporite minerals is due to nan-deposition or syngenetic dissolution 
versus epigenetic dissolution. 

5.1 UNNAMED LOWER MEMBER 
The unnamed lower member of the Rustler Formation is by far the most 

lithologically variable stratigraphic unit within the Rustler (Figs. 5.2a and 
b). Rock types vary laterally within the unnamed lower member, and are 
obvious even within the limited core study area. In the WISP site area, the 
unnamed lower member consists dominantly of siliciclastic rocks iixterbedded 
with lesser amounts of halite and sulfate. 

5.1.1 Rustler/Salado Contact 
In the WEPP site area, the Rustler/Salado contact is arbitrarily assigned 

to the base of a thin, stratigraphically distinct sulfate unit immediately 
underlying siliciclastics of the lower Rustler. Although this unit is more 
genetically related to Salado deposition than to Rustler, it is used in cores 
and shafts for its stratigraphic continuity. This sulfate unit consists of 
anhydrite and occasionally, polyhalite. It commonly is laminated and can 
show textures similar to swallowtail gypsum. The lower part of the sulfate 
is generally argillaceous, while the upper portion is commonly free of clay. 
Both the upper and lower contacts of the sulfate are sharp and readily 
distinguishable. 

Within Nash Draw, the Rustler/Salado contact is often disturbed and the 
lower portion of the unnamed lower mpmher is brecciated (PI. 1). Where this 
is the case, the Rustler still retains a general sense of stratigraphic 
organization and the general location of the lower contact can be inferred. 
The lower contact area is distinguished by an upward matrix color change from 
reddish-brown to gray. The contact between the Rustler and Salado in cores 
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from Nash Draw is arbitrarily placed at the highest occurrence of gypsum 
clasts in a reddish-brown matrix. These clasts are assumed to be the 
brecciated remnant of the lowermost sulfate assigned in cores and shafts to 
the Rustler (see above). 

Two or more reddish-brown clastic units canmonly overlie the sulfate 
unit. The thickness of the combined reddish-brown zone rarely exceeds a few 
feet (about 1 m). The units are usually mudstone or siltstone and are 
frequently separated by an erosional surface exhibiting several feet ( 1 - 2 
m) of relief (Holt and Powers, 1984, 1986a). Soft sediment deformation 
enhances erosional relief on the contact and modifies bedding adjacent to the 
erosional surface. In both the waste handling and exhaust shafts at the WIPP 
site and in several nearby cores, the erosional surface is capped by a 
siltstone and/or sandstone pebble/cobble conglomerate containing fossil 
bivalve fragments (Holt and Powers, 1984, 1986a). The lowermost units are 
commonly sulfatic and can exhibit tabular mudstone clasts flattened parallel 
to bedding. The lowermost unit of WIPP 19 exhibits cracks that may be due to 
desiccation. In some cases, the bedding in these lower units becomes more 
distinct upward. The upper unit(s) (those above the sharp, undulatory 
contact marked by a conglomerate) commonly contains coarser-grained clastic 
material. Near the top of the reddish zone, gypsum or anhydrite nodules are 
abundant. Thin laminations are common throughout the reddish-brown zone and 
often show cross-cutting relationships. Cross-laminations are rare. The 
size of sedimentary structures generally decreases upward. 

The bedding is partly modified by soft sediment deformation, though this 
is less intense and less common upward; it is most common above and below the 
erosional surface. The upper contact of this basal zone is marked by a color 
change from reddish-brown to gray and is erosional in many cores. 

5.1.2 Clastic-Bioturbated Interval 
The gray zone in the lower part of the unnamed lower member contains 

interbedded mudstone, siltstone, and locally very fine sandstone. The 
coarser grain sizes occur at the base and* near the top of the gray zone, and 
these coarser grained beds are well lithified. The middle part of the gray 
zone within the WIPP area is soft and slightly argillaceous. This middle 
interval becomes more calcareous and less clastic to the south (borehole 
H-12). Anhydrite or gypsum nodules are abundant near the base of the gray 
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zone; nodules occur near the top of the unit in a few cores (e.g., DCS! 2). 
Horizontal to subhorizontal stratification and cross-stratification are 
locally common and some show the effects of soft sediment loading. Light to 
dark gray mottling results from bioturbation. Stratification is poorly 
preserved in mottled zones, and is very irregular, wavy, and discontinuous. 
Subhorizontal to subvertical burrows, about 1/4 to 1/2 inch (6 to 12 mm) 
diameter, are very cjumun throughout the entire interval and they are 
observed cutting across poorly preserved strata. Casts and molds of fossils, 
mostly bivalves, were preserved in the bioturbated interval of WIPP 19. 
Halite-replaced fossils and fossil fragments occur through the equivalent 
section in H-12. Possible coated grains and oolites were found in the lower 
calcareous portion of H-12 . Near the top of the bioturbated zone, the grain 
size increases as does the degree of preservation of stratification. The 
upper contact is gradational and is usually assigned to the first occurrence 
of a reddish or relish-brown interbeds. 

The equivalent to the lower bioturbated zone, in Culberson County, Texas, 
consists of siltstone, calcareous siltstone, and carbonate. The lower zone 
commonly exhibits thin, parallel laminae which can be disrupted locally and 
display some wavy to lenticular bedding. Bioturbation and burrowing are 
common within the upper dolomitic equivalent to this upper bioturbated zone 
observed in cores from Texas. 

5.1.3 Clastic-Transition Interval 
A color transition zone of alternating gray to reddish-brown and 

brownish-gray siltstone and very fine sandstone overlies the gray zone 
(clastic bioturbated interval). Gray is dominant near the base, while 
reddish-brown predominates near the top. Well preserved laminations, local 
cross-laminations, and rare erosional scour and fill structures characterize 
this interval. Within the exhaust shaft, interpretable paleocurrent 
directions mostly trend toward the south. Burrows are common near the base, 
but do not occur higher in the section. Subhorizontal laminations and 
cross-laminations become more distinctive upward as the grain size 
increases. In some cores, the upper portion exhibits gray, possibly 
anhydrite-rich, interbeds and very small clasts or nodules of gypsum or 
anhydrite. In general, the upper 3 to 4 ft (0.9 - 1.1 m) of this unit 
exhibits wavy to contorted and convoluted to lenticular laminations. Soft 
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sediment deformation is common in this interval. In the upper one to two ft 
(30 - 60 cm), the sulfate content increases upward, and displacive halite 
crystals occur in some cores. Ihe upper contact is gradatianal, showing a 
marked increase in the content of sulfate. 

A gypsiferous or anhydritic sandstone, between one and two ft (< 1 m) 
thick, tops the transition zone. It contains gray to dark gray interbeds and 
a few reddish-brown interbeds. The unit is microlaminated to thinly 
laminated, convoluted to contorted, and was deformed as a soft sediment. 
Structures interpreted to be either fluid escape structures or polygonal 
cracks are found consistently in this interval. A nodular to somewhat 
enterolithic texture marks some interbeds. The upper contact of the sulfatic 
bed is sharp to gradatianal. 

5.1.4 Halite/Mudstone Interval 1 (H-l/M-1) 
In the WIPP site area, a zone containing halite (H-l) and laterally 

equivalent mudstone (M-l) overlies the sulfatic zone at the top of the 
clastic-transition interval. The halite can be subdivided into three 
distinct intervals. The lower (H-la) and the upper (H-lc) intervals consist 
primarily of a mix of elastics and halite. Relatively clean halite and 
traces of sulfate characterize the middle interval (H-lb). As a whole, the 
first halite zone (H-l) in the unnamed lower member varies in thickness from 
34 ft (10 m) to a maximum of 50 ft (15 m) in H-12 and 48 ft (14.6 m) in AEC 
8. Where mudstone is laterally equivalent to halite, the mudstone interval 
can be subdivided into an upper and a lower part separated by one sulfatic 
interbed. The overall thickness of this interval is about 19 ft (5.8 m) in 
those cores where the lower contact was cored. The thickness of the upper 
half varies between 3 and 6 ft (0.9 - 1.8 m). 

5.1.4.1 lower Halite Bearing Zone (H-la) 
In most WIPP cores examined, the sulfatic unit is normally overlain by 

the first halite bearing zone (H-la) within the Bustler. This interval 
thickens to the south and east, reaching the thickest point observed in core 
at H-12. The basal part of H-la consists primarily of slightly halitic 
siltstone which may be sandy in some places. The siltstone is commonly 
microlaminated to laminated and can be wavy to slightly contorted. White, 
anhydritic laminae and zones are commonly wavy to distorted. At H-12, 
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sulfate is more prevalent near the base of this zone than in other 
boreholes. A few small incorporative halite crystals occur near the base of 
the zone, and, in general, the halite content increases upward. Halite 
crystal size varies; some incorporative crystals are up to one inch (2.5 cm) 
on a side. A halite-filled prismatic crack (possibly due to desiccation) 
occurs near the top of H-la in core from the borehole WIEP 19. The upper 
portion of the first halitic zone (H-la) is dominated by elastics and 
anhydrite-rich laminae and zones. 

5.1.4.2 Middle Halite Bearing Zone (H-lb) 
The lower halite-bearing zone (H-la) is overlain by a much purer halite 

interval (H-lb) that varies in thickness from 5 ft to 8 ft (1.5 to 2.4 m) in 
WIPP cores. Sulfate (anhydrite to gypsum) occurs as stringers and laminae to 
thick beds with thinly laminated internal structure. Irregular zones of 
halite occur within some of the sulfates. Anhydrite is more a,ini».n near the 
base and top of H-lb. Thin laminae to laminae of clastic material separate 
beds of halite. The halite is medium to coarsely crystalline, clear to 
orange tinted with traces of intercrystalline and interstitial sulfate and 
clastic material and thinly to medium bedded. Vertically oriented, elongate 
crystals due to competetive growth (Shearman, 1978) occur locally, some 
exhibiting zones of fluid inclusions. Cloudy halite, due to fluid inclusions 
and indicating primary origins, is not abundant, but it does occur. 

5.1.4.3 Upper Halite-Bearing Zone (H-lc) 
The middle halite zone (H-lb) is overlain by an upper, more 

clastic-dominated halite-bearing interval (H-lc) that varies from U to 18 ft 
(3.4 to 5.5 m) thick. It is thinnest in the area of DOE 2 and WIFP 34 and 
thickens to the east and south with the thickest section at ABC 8 and the 
next thickest interval at H-12. One transition from H-lb to H-lc is marked 
by a sharp increase in the clastic content. The clastic content in H-lc 
fluctuates, with maxima near the middle and top of the unit. The clastic 
material consists mostly of siltstone and in H-lc is typically reddish-brown 
with some greenish-gray reduction spots and zones and white to gray sulfatic 
zones. The UHjeimofit bed of H-lc is an anhydritic mudstone which exhibits 
thin laminae, sulfate nodules, and locally, clasts of mudstone. 
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5.1.4.4 Textures and Fabrics in Clastic-Rich Halite 
The fabric of these halite-bearing rocks is quite variable; the most 

notable variations of fabric are type and amount of halite. Incorporative 
halite crystal fabric varies from isolated individual crystals (PI. 2), to 
tightly packed locally touching crystals (PI. 3). Interstitial matrix 
boundaries vary fran planar to irregular. Displacive/incorporative 
overgrowths on halite crystals occur along the contact between aggregate 
halite and matrix material. Skeletal crystals occur in more clastic zones. 
Zones of partly incorporative halite crystals occur in distinct zones at the 
top of, and parallel to, well-defined clastic interbeds. Many of these 
crystals exhibit euhedral crystal faces oriented upward. Some zones of 
halite crystals display irregular to poorly defined bases with well defined 
upper boundaries. In these cases, planed-off crystals mark the upper 
boundaries. Some of these surfaces exhibit euhedral overgrowths oriented 
upward. Halite also occurs in zones and pods containing interlocking mosaics 
of crystals with some interstitial clastic material or sulfate (PI. 4). 
These pods may be surrounded by clastic material or argillaceous halite. 
Where halite is abundant, crude stratification is common. Channel forms were 
reported in both intervals in the waste handling shaft and the exhaust shaft 
(Holt and Powers, 1984; 1986). These channel farms may be filled with 
daminantly clastic material or with halite. 

The fabric of the rock is also controlled by the distribution of the 
clastic material. Clastic material occurs as matrix, intercrystalline 
material, interstitial material, and isolated pods or blebs within a 
daninantly halite rock. In most cases, the clastic material is relatively 
structureless, exhibits wavy to contorted to smeared thin laminae to thin 
beds, or contains smeared/deformed intraclasts showing no evidence of 
transport (PI. 5). Some laminae surrounding incorporative halite crystals 
are contorted or displaced by those crystals. 

5.1.4.5 Mudstone Interval (M-l) 
Mudstone, claystane, and minor amounts of siltstane (M-l) are laterally 

equivalent to the halitic zone H-l. Where the lower contact was cored, this 
zone rests conformably upon the transition zone. This zone (M-l) is 
preserved in WIPP cores from Nash Draw and in the core from Wipp 30. M-l is 
subdivided into an upper and a lower part by a medium to thick bed of 
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sulfate. The thickness of the lower part can not always be determined as the 
lower contact with the transition zone is not always preserved, or may be 
difficult to recognize, in the core. The upper part of M-l varies in 
thickness from 3 to 6 ft (.9 to 1.8 m). 

The mudstone commonly exhibits a smeared intraclasyiaminaft texture 
similar to that seen in halite clastic rocks. This texture consists of 
deformed or smeared intraclasts showing no evidence of transport and in some 
cases, irregular, poorly preserved, discontinuous laminae. The intraclasts 
and laminae appear to be squashed together while soft (PI. 6, 7). Smeared 
laminae and intraclasts nay be well preserved and distinct. In other cases, 
indistinct mottling is present. The mudstone may be structureless where the 
grain size is more uniform. M-l has irregularly distributed and oriented 
slickensides. A few small nodules or clasts of gypsum and anhydrite occur 
within M-l. Some cores of this interval have a characteristic lumpy or 
corrugated surface indicative of the preferential removal of matrix or 
pseudomatrix by drilling fluids during coring. A few nodules and clasts of 
gypsum and anhydrite occur within M-l. 

The lower contact of M-l with the transition zone is generally well 
preserved. The mudstone (in some cores siltstone or very fine sandstone) is 
ordinarily thinly laminated to laminated within the first few ft (1 - 2 m) of 
the lower contact. The zone may also be slightly gypsiferous. The laminated 
zone is overlain by a zone exhibiting the smeared intraclast/1 arninae texture 
with varying amounts of clasts versus laminae. Zones containing well 
preserved (i.e., not disrupted) depositional fabrics occur in the lower part 
of M-l and can bound zones exhibiting the smeared intraclast/laminaft 
texture. Smeared intraclast/1 aminae textures are more abundant upward within 
the section and dominate the textures in the upper few feet of the lower part 
of M-l. Near the base of the lower part of M-l, gypsiferous interbeds may 
occur. Near the top of tie lower part of M-l, small nodules of 
gypsum/anhydrite may occur. A medium to thick bed of mostly gypsum separates 
the upper part of M-l from the lower part. The gypsum is thinly laminated to 
laminated and may locally exhibit swallowtail structures or nodules. The 
strata within the gypsum may be disrupted near the base of the bed. The 
gypsum contains laminae or very thin interbeds of claystone in some cares. 
' The upper part of M-l principally consists of claystone exhibiting the 
smeared intracOast/laminae texture. It is mostly reddishrbrown with gray 
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smeared intraclasts of siltstone. The upper contact of M-l is sharp to 
gradational with the overlying gypsum. 

Within Nash Draw, portions of M-l as well as most of the entire Rustler 
are disturbed and brecciated. In some cores (e.g., WIPP 25, WIPP 28, and 
WIPP 32), subangular to subrounded clasts of sulfate may be found near the 
top of both the upper and lower parts of M-l. In some cases, these gypsum 
clasts are derived from gypsum fracture filling (PI. 8). often these clasts 
are associated with breccia clasts and clay filled frartxjre-bounded blocks of 
mudstone exhibiting the smeared intraclast/laminae texture (PI. 9). Some 
blocks are bounded by possible clay skins. Some zones exhibit well preserved 
stratification, now dipping. M-l is not the only stratigraphic unit 
disturbed. In all cases, when M-l is disturbed both the overlying and 
underlying rocks exhibit similar disturbance. 

5.1.5 Anhydrite (A-l) 
Ihe first major sulfate unit of the Rustler overlies the halite zone and 

consists of anhydrite and gypsum. It varies in thickness from about 7 to 10 
ft (2.1 to 3 m) to a maximum of 13 ft (4 m) in cores from WIPP 25 and WIPP 
29. The increase in thickness in the Nash Draw boreholes is probably 
attributable to local dip (up to 25° ) and lengthening of the section due 
to downdropping, rotation of blocks, and brecciaticn within the section. Ihe 
core of WIPP 32 exhibits only broken rotated blocks in this interval. The 
section there is considerably thinner than in other Nash Draw holes, as a 
block probably representing the lower portion of A-l occurs 5 ft (1.5 m) 
below the base of the anhydrite surrounded by clastic matrix material. 

The lowermost few inches (cm) of this bed appear nodular to 
enterolithic. Much of the section is thinly laminated to laminated. Laminae 
are commonly slightly wavy and same may be slightly contorted. A few 
stylolites occur within the laminated portion of A-l. Halite and anhydrite 
pseudomorphs after gypsum swallowtail crystals 1/4 inch to 6 inches (6 mm -
1.5 cm) high, are locally common in A-l (PI. 10). Swallowtails are most 
abundant and largest in the lower 2 to 3 ft (0.6 to 0.9 m). A second zone of 
swallowtails occurs near the middle of A-l in several cores. It, too, may 
show an upward decrease of crystal size. A-l in some of the WIPP cores 
exhibits the collapsed pseudomorph texture described elsewhere in this 
report. The upper 1 to 2 ft (30 to 60 cm) of A-l is a stratigraphically 
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persistent pink-colored that shows in some cores a nodular texture, 
irregular/discxintinuous laminae, and/or disturbed stratification/nodules. 
Clay content increases in the uppermost few inches (cm) of A-l. The upper 
contact is slightly gradatianal and irregular with the transition from 
sulfate to clastic material occurring over 1 to 2 inches (2.5 - 5 cm). 

5.1.6 Mudstone/Halite Interval 2 (K-2/K-2) 
A clastic zone (M-2), above A-l in the WIPP site area, is partially 

equivalent to a halite-bearing interval (H-2) as much as 50 ft (15 m) south 
and east of the WIPP site center (Figs. 4.5, 4.6). The halite-bearing 
equivalent of this zone is not contained within any WEPP cores. However, its 
presence to the east is confirmed by both the cuttings and geophysical logs 
from the borehole P-18; the halitic zone is about 30 ft (9 m) thick there. 
The upper portion of interval M-2/H-2 has a widespread and characteristic 
gamma log signature regardless of the underlying material. The geophysical 
log signature suggests that this upper unit is generally argillaceous; it is 
up to 20 ft (6 m) thick east of the site (Figs. 4.5, 4.6). In the vicinity 
of the WIPP site, the thickness of M-2 varies slightly but averages about 10 
ft (3 m). 

In cores H-2 can be subdivided into two lithologically distinct zones: 
an upper gray zone and a lower reddish-brown zone. The gray upper zone is 
usually only about 2 ft (60 cm) thick in cores while the lower reddish-brown 
zone is about 7 to 8 ft (2.1 to 2.4 m) thick. 

The reddish-brown lower zone commonly consists of mudstone and 
siltstone. It may be either calcareous or gypsiferous or both. Interbeds of 
gypsum, argillaceous gypsum, and carbonate are common. These interbeds and 
other distinct color changes within the clastic material have been reported 
as continuous, albeit undulatory, around the circumference of two shafts at 
the HIPP site (Holt and Powers, 1984, 1986a). Small clasts/nodules of gypsum 
up to 2 inches (5 cm) in diameter exist near the base of the lower zone. 
Sediment-incorparative gypsum crystals are found locally throughout the lower 
zone (PI. 11). They are often euhedral to subhedral with a stubby-equant to 
bladed, or rarely stellate, habit. The clastic sediment in some cores 
contains gray zones or greenish-gray reduction spots. It can be 
structureless, or it can exhibit irregular and discontinuous laminae and thin 
laminae. Angular to sub-rounded clasts of siltstone and nudstone are 
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abundant and "are often associated with zones exhibiting a 
sneared-interclast-laminae texture. Slickensides are common in the lower 
interval. Thin sections from this interval reveal oriented clay skins and 
possibly cutans (Pi. 12). In the core of WIPP 25, dolomite clasts believed 
to have originated from the overlying Culebra occur in this interval and are 
intermixed within the mudstone. 

The upper gray zone is ordinarily about 2 ft (60 cm) thick and it 
consists of calcareous claystane and mudstone. The contact between the upper 
gray and lower reddish-brown zones is distinct. It can be structureless or 
micro to thinly laminated witii flat to wavy strata. Light gray to tan 
carbonate clasts are abundant in this interval and vary in size from coarse 
sand-size to pebble-size (PI. 13). These clasts can be well rounded to 
angular, and many were deformed while soft. In most cases, clasts are 
overlain by well preserved stratification. This interval locally exhibits 
slickensides. The upper contact with the Culebra Dolomite shows no clear 
break in deposition. The upper contact is undulatory in the exhaust shaft at 
the WIPP site (Holt and Powers, 1986a) and shows the effects of differential 
loading and subsequent settling of the Culebra. Similar features exist along 
this contact in outcrops east of Arbesia, New Mexico (TT7S, P28E). The upper 
interval is poorly preserved and/or deformed in some of the Nash Draw cores. 

Holt and Powers (1986a) report a disrupted zone (discussed below) at the 
upper contact of this interval in the exhaust shaft at the WIPP site. 

5.2 CUTKHRA. DOICMETE MEMBER 
The Culebra Dolomite Member of the Bustler Formation is the lowermost of 

two areally extensive dolomite units within the Rustler. The thickness of 
the Culebra varies from 20 to 30 ft (6.1 to 9.1 m) within the cores described 
(Figs. 5.4 and 5.5). The Culebra consists mainly of micritic dolomite. 

The Culebra often cores poorly because of fractures. Holt and Powers 
(1986a) report that the Culebra is extensively fractured in the exhaust shaft 
at the WIPP and that mapping units were selected partly, if not wholly, an 
the basis of fracture patterns. Holt and Powers (1986a) also note an 
apparent relationship between the degree of induration, competency, and 
fracture patterns of mapping units and the amount of clay-rich interbeds and 
the apparent clay content of the dolomite. They generally correlate the 
abundance of broken, fractured beds and the overall content of clay. 
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The lowermost foot (30 cm) of the Culebra locally is thinly laminated to 
laminated with alternating light and dark brown laminae. Ihis zone is rarely 
preserved in core. Within the exhaust shaft at the WIPP site, Holt and 
Powers (1986a) report that this zone is extremely undulatory and locally dips 
up to 45°. Deformational space problems manifest themselves as locally 
contorted and displaced laminae. Holt and Powers (1986a) report that this 
zone is brecciated in the vicinity of one of the major downwarps of this 
lowermost Culebra unit. The breccia consists of roughly 80% angular to 
subangular clasts of dolomite within a dolomite matrix. The units described 
and mapped within M-2 in the exhaust shaft parallel the lower contact of the 
Culebra. Directly below the downwarp and associated breccia, the upper units 
of M-2 are also downwarped and cut by the breccia. The middle and upper part 
of the Culebra is unaffected by the brecciation. 

The bulk of the Culebra is microlaminated to thinly laminated. The 
strata may be flat to wavy to locally contorted and discontinuous. Portions 
of the Culebra appear macroscopically devoid of depositional fabric. The 
dolomite is mottled in some zones. With the exception of the upper and lower 
contact zones, there is very little variation of depositional sedimentary 
features throughout most of the Culebra. 

The uppermost few inches to 1 ft (30 cm) of the Culebra often differs 
radically from the underlying dolomite. The gamma ray signature of this zone 
is unique and is present throughout the Delaware Basin (Ch. 4). Within the 
WIPP site area, this interval consists of waxy gplden-brown carbonate, dark 
brown to black highly organic claystone, and locally coarser grained clastic 
material including siltstone. The interval exhibits microlaminated to thinly 
laminated strata that are usually subhorizontal, irregular, contorted on a 
fine scale, and discontinuous. Small gypsum nodules often occur flattened 
parallel to stratification. Holt and Powers (1984) report details of this 
interval in the waste handling shaft at the WIPP site. They describe 
moundlike or domal structures in this interval and assign a probable algal 
origin. Cornell (pers. comm., 1984) reported that material from this zone is 
rich in organic carbon. 

Both open and filled porosity occur in the Culebra (Holt and Powers, 
1984; 1986a). Gypsum is the major pore-filling mineral. Three porosity 
types were observed: vuggy porosity, intercrystalline porosity, and fracture 
porosity, vuggy porosity varies in size from fractions of an inch to two 
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inches (up to 5 cm). Many large vugs are interconnected by fractures, and 
when unfilled, vugs and fractures canmonly contain clay rims. When vugs and 
fractures are filled with gypsum, a portion of some vug-filling material may 
be optically continuous with adjacent fracture filling. Vug-filling gypsum 
is often polycrystalline, exhibiting two or more crystals with different 
optical positions. Twinning is common, and extensively twinned crystals may 
exhibit a somewhat undulatory extinction. Many filled vugs have one 
optically continuous, yet extremely undulose, crystal as a partial and 
imperfect rim with two other crystals constituting the bulk of the vug 
filling. Laminae often are terminated abruptly at the vug/dolomite contact. 
However, laminae in the dolomite also appear displaced around some vugs. 
Smaller vugs appear to have some depositianal control, as they occur in 
distinct sub-horizontal zones. 

Biogenic features have been observed in and reported from the Culebra at 
several localities, including the WIPP. Fossils in the Culebra were first 
reported by Donegan and DePord (1950) and were studied further by Walter 
(1953). The authors have also observed gypsum-replaced bivalves in Culebra 
core from Texas. Some thin sections of the Culebra from WIPP 19 and H-12 
contain fecal pellets and possible shell fragments. Burrows and mottling 
occur near the top of the Culebra in H-12. Holt and Powers (1984) suggest 
the organic-rich carbonate and clay at the top of the Culebra is algal in 
origin. 

5.3 TAMARISK MEMBER 
The Tamarisk Member of the Rustler Formation is divided into three parts: a 
lower sulfate (A-2), a middle halite/mudstone zone (H-3/M-3), and an upper 
sulfate (A-3) (Figs. 5.4 and 5.5). The Tamarisk thickens toward the south 
and east of the WIPP site. The Tamarisk within the WIPP cores described 
varies in thickness from 82 ft (25 m) at WIPP 19 to 121 ft (36.9 m) in H-12 
and 120 and 119 ft (36.6 and 36.3 m) respectively in WIPP 13 and WIPP 25. 

5.3.1 Anhydrite fA-21 
The lower anhydrite of the Tamarisk Member is an areally extensive unit. 

Several geophysical logs within the Delaware Basin of New Mexico indicate 
that A-2 is locally absent. This is also the case within the WIPP site area 
as A-2 is not present at WIPP 19. The maximum thickness of A-2 in cores is 
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21 ft (6.4 m) in WIPP 25. A-2 can be subdivided consistently into an upper 
and a lower part by a bed of itudstone. This mudstone bed occupies a 
stratigraphically distinct position and is areally extensive (Ch. 4). The 
lower part of A-2 varies in thickness within WIPP cores from a miniTniTm of 6 
ft (1.8 m) in the core of WIPP 12 to a maximim of 16 ft (4.9 m) in the core 
of WIPP 25. The average thickness of the lower part is about 9 to 10 ft (2.7 
to 3 m). The upper part varies in thickness from 3 ft (0.9 m) at boreholes 
B-25 and H3-b3 to a maximum of 8 ft (2.4 m) at borehole H-lIb3. 

The sulfate consists of anhydrite in many cores but can be part gypsum. 
The most common sedimentary structure is stratification ranging from 
microlaminate to laminate. The strata are commonly wavy, may be locally 
contorted, or discontinuous, and in some extreme cases, can exhibit dipping 
strata (up to 80° in WIPP 13). The laminae consist of sulfate interbedded 
with carbonate and/or claystone. The strata locally becompi convolute to 
crenulate with a small wavelength and amplitude. Stylolites are locally 
common within the laminated parts of A-2. 

Both anhydrite and halite pseudomorphs after gypsum swallowtail crystals 
occur within the laminated sulfate of A-2. They are most abundant in the 
upper part of A-2. Zones where the size of swallowtails decreases upward are 
common in the upper part of A-2. In H-12, a similar zone of halite 
pseudomorphs after gypsum swallowtail crystals overlies a core that clearly 
does not retain a swallowtail morphology. The basal part of this zone 
exhibits a "pile of sticks" morphology; the "sticks" are similar to the 
intercrystalline laminae-like inclusions preserved in large swallowtail 
crystals, but are not arranged in any pattern reflecting swallowtail 
morphology. The base of this unit is in turn overlain by clearly more 
regular and vertically oriented halite pseudomorphs after gypsum that are up 
to 3 inches (7.6 cm) high. These larger pseudomorphs are followed vertically 
by smaller pseudomorphs and thinner laminae. The laminae within this zone 
become more horizontal, and the halite pseudcraorphs become better aligned 
upward. Because of the clearly gradational sequence of textures from "pile 
of sticks" to pseudomorphs, this "pile of sticks'* texture is interpreted as 
crushed pseudomorphs. 

The sulfate of A-2 can also be nodular, especially near the upper and 
lower contacts and near the claystone which subdivides the unit. These 
poorly formed nodules are distributed unevenly within argillaceous anhydrite. 
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Within an argillaceous zone that is laterally equivalent to the 
subdividing claystone of A-2, an irregular vertically-oriented prism crack 
occurs which is filled with less argillaceous gypsum. (This prism crack 
appears similar to desiccation cracks in other sediments.) 

The basal contact of A-2 is gradatianal. In the core of WIEP 13 a 
deformed calcareous mudstane at the base contains clasts and irxterbeds of 
gypsum. The core of WIPP 25 exhibits zones of breccia clasts of gypsum 
contained within a clear gypsum cement. The upper contact of A-2 may be 
slightly brecciated and irregular, and fractures displacing strata locally 
occur in this stratigraphic position. A small prism-crack is developed in 
the core of H-12 at the upper contact of A-2 with H-3. The upper contact of 
this zone is extremely undulatory and erosianal in WIPP shafts (Holt and 
Powers, 1984, 1986a). 

5.3.2 Halite (H-3) and M>v3g*»»rw* (M--3) 
An interval containing halite (H-3) and laterally equivalent mudstone 

(M-3) occurs above the lower anhydrite (A-2) of the Tamarisk Member. Only 
the core of borehole H-12 contains halite (H-3) in this interval. H-3 in the 
core of H-12 is 40 ft (12.1 m) thick. M-3 varies from 9 ft (2.7 m) in DOE 2 
to 17 ft (5.2 m) in WIPP 19. The halite is subdivided into lower (H-3a) and 
upper (H-3b) units by an areally extensive sulfate bed canposed of polyhalite 
in much of the region (see Ch 4). Where the interval H-3 is thinned, the 
sulfate commonly directly underlies the upper anhydrite of the Tamarisk 
Member. Where this occurs, the upper part of H-3 (H-3b) has pinched out 
leaving no evidence of a clastic-rich stratigraphic equivalent (e.g., H-12) 
or disrupted or interrupted section. The halite represented in the core of 
H-12 is the lower part of the halite interval (H-3a). West of H-12, the 
stratigraphic equivalent of H-3a thins considerably and consists of mudstane 
(M-3) in the remaining WIPP cores described. This interval (M-3) is usually 
overlain by a sulfate sequence similar to the sequence preserved in the 
interval overlying the halite interval (H-3a) at H-12. 

5.3.2.1 Tamarisk Member Halite (H-3) 
H-3 forms a lens-shaped body with its thickest area (207 ft; 63 m) 

located in T22-24S, R33-35E (Fig. 4.4). It is subdivided into a lower 
(H-3a) and an upper (H-3b) part by a 1 to 3 ft (0.3 to 0.9 m) thick bed of 
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polyhalite. The thicknesses over much of the study area of H-3a and H-3b 
vary independently of one another, and one may occur where the other does 
not. However, H-3a is the more laterally extensive bed; H-3b is laterally 
more confined and pinches out near the eastern margin of the WEEP area (Qi. 
4). One only core containing any halite in this stratigraphic interval is 
from borehole H-12, and only part of the interval H-3a exists there. 

The lower part of H-3 (H-3a) can be subdivided en the basis of 
geophysical logs into lower and upper clean zones (low natural gamma, not 
argillaceous) separated by a clastic-rich/argillaceous zone (Ch. 4). The 
upper clean zone is restricted to the Rustler depocenter of the Delaware 
Basin. The middle clastic-rich/argillaceous zone occurs at the top of H-3a 
around the margins of the depocenter and is generally thinner toward the 
center of the basin. The core from H-12 is complete through the 
stratigraphic interval between the lower (A-2) and the upper (A-3) anhydrites 
of the Tamarisk; within this interval at H-12, the upper clean zone of H-3a 
does not occur while both the lower clean zone and the middle argillaceous 
zones are present. The upper clean zone pinches out east of H-12. The 
sulfate unit which separates H-3a from H-3b is present at H-12 at the top of 
the halite interval (H-3a) and converges with the upper anhydrite of the 
Tamarisk (A-3) to the west. 

The lower clean halite zone from H-3a in the core of H-12 is nearly pure 
halite. Halite crystals from this zone may be equidimensional and, rarely 
vertically elongate. Zones of cloudy halite occur but are rare, day and 
sulfate occur as minor intercrystalline material and irregular blebs. The 
halite is mostly thin to medium bedded with strata separated by irregular 
laminae of anhydrite or (rarely) claystone and thin color bands, usually 
brown from disseminated day. The surfaces under both sulfate and claystone 
beds are marked by dissolution; small trough-shaped dissolution pits filled 
with claystone or sulfate also occur. Some erosional surfaces are marked by 
thin crusts of sulfate. Tarninae of claystone are more abundant near the top 
of this zone. 

The middle argillaceous halite zone of H-3a is the im^imuBt zone of H-3a 
in the core of H-12 as the upper dear zone pinches out east of H-12. The 
lower contact is gradationally overlain by increasingly argillaceous halite 
which is in turn overlain by halitic siltstone. The clastic content 
decreases dramatically above the halitic siltstone and then increases 
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upward. The upper contact is narked by a halitic, anhydritic claystone with 
deformed, discontinuous, irregular laminae and halite containing blebs of 
claystone. Planar halite crystal boundaries are not cxwmcn through this 
interval as most crystals do not exhibit a cubic form. Some inccrporative 
crystals of halite do occur. Smeared intraclast/lami nae textures occur in 
clastic sediments. As the clay content decreases, the fabric becanes more 
irregular. 

The polyhalite which is so continuous in the center of the basin (Ch. 4) 
directly underlies the anhydrite (A-3) with no clastic unit separating them, 
as is the case at H-12 (Snyder, 1987). The upper part of H-3 (H-3b) does not 
occur within the core of H-12. 

5.3.2.2 Tamarisk Member Mudstcne (M-3) 
Mudstones occur within a rough ring around a regionally extensive lens of 

halite (H-3). Most of the cores fall into this ring. lateral variations 
within this mudstone ring are evident in cores of this interval in the 
vicinity of WIPP. The Tamarisk Member mudstone (M-3) thickens and thins on a 
local scale, and some variations reflect a controlled areal distribution or 
pattern of occurrence. 

The term mudstone, as used here, allows for a range of lithologies 
including claystone and siltstone. M-3 is sulfatic and somewhat calcareous. 
The interval is predccdnantly reddish-brown with an uppermost gray zone. The 
color relationship was described by Holt and Powers (1984, 1986a) in both the 
waste handling and exhaust shafts as a reduction/oxidation contact. The gray 
zone may have associated pyrite and/or marcasite (Holt and Powers, 1986a). 

The contact of M-3 with the lower anhydrite of the Tamarisk (A-2) is 
sharp and very undulatory. This contact undulates over four feet in the 
waste handling shaft and three feet in the exhaust shaft, and it is erosianal 
(Holt and Powers, 1984; 1986a) (PI. 14). At WIPP 19, the lower anhydrite 
(A-2) does not occur; M-3 is thiclcer, and directly overlies the Culebra with 
a sharp lower contact. 

Unmodified sedimentary structures indicating clastic transport are rare 
within M-3, although subhorizcntal laminae do occur. The most <xn«oi texture 
is the smeared intraclast/laminae texture. Soft sediment deformation is a 
common feature where stratification is preserved. As deformation becomes 
more extreme, soft sediment deformation grades into the smeared 
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intraclast/laminae texture. Some subangular to subrounded clasts of mudstone 
and siltstone are included. Where the grain size and the color is uniform, 
as in most claystone intervals, the rock may appear structureless. Many 
surfaces of unslabbed core of M-3 exhibit a corrugated or lumpy appearance. 
Ihis is associated with the smeared intraclast/laminae texture and is caused 
by removal of less well indurated matrix and pseudomatrix material during 
coring. M-3 has many slickensides, and slickensides may show differing 
orientations within several inches (cm). 

Some sulfate occurs in M-3 as cements, inoorporative crystals, gypsum 
pseudomorphs after anhydrite nodules, nodular anhydrite pseudomorphs after 
gypsum crystals, angular to subrounded clasts, local fibrous gypsum fracture 
fillings and overgrowths on detrital gypsum grains (PI. 15). Incorporative 
gypsum crystals may be lenticular, subhedral, or euhedral, and both isolated 
crystals and stellate aggregates are common. Incorporative gypsum occurs in 
the following boreholes: WIPP 30, WIPP 34, WIPP 13, WIPP 33, DOE 2, AEC 8, 
and WIPP 12. Nodules and clasts of gypsum may be disseminated through M-3 
but most commonly occur near the base (Holt and Powers, 1984; 1986a). 
Fibrous gypsum fracture fillings are locally mimical within M-3 and in the 
shafts (Holt and Powers 1984; 1986a); several generations of fracturing and 
subsequent filling are evident. The fractures may exhibit arcuate patterns 
possibly parallel with zones exhibiting slickenside partings. The fibrous 
fillings within fractures are variably oriented with some exhibiting a 
perpendicular relationship to the wall rock while others have a tilted to 
sigmoidal morphology. 

Ihe core of WIPP 19 is unique through this interval as the lower 
anhydrite of the Tamarisk Member (A-2) does not occur and the clastic rocks 
of M-3 directly overlie the Culebra Dolomite. The organic-rich stromatolitic 
zone at the top of the Culebra is overlain by smeared irregular strata and 
rip-up clasts. A thinly laminated claystone above the clasts is in turn 
overlain by defamed and contorted gray laminae. A claystone and siltstone 
clast conglomerate follows vertically the contorted 1 ami raft (PI. 16). tfrig 
clast-supparted conglomerate consists of subangular to rounded granule- to 
pebble-sized clasts of gray and reddish-brown siltstone and rare clasts of 
gypsum. The average clast size appears to decrease upward. Some of the 
reddish-brown clasts have been deformed and farm a pseudomatrix The 
conglomerate is overlain by a very thin bed of gypsum with an undulatary 
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base. Above the gypsum is a sequence of mudrocks that is similar to M-3 in 
other cores. The smeared intraclast/laminae texture is common, and local 
nodules/clasts of gypsum occur. A few carbonate clasts have been observed in 
this interval. 

The upper contact of M-3 is sharp (PI. 17). A distinctive 1 to 3 ft (0.3 
to 0.9 m) zone of sulfate overlain by thinly laminated claystone overlies M-3 
and is commonly preserved intact. However, the upper contact of M-3 is not 
everywhere distinct and undisturbed. The contact is disrupted in cores from 
Nash Draw and in several cores outside Nash Draw (WIPP 13, H-3b3, and 
H-iib3). Within these disrupted zones, the overlying stratigraphy is 
preserved to varying degrees. Extreme brecciation occurs at the upper 
contact of M-3 at WIPP 13. Mlochthonous blocks of the overlying laminated 
anhydrite float within a claystone matrix. Block sizes increase upward until 
they occur as rotated blocks separated by thin stringers of claystone. 
Finally, the claystone does not occur and the blocks are in direct contact. 
Throughout the breociated lower zone, recognizable clasts of well-laminated 
claystone occur. At borehole H-3b3, the sulfate and thinly laminated 
claystone which usually overlie M-3 do not occur, and a large rotated gypsum 
block floats within claystone near the top of the claystone. A 1.6 ft (0.5 
m) thick breccia with clast size increasing upward and consisting of sulfate 
and laminated claystone occurs at the upper contact of M-3 in core from 
borehole H-llb3. 

5.3.2.3 Polyhalite-Eguivalent Sulfate 
A 1 to 2 ft (30 to 60 cm) thick anhydrite or gypsum bed overlies M-3 in 

cores that have been disrupted along the upper contact of M-3 and H-3a. It 
is apparently stratigraphically equivalent to the polyhalite that separates 
H-3a from H-3b east and south of the WIPP site. This sulfate in most cores 
has a horizontal to subhorizontal fabric with hints of laminations, nodules, 
convulate stratification, and anhydrite pseudomorphs after 
vertically-oriented gypsum crystals. The sulfate may be argillaceous and 
consist of nodules surrounded by claystone within the lower part. Neomorphic 
gypsum commonly surrounds angular zones of anhydrite and some fractures are 
filled by fibrous gypsum. The upper contact with the thinly laminated 
claystone is sharp but does not appear erosional. 
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5.3.2.4 Claystone 
Claystone, described as limestone in some core, overlies the 

polyhalite-equivalent sulfate. This bed is less than 1 ft (30 can) thick, 
calcareous, locally organic-rich, and interbedded with some gypsum. The 
claystone is distinguished by parallel and predominantly flat 
microlaminations and thin laminations with alternating light and dark gray. 
Soft sediment deformation (slumping, contortion, and/or microfaulting) in 
this claystone is similar in appearance to the synsedimentary 
non-tectonically brecciated sediments of Brodzikowski and Van loon (1985). 
Micronodules of gypsum are overlain by thin laminae of claystone. Fibrous 
gypsum-filled fractures are abundant within this zone. An en echelon pattern 
of gypsum-filled fractures reported in this zone in the waste handling shaft 
(Holt and Powers, 1984) indicates a shear along a subhorizcntal or horizontal 
plane with displacement of the upper zone to the south. One fracture in this 
interval in the DOE 2 core demonstrates thrusting. The upper contact of this 
zone is gradational. The stratigraphic significance of this interval toward 
the center of the basin is not known as it is not distinguishable on 
geophysical logs, but it is a stratigraphically continuous and significant 
zone within the core-study area. 

5.3.3 Tamarisk Member Upper Anhydrite (A-31 
The Tamarisk Member upper anhydrite (A-3) can be subdivided into three 

stratigraphically distinct zones which grade upward from one to another. 
These zones are, in ascending order, as follows: a lower laminated zone 
(A-3a), a middle zone (A-3b) exhibiting a crushed prismatic texture, and an 
upper bedded nodular zone (A3-c). Within the A-3, other distinct beds are 
present. For example, a very thin bed of claystone occurs 20 ft (6.1 m) up 
from the base of A-3 in the shafts . This claystone is usually washed cut of 
core during drilling. Geophysical logs reveal it in those boreholes. Other 
stratigraphically distinct zones are evident in geophysical logs of this 
interval throughout the Delaware Basin (Ch. 4). In WIPP cores, the thickness 
of A-3 varies from 57 ft (17.4 m) at H-3b3 to 93 ft (28.4 a) at WIPP 13. 
Some general relationships can be inferred by comparing the combined 
thickness of the middle (A-3b) and the upper (A-3c) zones to the thickness of 
the lower zone (A-3a). A-3b and A-3c are combined as they are vertically 
quite gradational. It varies from 33 to 40 ft (10 to 12.2 m) and averages 
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about 35 ft (10.7 m) . A-3a varies in thickness from 19 ft (5.8 m) at H-3b3 
to 47 ft (14.3 m) at WIPP 25. For the most part, the thickness of A-3 varies 
with the thickness of A-3a. 

5.3.3.1 Lower laminated Zone (A-3a) 
The lower laminated portion (A-3a) of the upper Tamarisk Member anhydrite 

(A-3) consists of anhydrite with minor gypsum. Near the lower contact, the 
anhydrite is interbedded with carbonate. Poorly preserved ripple 
cross-laminae occur within both carbonate-rich and anhydrite interbeds, and 
cross-cutting relationships are evident. Microlaminae to laminae predominate 
and may be flat and parallel but are wavy or contorted to crerulate. 
Anhydrite halite pseudcsorphs after gypsum are a:iinn:ii in borehole H-12. 
Pseudomorphs after vertically oriented prismatic gvpsum crystals are abundant 
locally and occur in genetically related zones exhibiting an upward decrease 
in crystal size. The height of the prisms varies from less than 1/4 to 4 
inch (6 mm to 10 cm). These pseudomorphs are not all oriented perpendicular 
to the substrate and may be tipped over to one side, crushed, slumped, 
smeared, and disrupted (PI. 13). Carbonate and gypsum laminae locally drape 
pseudomorphs. In many cases, pseudomorphs after prismatic gypsum contain 
microlaminae to thin laminae of carbonate or fine grained anhydrite oriented 
parallel to crystal growth planes. Pseudomorphs after epitaxial gypsum 
prisms are rare but do occur. Probable stylolites through this interval are 
distinguished by a crenulate zone parallel to stratification and marked by a 
dark concentration of clay and carbonate. The upper contact of A-3a is 
gradational with A-3b. 

5.3.3.2 Middle "Crushed Prism" Zone (A-3b) 
The middle zone (A-3b) within the Tamarisk upper anhydrite is 

characterized by the "crushed prism" texture (PI. 19, 20 and 21). This 
texture is created by modifying the volume of an originally laminated 
sediment containing large or small prismatic gypsum crystals. Some to all of 
the volume originally occupied by the crystals was lost to create the 
characteristic texture. The genesis of the texture will be described later. 

The most prominent feature of the crushed prism texture is irregularly 
shaped masses of sulfate that are vertically elongate. These may be lighter 
in color than the sulfate between these masses. The masses have parallel 
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internal stratification, though it is not continuous between masses. The 
stratification indicates displacement or rotation of the mass relative to 
adjacent masses. The stratification can also be disk-shaped. Anhydrite 
pseudctnorphs after tiny prismatic gypsum crystals may be preserved. 
Boundaries between these vertically elongate masses are commonly v-shaped and 
may have angles of 45° or more. As further evidence of the origin of this 
texture, a portion or ghost of an original prismatic gypsum crystal is 
visible in some of the v-shaped darker sulfate between masses. 

This texture might initially be confused with nodular textures. It can 
be separately diagnosed in the absence of ghost or remnant prismatic gypsum 
by the irregular vertically elongate shape, v-shaped boundaries, and the lack 
of an exclusionary margin. A strong sub-horizontal pattern, to be confused 
with bedded-nodular texture, is not seen though it is possible that the 
original size and space of prismatic gypsum could vary such that the crushed 
prism texture would appear similar. 

The textures preserved in A-3b indicate that the rock was originally 
dominated by prismatic gypsum crystals. One or more sequences are present 
where crystal size decreases upward. Some of the crystals grew to be at 
least l ft (30 cm) high, strata size is proportional to crystal size. The 
crushed prism texture is increasingly developed, and apparently becomes more 
mature, upward from the base of the zone. Prismatic crystals are present, 
although visibly reduced in volume at the base. Crystal preservation 
decreases upward until no relic or ghost prisms remain. 

5.3.3.3 Bedded Nodular Zone (A-3c) 
The upper zone of A-3 is stratified with a superimposed nodular texture 

(bedded nodular zone - A-3c). The lower contact of A-3c is gradational, and 
locally A-3c exhibits the crushed prism texture. The sulfate is interbedded 
with carbonate, and the carbonate content increases upward. Anhydrite is 
increasingly altered to gypsum upward. 

The bedded-nodular fabric results from an exclusive nodular fabric 
superimposed on stratified sulfate rock (PI. 22). Internal layering is 
traceable from nodule to nodule. In general, nodules occur in distinct 
horizontal zones with similar nodule sizes, reflecting bedding control on 
size and distribution. Some nodules exhibit anhydrite pseudcracrphs after 
prismatic gypsum crystals. Unlike the crushed prism texture, the 
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bedded-nodular fabric shows extremely good lateral continuity of small-scale 
stratification between nodules. Strata dip uniformly and are neither 
displaced nor rotated. The nodules are usually bounded by an irregular, 
dark, very thin rind of excluded material. The nodules are better developed 
in those zones containing less carbonate and more gypsum. Carbonate-rich 
zones display more original depositional features. 

The base of A-3c exhibits laminated gypsum, with pseudomorphs after 
prismatic gypsum crystals, modified by the bedded nodular fabric. Further up 
the section, carbonate interbeds become more abundant, and the nodules become 
more lenticular in shape. Near the top of A-3c, lenticular and wavy 
interbeds of ripple cross-laminated gypsum and carbonate have been modified 
by the bedded nodular fabric. The upper 1 to 2 ft (30 to 60 cm) of A-3c 
contains abundant gypsum-rich carbonate interbeds and dark brown, very wavy, 
and irregular thin laminations of organic material. These wavy laminae occur 
in distinct zones which become more coiouuii upward. The upper contact of A-3c 
with the Magenta Dolomite is gradational. 

5.4 Magentq Dolomjte Member 
The Magenta Dolomite Member of the Rustler is the uppermost of two 

regionally persistent dolomites within the Rustler. Within the cores 
examined at and around the WIPP site, the thickness of the Magenta varies 
from 23 ft (7 m) at H-3b3 to 28 ft (8.5 m) at H-llb3 (Fig.5.4 and 5.5). In 
comparison with the Culebra, the Magenta exhibits more primary sedimentary 
structures, fewer fractures, larger average grain size, and is overall a much 
more competent unit as it cores very well. Within the WIPP site area, the 
vertical sequence of sedimentary structures does not vary significantly. The 
Magenta consists of arenaceous dolomite and gypsum with lesser amounts of 
quartz silt and sand-size grains, clay, and organic material. The Magenta 
can be subdivided into two major zones: a lower algal-dominated unit and an 
upper ripple cross-laminated unit. In outcrop east of Artesia, Mew Mexico, 
the algal-dominated unit displays thin zones of breccia underlain and 
overlain by continuous bedding. 

5.4.1 Algal-Dominated Unit 
Algal features dominate a zone at the base of the Magenta varying 3 ft to 

5 ft (0.9 to 1.5 m) thick. Wavy to locally crenulate, subhorizontal, and 

5-22 



commonly, irregular organic-rich laminations occur in groups or zones and are 
very cannon at and near the base of the Magenta. This lower zone exhibits 
very low-amplitude laterally-linked hemispheroids. Within the core of WEPP 
19, probable small vertically oriented prismatic gypsum crystals occur within 
an algal laminated zone of low-amplitude laterally-linked hemispheroids. 

The subhorizontal laminae are overlain by a zone containing closely 
spaced, microlaminated to thinly laminated algal hemispheroids. These 
hemispheroids may be laterally linked by laminations. In some cases, the 
laminae within hemispheroids retain the same radius and thus appear 
vertically stacked. The basal radius varies from 4 to Sinches (10 to 20 
cm). These hemispheroids are similar to algal biscuits observed by Gebelein 
(1969). 

A zone dominated by wavy laminations and lenticular-shaped, very thin 
beds overlies the hemispheroids. Draping laminae are common through this 
zone. lens shaped or lenticular interbeds often thicken in the trough and 
thin over the tops of the underlying wavy strata. The amplitude of the wavy 
strata decreases upward while the wavelength appears to increase upward. 
Dark organic-rich interlaminae are common through this zone. 

Gypsum nodules near the base of the algal-dominated unit decrease in size 
and abundance upward. Subhorizontal gypsum-filled fractures are common 
throughout the algal-dominated unit but are most common in the wavy to 
lenticular bedded zone where there are abundant clay interbeds and partings. 

5.4.2 r-pngy-Taroinated Unit 
The upper of the Magenta is dominated by horizontal to subhorizontal, 

wavy to lenticular beds exhibiting caress-laminations and cross-laminated 
bedforms. The caress-laminated unit was subdivided into six mapping units 
during the mapping of the Magenta in the exhaust shaft (Holt and Powers, 
1986a). Those mapping units can be identified in cores of the Magenta. The 
vertical sequence of sedimentary structures will be discussed later. 

The clastic sedimentary structures observed within the upper unit 
include: ripple aress-laminations; ripple drift caress-laminations, starved 
ripples; both erosional stoss and depositional stoss climbing ripples; wavy 
and lenticular bedding; flaser bedding; erosional scour marks; day drape; 
soft sediment loading; probable rip-up pebbles; pebbles at base of 
caress-laminations; local caress-bedding; and structureless beds. These 
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sedimentary features are most common within subhorizontal, very thin and thin 
beds that are laterally continuous. 

At the base of the cross-laminated unit, grain sizes are more homogeneous 
and clay-rich interbeds are less cvjinioi than in the underlying unit. Wavy 
bedding with low-angle cross-stratification is very common. The amount of 
cross-laminations and ripple forms and the average set size increases upward 
as does the grain size. Nearly structureless very thin interbeds are common 
near the top of the cross-laminated unit. Gypsum nodules become more munon 
and an areally persistent, very thin bed containing abundant gypsum nodules 
occurs within the upper 2 ft (60 cm). The uppermost contact with the 
overlying Forty-niner Msmber is gradaticnal as the carbonate fraction 
decreases and is interbedded with gypsum. Small nodules of gypsum are common 
both within the gypsum-rich interbeds and the carbonate interbeds. 

5.5 PORTy-NINER MEMBER 
The Forty-niner Member of the Bustler Formation is similar to the 

Tamarisk Member as it consists of a lower (A-4) and an upper (A-5) sulfate 
unit separated by a mudstone unit (M-4) and laterally equivalent halite (H-4) 
unit (Figs. 5.4 and 5.5). Within the upper anhydrite (A-5), a second halite 
unit present at the depocenter of the basin (Ch. 4) does not occur near the 
WIPP site. 

5.5.1 Anhydrite (A-4) 
The lower sulfate unit (A-4) within the Forty-niner is an areally 

extensive unit that varies from 15 to 21 ft (4.6 to 6.4 m) thick in cores. 
The sulfate mainly consists of anhydrite with some gypsum and carbonate. The 
carbonate interbeds are most abundant at the base of A-4 and decrease 
upward. The uppermost foot (30 cm) of A-4 is partly argillaceous. Small 
nodules of sulfate are abundant in the lower interbeds. Bedded nodular 
textures locally occur, and nodules may be superimposed upon nodules. 
Chicken-wire nodular and enterolithic textures are present. The nodular 
texture becomes better developed and larger upward as the more mature nodular 
features dominate. The upper few feet (m) of A-4 may be in part laminated to 
thinly laminated, and the laminae may be wavy to slightly contorted. The 
upper contact of A-4 is sharp. 
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5.5.2 Mudstone M-4) and Halite (H-41 
The mudstone interval of the Forty-niner Meniber is laterally equivalent 

to an argillaceous halite and halite toward the depositianal center of the 
Delaware Basin. Of the WIPP cores examined, only H-12 contained halite in 
this unit. Geophysical log interpretations suggest that halite occurs within 
this zone in boreholes from the eastern site area (e.g., P-18, P-19, P-20). 
The M-4/H-4 interval consistently thickens toward the depositional center of 
the basin as the halite content appears to increase. 

5.5.2.1 Forty-niner Member Mudstone (M-4) 
M-4 varies from a minlTium of 6 ft (2 m) at AEC 8 to a maximum of 17 ft 

(5.2 m) at WIPP 25. In addition to mudstone, M-4 may consist of siltstone, 
claystone, and locally some sandstone. It is commonly gypsiferous and/or 
calcareous. Thin sections from this interval at WIPP 19 show a halite cement 
and incipient displacive halite crystals (PI. 23). Both large and small 
scale primary sedimentary structures are council through this interval. In 
the waste handling shaft, large scale cross-cutting relationships were 
observed in M-4 as a wedge-shaped unit bounded by erosional surfaces (Holt 
and Powers, 1984). 

M-4 was subdivided into five mapping units in the exhaust shaft, and they 
are recognizable in the cores as three reddish-brown units between upper and 
lower gray beds. Ihe lowermost unit within M-4 is gray siltstone 2 to 3 ft 
(0.6 to 0.9 m) thick. It is locally gypsiferous and contains irregular 
gypsum-rich laminae and some gypsum nodules. The lower gray unit has well 
defined and preserved horizontal to subhorizontal thin laminae to very thin 
beds. It may locally be structureless. The lower reddish-brown unit is the 
thickest and usually varies from 5 to 6 ft (1.5 to 1.8 m) in thickness. Ihe 
stratification within this unit is less distinct than that of the underlying 
and overlying units. Stratification is more abundant near the top of the 
unit and occurs as discontinuous, wavy to irregular, locally slightly 
contorted thin laminae to very thin beds. Interbeds are white to gray. The 
lower part of this unit displays small granule to small pebble sized clasts 
of mudstone and exhibits smeared intraclast textures. Greenish-gray 
reduction spots are common. The middle and upper reddish-brown units are not 
always distinguishable from one another in core. The middle reddish-brown 
unit is about 1 ft (30 cm) thick. It is separated from the underlying unit 
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by a relatively large scale erosianal surface that is ccrrtinuous around the 
circumference of the exhaust shaft. As in the underlying unit, the 
stratification is distinguished by color and consists of irregular to 
discontinuous wavy laminations to thin beds. The unit is locally 
gypsiferous. The upper reddish-brown unit is also about 1 ft (30 cm) thick. 
It has subhorizantal to horizontal, slightly wavy thin laminations to 
laminations. In general, stratification is more continuous and better 
preserved than in the underlying units. The uppermost gray bed has 
sedimentary structures similar to the upper reddish-brown unit. The upper 
contact of M-4 with the overlying anhydrite (A-5) is sharp and distinct (PI. 
24). Gypsum nodules and gypsum crystals appear to be areally restricted, as 
they are most common in WIPP 12, WIPP 19, B-25, exhaust shaft, waste handling 
shaft, H-3, H-ll, and H-12. 

5.5.2.2 Forty-niner Member Halite (H-4) 
Within the cores examined, only H-12 contained halite in the 

stratigraphic unit equivalent to M-4. The halite interval (H-4) there is 
argillaceous and not very thick. Geophysical log interpretations suggest 
that the amount of clay in this unit decreases and the overall thickness of 
H-4 increases eastward toward the depositional center of the basin. At 
borehole H-13, the stratigraphic sequence described for the interval M-4 is 
present. Five ft (1.5 m) of halite-bearing sediment occurs within the 12 ft 
(3.7 m) section of H-4. The halite is in a stratigraphic position equivalent 
to the lower part of the lower reddish-brown unit of M-4. 

The lower contact of the halite-bearing zone with the lateral equivalent 
of the lower gray unit of M-4 is sharp. Siltstone and claystone matrix is 
abundant near the upper and lower contacts where incorporative halite 
crystals are common. Aggregates of halite crystals are associated with 
irregular blebs of siltstone within the remainder of the halite section. The 
upper contact of the halite-bearing interval is gradational and is overlain 
by the lateral equivalent of the upper part of the lower reddish-brown unit. 
The remainder of the sequence at H-12 is similar to the sequence observed in 
M-4 in other cores and the shafts and preserves the middle and upper 
reddish-brown units and the upper gray unit. 

5-26 



5.5.3 Anhydrite (A-5) 
The uppermost sulfate within the Rustler Formation is areally extensive 

and is locally subdivided into two parts by a thin halite unit (see Ch.4: 
Lateral Relationships). The thickness of the sulfate varies from 28 to 37 ft 
(8.5 to 11.3 m) in the core study area. 

The sulfate bed consists of anhydrite, gypsum, and carbonate. The 
anhydrite is usually thinly laminated to laminated, wavy to slightly 
contorted, with locally abundant anhydrite pseudomorphs after vertically 
oriented prismatic gypsum crystals up to two inches high. Pseudomorphs after 
prismatic gypsum can be tipped over, smeared, or vertically oriented. Some 
reflect epitaxial gypsum growth. Pseudomorphs in some zones become smaller 
upward, very carbonate-rich interbeds occur. Horizontal to subhorizontal 
stylolites within laminated intervals are common. The anhydrite may locally 
exhibit nodules and/or the bedded nodular fabric. Possible prism cracks 
occur locally. The upper contact is sharp and erosional. 
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6.o DEPosrrioNAL ENVIRONMENIS 
The depositional environments of the Fustier Formation are interpreted 

using a comparative, sedimentological approach to determine the extent of 
halite surviving depositional processes. Those features with modern or 
experimental analogs are emphasized. Depositional analogs for individual 
features and sets of features are derived from the available literature and 
continuing studies of modern analogs. The features observed within the 
Rustler have been compiled, and their modern or experimental analogs are 
compared to the features. Depositional models are synthesized for rock units 
that are apparently genetically related. These models are then integrated to 
create a depositional history for the Rustler. 

The principal depositional environments of the Rustler are synopsized 
first. A depositional model for Rustler salt pans and adjacent environments, 
three syndepositional dissolution models, a summary of syndepositianal 
dissolution fabrics, and a discussion of sedimentation and tectonics are 
discussed after synopses of all depositional models. 

6.1 RUSTIER DEPOSITICMAL ENVIRONMENTS 

6.1.1 Saline to Fresh Transitional Fades 
In the WIPP site area, the first descriptive unit assigned to the Rustler 

in core and shaft studies is a thin bed of sulfate. This unit, although 
probably related to Salado style deposition, is a consistent stratigraphic 
marker throughout the WIPP area, and the Rustler/Salado contact is usually 
placed at the base of this unit for convenience. The sulfate overlies 1 to 3 
ft (0.3 - 1 m) of halitic mudstone which is included within the Salado and 
contains very small incorporative halite crystals. The halitic mudstone was 
deposited within a halite-saturated saline mudflat. The water table 
throughout the deposition of displacive/incorporative halite crystals was 
located at or very near the surface of the mudstone. The sulfate unit is 
generally argillaceous at the base and becomes less clastic upward. The 
argillaceous portion of the sulfate records the settling and deposition of 
the clastic material associated with a minor freshening event. The training 
sulfate was most likely deposited subagueously. 

The base level was again lowered and clastic input and grain size 
increased. A gypsum-rich saline mudflat developed. Either the kinetic 

6-1 



energy of the. depositional system was high or the sulfate content was low 
enough to prevent incoxporative gypsum development. Instead, gypsum was 
precipitated during the desiccation phase following flooding. After 
flooding, the base level or water table was at the surface of the mudflat. 
Evaporative pumping concentrated the sulfate at the surface where gypsum was 
precipitated within void spaces, forming a gypsum cement or incipient 
gypcrete within one to several laminae. Further evaporation drove the water 
table deeper. Ihis resulted in desiccation of the muds and upon the next 
flooding event, reworking and deposition of fragile rip up clasts from 
desiccation. This clastic interval records an initial increase of the 
potential and kinetic energy of the basin. 

6.1.2 Iaooonal Environment 
An unconformity with a documented local relief of over 3 ft (1 m) marks 

the beginning of perhaps the greatest variation of depositianal style and 
environment within the Delaware Basin since the Guadalupiary'Cchoan 
transition. Once again, the waters within the basin were, far at least a 
short period of time, directly connected with marine waters. The 
unconformity was described in shafts within a few ft (1 to 2 m) of the base 
of the Hustler. The presence of fossil bivalve fragments within a thin 
conglomerate locally overlying the unconformity suggests that a basin-wide 
freshening to at least near-marine conditions had already occurred and may 
have been quite rapid. Presumably, the source of the water and fauna was to 
the south through the Hovey Channel. The transgression was rapid, leaving 
only isolated occurrences of conglomerate as record of its passing. 
Consistent with the rapid nature of the transition, grain size and 
sedimentary structure size within the rocks overlying the unconformity 
indicate a decrease of system energy upward. Within a few feet of the 
unconformity, the system's energy reached a relative steady state as 
burrowing and bioturbation become prevalent within a near-marine to marine 
lagoon-like environment. 

Clastic deposition continued under shallow lagoonal conditions, and 
clastic depositional fabrics were subsequently modified by burrowing 
organisms. Most bedding fabrics are not the result of migrating bedforms. 
However, cross-laminations do occur and are more abundant higher in the 
section. During quiescent times of little or no deposition of clastic 
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materials, bioturbation and burrowing were prevalent and in some cases so 
complete as to completely eradicate any sedimentary structure and leave only 
mottled siltstone. This mottled appearance formed during periods when the 
substrate was relatively stable (i.e., limited addition of elastics), and in 
general, the degree of completeness of the bioturbation reflects of the 
length of time that the substrate was stable. In other instances, when the 
energy of the system was higher, elastics were deposited more rapidly, 
essentially eliminating bioturbation or, at the least, diluting its effect. 
This is represented by those zones containing well preserved stratification 
with no or few burrows. 

The presence of a lagoon with water of near-marine salinity has important 
implications. A direct connection to marine waters can be implied by the 
presence of marine to near-marine fossils. This is important as it 
represents the first and only documented near-marine episode within the 
Delaware Basin during the Ochoan Epoch. (There is growing evidence that the 
Dewey Lake is not marine (Schiel, 1987, in progress) contary to earlier 
suggestions.) Several possible events could result in such a marine 
incursion. First, a rapid change of absolute sea level could result in such 
a rapid transgression. However, there is no direct evidence to support it, 
and such an event would be likely to have longer lasting and broader 
effects. More than likely, whatever had barred the Delaware Basin during the 
preceding portion of the Ochoan was breached, and marine water rapidly 
transgressed over a large area with very low relief. Such a breach could 
have easily resulted from a local tectonic event resulting also in 
subsidence. It is clear that the marine invasion and the subsequent shallow 
lagoonal system yielded a higher overall base level, and the effect of a 
raising of base level is to decrease the hydrologic gradient in the 
depositional basin. However, for coarse clastic material to continue to be 
supplied to the lagoonal setting, the gradient within the basin must rise to 
counter the decrease caused by a rising base level. In the face of a rising 
base level, the gradient could only increase as the result of tectonic 
activity. As the distribution of clastic material seems to decrease somewhat 
to the south (Ch. 4), the source areas for clastic material B within the 
northern part of the Delaware Basin were probably to the north and 
northwest, whatever tectonic activity increased the potential for clastic 
deposition must have affected those areas to -the north and northwest. 
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Although separate tectonic events could have resulted in local subsidence and 
uplift of potential clastic source areas, one tectonic event could be 
envisioned that could account for both the breach of a southern barrier and 
yet could keep the energy of the basin at or near the same level in the 
north. A southerly tilting of the Delaware Basin and possibly a portion of 
the Northwestern Shelf could account simultaneously for both situations. 
Figures 4.3 and 4.6 display thicker basal elastics to the south consistent 
with this proposal. 

6.1.3 Fresh to Saliiie Transitional Facies 
The transition between marine or near-marine lagoonal deposition and 

playa-like deposition of evaporites is recorded by several ft (2 - 3 m) of 
dcminantly clastic rock about 35 - 40 ft (10.7 - 12.2 m) below the Culebra at 
the WIPP site. This zone contains no obvious erosicnal surfaces of any 
magnitude and is not very thick, so it is likely that deposition was nearly 
continuous with no major hiatus. Thus, the transition itself must have been 
rapid. As the size of both sedimentary structures and clastic grains 
increases upward within the section, both the potential and kinetic energy of 
the system increased with time. This is consistent with shallowing upward in 
near-shore or shallow marine systems. 

Near the top of the sequence, groups of carbonate-rich interlaminae occur 
and are followed vertically by groups of gypsiferous interlaminae. Their 
presence indicates that solutes were being concentrated within the 
ground/depositional waters. Less indurated laminae commonly bound the 
calcareous or gypsiferous laminae that stand out as resistant zones in cores 
of this interval. The tops of laminae commonly contain the most cement. 
These laminae have been preferentially cemented by the precipitation of 
either carbonate or sulfate without affecting the overlying laminae and with 
minimal effect on the underlying strata. It is very unlikely that this 
cement is the result of a much later pervasive diagenetic process as porosity 
and permeability do not vary significantly from lamina to lamina. Therefore, 
the cements must be related to an early process. Did these cements form by 
the concentration of solutes at the sediment/air interface on a subaerially 
exposed mudflat, or did they form subagueously? 

In subaerially exposed gypsum saline mudflats in Death Valley, Saline 
Valley and Bristol Dry Lake, California, most clastic laminae are very 
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irregular in both thickness and shape. These irregularities are in part due 
to very early diagenetic growth of gypsum within the sediment. Efflorescent 
crusts are commonly found at the surface of an active saline mudflat and also 
contribute to the formation of irregular stratification. Eolian sediment is 
trapped within the efflorescence crust and on the lee side of irregularities 
(e.g. polygonal cracks) on the surface of the crust. The efflorescent crust 
is ephemeral and dissolves with the next rainfall or flooding event. The 
trapped sediment is then deposited on the underlying clastic material 
creating very irregular, discontinuous pockets of sediment and laminae. If a 
flooding event causes the dissolution of the efflorescent crust, the sediment 
carried with the flood is deposited over a rapidly dissolving irregular 
surface. Should the crust be dissolved before sediment is deposited, an 
irregular surface forms from freshly freed eolian sediment. Once the water 
evaporates or infiltrates, another efflorescent crust forms and displacive 
growth within the crust further disrupts the sediment. Preservation of 
efflorescence crust is highly unlikely, and none was observed within the 
sediment sections in any of the California examples. The laminae in this 
section of the Bustler are, however, regular in nature and do not resemble 
those observed in subaerially exposed mudflats. It is unliJoely, then, that 
the cements observed within the laminae originated at the sediment/air 
interface. 

The cements are clearly early, but did not originate due to subaerial 
exposure; they must have occurred early in a subaqueous environment. The 
laminae have a regular morphology. They are somewhat wavy and locally 
contorted, but this deformation is due to soft-sediment loading. As the tops 
of the laminae contain the most cement, it is likely that deposition of the 
clastic laminae, was followed by a period of nucleation of carbonate and/or 
gypsum on and within the substrate. During this time, little or no reworking 
of clastic sediment could have occurred. The cement effectively stabilized 
the substrate preserving the laminae. Early cementation of laminae at the 
bottom of a saline body has been reported far both modern and ancient 
examples by other workers (e.g. Garrison and others, 1978, far Messinian 
gypsum; Warren, 1982a, far Holocene gypsum in salinas). Clastic deposition 
resumed and either a freshening or the mechanical energy of the system 
prevented further precipitation of cement. As long as the system remained 
energetic, cement did not precipitate. This type of laminae can be used to 
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indicate subaqueous oppositional environments 
Sulfate within the sediment is sore concentrated up section until sulfate 

laminae are caramon forming a 1 to 2 ft (30 to 60 cm) thick zone about 30 to 
35 ft (9.1 to 10.7 m) below the Culebra in the WIEP site area. In most 
cores, elastics are still present. Most of the laminations are regular and 
suggest a subaqueous origin. However, the stratification may be very 
convoluted to contorted. Soft sediment shear and loading are in part 
responsible for this deformation. Enterolithic and nodular structures 
locally are present. These formed by expansive growth within the soft 
sediment and partially deformed some laminae. Irregular to prismatic 
vertical features are abundant in the zone containing enterolithic and 
nodular textures and are interpreted as possible desiccation cracks. 

The sulfate-rich interval represents the final stage of the transition 
from the near-marine lagoonal deposits to playa-like deposits. This interval 
may be a silica-rich version of Warren's (1982a) gypsarenite, which he uses 
without genetic connotation. Warren (1982a) defines gypsarenite as "gypsum 
which contains at least 50% sand-sized gypsum grains." From the preserved 
sediment record, it has not been possible to determine the original grain 
size of the gypsum due to diogenesis. However, it is likely that 
depositional processes similar to these suggested by Warren produced the 
sulfate interval. laminated gypsarenite (after Warren, 1982a) consists of 
laminae of mechanically deposited gypsum and/or gypsum formed in situ. In 
this interval, most of the gypsum was probably reworked mechanically and 
deposited with some clastic material. The gypsum converted to anhydrite 
during burial and/or early diagenetic growth of gypsum within the sediment 
probably destroyed all of the original gypsum textures but the laminations. 
Arakel (1980) observed similar sediments in the Hutt and Leaman lagoons of 
western Australia and found that early diagenesis of gypsum (less than 6,000 
years old) had obliterated most primary crystal fabrics. 

The desiccation cracks and enterolithic to nodular structures within the 
sulfate are consistent with subaerial exposure. The prismatic cracks found 
within this stratigraphic zone may be parts of large scale polygonal cracks. 
Several authors (e.g. Neal and others, 1968; Tucker, 1981; and lowenstein and 
Hardie, 1985) have discussed the possible origins of these features. These 
prismatic cracks are clear evidence of subaerial exposure. Nodular and 
enterolithic structures, however, are not unique indicators of subaerial 
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exposure; syndepositional diagenetic growth of sulfate is ccnaioi in both the 
subaqueous and subaerially deposited sediments. Enterolithic and nodular 
structures, when observed within some stratigraphic sequences/ are often 
interpreted to have formed in a subaerially exposed environment (e.g., a 
sabkha: Shearman, 1978). Other examples of enterolithic and/or nodular 
sulfate are interpreted to have formed diagenetically in sediments in 
subaqueous environments (e.g., the Castile Formation: Dean and others, 
1975). Dean and others (1975) suggest that nodular and enterolithic 
structures are not diagnostic of either subaerial exposure or subaqueous 
deposition. 

During subaerial exposure of the sulfate interval, sulfate was 
precipitated and disseminated throughout the soft sediment, including those 
rocks associated with the marine transgression. When the potentiometric 
surface of the water table is at or below the surface of the sediment, the 
salinity of the groundwater became much higher than the maximum salinity of 
the previously standing body of water due to capillary evaporation. This 
would be the optimal time to develop early diagenetic gypsum. Cody and Hull 
(1980) demonstrated that primary anhydrite could nucleate in the presence of 
certain types of macromolecular organic compounds at temperatures and 
salinities expected in hot, arid regions. It is possible that some of the 
sulfate originated as primary anhydrite. 

Ihe sulfate interval meets Warren's (1982a) hydrologic criteria for a 
continental playa: 1) the hydrologic system depositing the sulfate interval 
was clearly separated from large volumes of saline water (e.g., marine 
water), and 2) the sulfate was deposited on a clastic (clayey) substrate. 
Further, Warren reports that the gypsum within the central part of the 
paleopond area of continental playas in Australia is usually less than 3 ft 
(1 m) thick, nearly the same thickness as the sulfate interval in the 
Hustler. Clastic material was brought into the basin during episodic 
flooding. Both cementing processes (previously discussed) and precipitation 
and reworking of gypsum on the substrate account for the presence of sulfate 
in this interval. Analogous sediments with a similar origin are reported in 
Hutt Lagoon, western Australia (Arakel, 1980). The variable depositional 
style and lack of larger, more stable forms of gypsum reflect the dynamic 
chemical and mechanical nature of the small, precipitating brine body. 
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Any connection with marine waters must have been blocked prior to the 
deposition of this zone as the transition appears to have taken little time 
and an overall salinity change occurred rapidly. Potential evaporation rates 
were apparently high as saturation with respect to gypsum was reached easily 
and quickly. As Warren (1982) points out in his discussion concerning 
salinas in Australia, rapid changes of salinity cannot occur within fluid 
well connected with a large (for all practical purposes, infinite) body of 
fluid with a constant salinity. Rapid changes of salinity can, therefore, 
roost reasonably occur within small volumes of fluid. The preservation of the 
transitional sequence indicates continued relative subsidence through the 
period of deposition while the sedimentary features indicate a rapid 
shallowing upward. If the basin were not effectively sealed from marine 
waters, subsidence would not be reflected within the sediment as shallowing 
upward. Instead, lagoonal-type sediment deposition would have begun again or 
continued. Ihe rapid increase of the kinetic energy of the system and the 
concentration of solutes within the water resulted in the death of burrowing 
organisms. The ease of gypsum saturation, the increase of grain size 
(potential energy), the increasing-upward occurrence of sedimentary 
structures showing the migration of bedforms, and the presence of probable 
polygonal/desiccation structures are all consistent with a transition from a 
near-marine lagoon, via a rapid shallowing upward due to evaporation, to a 
subaerially exposed sulfatic saline mudflat. 

Such a transition is rarely preserved geologically. Usually, the evident 
transitions between widely differing depositional environments are erased by 
one or more erosional events. The time between preserved depositional events 
is unknown, and those events whose records were erased by, and the amount of 
time unrecorded by, the hiatus cannot be determined. The complete transition 
between near-marine conditions and the deposition of halite in a saline 
mudflat is preserved here. These sediments recording the transition were 
preserved because of continued subsidence through the transition. Subsidence 
prevented reworking of sediment within the basin during a time of decreasing 
base level and allowed nearly continuous deposition to occur. 

6.1.4 Halite (H-l) and Mudstone (M-l) Deposition 
The fresh to saline transitional facies are overlain by a sequence of 

rock dominated by halite and laterally equivalent mudstone. The lateral 
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relationships between the halite-bearing zone and the mudstone zone are in 
part depositionally controlled. The halite sequence (H-l) appears to be the 
product of the interaction between halite saline mudflat, mud-rich salt pan, 
and mud-poor salt pan environments (see section 6.2). Marginal 
subenvironments consisting of gypsum saline mudflats and mudflats existed 
around the periphery of the halite depositing environments (see section 
6.2). Halite was further concentrated in the depositional center of the 
basin by the syndepositional dissolution of halite from marginal environments 
and relocation of solutes toward the center during episodic subsidence of the 
depocenter center. The WTPP site and Nash Draw area are located along the 
margin of the depocenter center of the basin, and the rocks present in the 
H-l/M-1 stratigraphic interval in the study area formed as the result of the 
interaction of halite depositional environments with marginal nonevaporitic 
environments. 

Above the transitional facies, elastics continued to be deposited. 
Groundwater salinity increased by evaporation, and halite reached 
saturation. Displacive crystals nucleated and precipitated within the 
clastic sediment in a halite saline mudflat. An increasing upward content of 
displacive crystals suggests that the salinity was also increasing with 
time. A standing brine body developed in the depocenter and a mud-rich to 
mud-poor halite pan developed. The halite pan occupied the lowest 
topographic areas. The mud-rich part of the salt pan was affected more by 
syndepositional dissolution as it was closer to the margin. Within the WEPP 
area, unit H-la was deposited by the interaction of both saline mudflat and 
mud-rich salt pan environments. A minor transgression or flooding event 
halted the deposition of H-la. The input of clastic material was stopped by 
the sudden rise of base level. Sulfate was locally deposited as the standing 
body of water was concentrated through evaporation. As evaporation and 
attendant concentration continued, halite saturation was again reached. A 
large mud-poor salt pan developed and H-lb was deposited. Minor freshening 
events did not bring much clastic material into the system but did 
precipitate thin layers of gypsum. Subsidence increased, and the base level 
was lowered. Flooding associated with subsidence again introduced clastic 
material into the system. The size of the mud-poor salt pan decreased 
considerably, and mud-rich salt pan deposition dominated the system 
throughout the deposition of H-lc. 
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Cores of M-l suggest that it was deposited by the interaction of mudflat, 
saline mudflat, and possibly mud-rich salt pan environments and with 
intermittent syndepositional dissolution resulting from flooding events and 
vadose exposure. Halitic facies of H-1 extended beyond their present 
boundaries before being partially removed by syndepositional dissolution. 
Some flooding or transgressive events inundated the margins. Subaqueous 
gypsum deposition followed resulting in widespread sulfate units that extend 
beyond the bounds of the salt pan and associated environments. 

6.1.5 Anhydrite (K-l) 
A rapid, nearly instantaneous transgression of fresher water, of possible 

marine origin abruptly terminated halite deposition and further planed a very 
broad, topographically low area. Syndepositional dissolution similar to that 
reported by Hovorka (1983b, in press), Hovorka and Granger (in press), and 
Fraccasso and Hovorka (1986) for halites underlying anhydrite and carbonate 
rocks of the San Andres Formation in the Palo Duro Basin affected the upper 
part of the H-1 sequence. The top of the syndepositional dissolution residue 
represents a time-line or the base of a punctuated aggradational cycle (e.g., 
Goodwin and Anderson, 1980). A thin gypsum unit, now anhydrite (A-l), was 
deposited over the H-1 sequence. The nearly uniform thickness of A-l 
suggests that rapid deposition of the sulfate occurred as.there is no 
thickening of the section attributable to subsidence of the depositional 
center of the basin. The sedimentary structures preserved in the anhydrite 
confirm that the deposition was rapid and the result of one major 
transgressive pulse with minor fluctuations of base level. Gne thicker, and 
in some areas a second thinner, zone of anhydrite and halite pseudomorphs 
after vertically oriented gypsum crystals occurs within a wavy-laminated to 
ripple-laminated anhydrite, vertically oriented selenite crystals and their 
pseudomorphs are commonly reported features in both modern sediment and 
ancient rocks, respectively (e.g., Schreiber, 1978; Warren, 1982; Vai and 
Ricci Luchi, 1977). They are usually interpreted to have formed in a 
subaqueous setting. The size of pseudomorphs after selenite decreases 
upward. Both Warren (1982b) and vai and Ricci Luchi (1977) interpret similar 
sequences as shallowing upward. Wavy-laminated to ripple laminated anhydrite 
overlies the pseudomorph zones, and in some cores the top of the anhydrite is 
nodular. A-l is interpreted to have been rapidly deposited in a shallowing 
upward subaqueous environment. Slight base-level fluctuations are recorded 
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by the presence of more than one zone of decreasing upward pseudomorph size. 
The base level dropped considerably at the end of A-l deposition, and 
subaerial exposure of some of the sulfate in the western part of the study 
area may have occurred, but the evidence is equivocal. 

6.1.6 Halite (H-2) and l*vte+-nrv* (M-2^ Deposition 
Once A-l was deposited and the base level lowered, clastic material could 

again be transported into the study area. Either an increase of the 
subsidence of the depositional center, or a decrease in the rate of evaporite 
deposition, increased the potential for clastic transport. Minor tectonic 
activity outside of the study area may have added to the potential energy of 
the basin. Evaporitic conditions remained, and siltstone, mudstone, and 
claystone were deposited in mudflat, saline mudflat, and mud-rich halite pan 
environments in marginal environments (including the study area) while 
mud-free halite pan environments existed in the depositional center. Along 
the margins of the depositional center, repetitive displacive growth of 
evaporite minerals and subsequent dissolution, driven by a fluctuating water 
table, churned the clastic sediment. The original clastic texture was 
disrupted, mixing intraclasts of various grain sizes within a very poorly 
sorted matrix. Subsidence in the depositional center of the basin lowered 
the base level, and subsequently, lowered the protective water-table on the 
margins of the deposition center exposing the evaporite H H T W ^ I W to 
dissolution by meteoric waters. Halite was immobilized, transported to the 
depositional center, and redeposited leaving a very churned and haloturbated 
muddy sediment free of halite (Smith, 1971, p. 229: "... repeated 
re-solution and re-precipitation of ... salts ... might ... cause ... the 
almost total lack of sedimentary structures in the clastic parts ... for 
which the term haloturbation would seem appropriate..."). This muddy 
sediment developed incipient soil textures (clay cutans or argillaceous), as 
meteoric fluids percolated downward toward the phreatic zone. Gypsum nodules 
and crystals and possibly anhydrite nodules grew within the vadose zone. 
When the water table was at or below the top of the sulfate A-l, some 
leaching of sulfate may have occurred. Interbeds of gypsum were deposited 
following episodic flooding events when the salinity of the water was 
decreased. The areal extent of these gypsum interbeds was several times 
greater than that of halite as the size of the brine pond increased 
considerably following flooding. Gypsum saline mudflats formed locally on 
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the margins of the basin, and displacive gypsum and anhydrite grew within the 
sediment. 

Subsidence was probably episodic, and during periods of no subsidence, 
the pattern of depositianal environments was shifted outward like an 
expanding bullseye as the depression within the depositianal center was 
filled, causing the available fluid to spread outward. Cnce again, the 
clastic marginal sediments were churned by the displacive action of evaporite 
minerals. When subsidence resumed, syndepcsitional dissolution again removed 
the halite from the marginal clastic sediments, leaving behind a 
syndepositianal dissolution residue. Near the end of the deposition of the 
H-2/M-2 interval, very little halite remained within the interval in the WIPP 
site area. 

6.1.7 Culebra Transgression and Deposition 
Halite deposition and the deposition and subsequent modification of 

related muddy sediments was halted by a transgression of waters with 
near-marine salinity. Marine waters transgressed across an extremely low 
relief area. Both dissolution of underlying halite as waters of low salinity 
came into contact with the halite and erosicnal reworking of clastic material 
further flattened the topography. The upper gray zone of M-l records the 
transgression and subsequent reworking of muddy sediments and some 
carbonates. Nontectonic deformation, similar to that described by 
Brodzikowski and Van loon (1985) for sediments deformed as ice melts, 
occurred as the underlying halite continued to be dissolved after the initial 
deposition of the gray claystone. Erosion, transport, and deformation of 
soft clasts of carbonate occurred. Once the transgression was complete, a 
stable substrate developed and carbonate deposition began. 

A low-energy, productive carbonate lagoon developed following the 
transgression. Pelletal carbonate mud was deposited along with a minor 
amount of clastic material, mostly clay. Water depth was great enough to 
allow only minimal reworking of pelletal mud and clay and fine silt sized 
material into bedforms. However, the energy of the system occasionally 
increased, and migrating bedforms developed. The substrate was often stable 
and shows evidence of locally extensive bioturbation. Algal mats developed 
episodically an the substrate. These were, however, very thin and were 
usually choked and covered by rapid deposition of pelletal material and 
clay. Reworking of the algal mats was minimal. Near the end of Culebra 
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deposition, the marine connection was blocked and the salinity of the water 
Increased. Grazing invertebrates apparently decreased, and algal mats and 
stramatolitic forms developed an the substrate. Shallowing occurred, and 
some clastic material was carried into the basin. 

Algal features are commonly reported in evaporite settings (e.g., 
Carozzi, 1962; Kendall and Skipwith, 1968; Friedman and others, 1973; Peryt 
and Piatkowski, 1977; Shearman, 1978; Butler and others, 1982; Warren, 1982a; 
Toamey, 1985). They have been interpreted to indicate: a) subaerial 
exposure in a subtidal environment (after Logan, 1961; Kendall and Skipwith, 
1968), b) subtidal settings (e.g., Gebelein, 1969), and c) deep water (e.g., 
Hoffman, 1974; Playford and Cockbain, 1969). The occurrence of algal 
features is not unique to any environment. Desiccation cracks and chips are 
evidence of subaerial exposure, but none were found in the Culebra. No head 
or club-shaped forms indicating subaerial exposure (e.g., Iogan, 1961) were 
observed, and fenestral fabrics do not occur. Instead, algal mat, biscuit, 
and dame-shaped features similar to those described in subtidal environments 
by Gebelein (1969) were found. 

During and shortly following Culebra deposition, halite within the 
M-2/H-2 interval continued to be partially dissolved. Further soft sediment 
deformation occurred, and the lower beds of the Culebra slunped partially in 
those zones affected by the dissolution. 

Regional isopachs of the Culebra show a thickening in the depositional 
center indicating that Culebra depositional conditions existed long enough to 
be affected by the subsidence of the depositional center. 

6.1.8 Anhydrite (A-2) Deposition 
The connection with marine waters that existed during the initial Culebra 

transgression became more restricted during the later stages of Culebra 
deposition. This restriction continued after the end of the Culebra time. 
The water continued to increase in salinity, becoming saturated with respect 
to gypsum. Gypsum and carbonate algal material were interlayered. The 
environment was sufficiently energetic to locally rework the fine-grained 
gypsum and carbonate into low relief bed farms. Local subaerial exposure 
occurred. Once gypsum saturation was reached, gypsum crystals nucleated and 
grew displacively within the still soft carbonate of the Culebra. 
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Sulfate was deposited rapidly, and was subaerially exposed. Some clastic 
material and possibly pry?* halite were deposited over the nearly exposed to 
exposed surface of the sulfate. Halite, if present, was dissolved by another 
rapid transgression. The transgressive waters concentrated quickly and 
sulfate saturation was again reached. A more stable substrate existed and 
vertically oriented selenitic gypsum grew at the sediment water interface. 
Shallow conditions are implied by the lack of large vertically oriented 
selenite prisms. 

The sulfate was deposited in a shallowing upward environment. Subaerial 
exposure of sulfate along the margins of the depocenter resulted in the 
dissolution and erosion of sulfate by meteoric waters. 

6.1.9 Halite and Mudstone (H-3/M-3) 
The deposition of clastic materials and halite followed the lowering of 

the water table after the deposition of A-2. The standing body of water was 
reduced in size by evaporation, solutes were concentrated, and the sediment 
along the margins of the depocenter was exposed to erosion and dissolution. 
Local channels developed among the margins dissolving or eroding into A-2. 
The absence of A-2 at WIPP 19 is interpreted to be the result of 
syndepositional channeling. Halite began to be deposited within the lowest 
areas. Ihe saline pan was largely desiccated and then flooded to bring 
elastics across the basin. The following depositional environments were 
recognized, from the margin to the middle of the depocenter: gypsum-saline 
mudflat, halite-saline mudflat, mud-rich saltpan, and mud-poor saltpan. The 
size of depositional environments changed in response to changes in the 
relative position of base level and surf icial hydrologic system. Subsidence 
controlled the basin geometry and subsequent facies distribution. During 
episodic subsidence, syndepositional dissolution of soluble minerals occurred 
during subaerial exposure of the marginal sediments. This remobilized 
soluble minerals and relocated them toward the depocenter. During the 
exposure, these marginal sediments were affected by soil-forming processes 
which translocated and reoriented clay-sized particles in microscopic 
fractures and as cutans. 

Initially, nearly pure halite was deposited in the depocenter, and the 
depositional environments remained stable for some time with no large scale 
facies migration. After the initial halite deposition within the depocenter, 
clastic materials were brought into the study area during episodic flooding 
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events, elastics were sedimented along the margins of the depocenter and 
rarely were deposited within the depocenter. later, subsidence and 
fluctuating base levels were conducive to the continued deposition and 
dissolution of saline minerals in the saline mudflat areas, further churning 
the sediment. 

Clastic deposition increased after the initial period of uniform 
conditions. A more clastic-rich halite was deposited in the depocenter. 
Depositional facies migrated inward toward the depocenter. Subsequently, the 
size of the mud-poor salt pan decreased while the size of the mud-rich pan 
increased. The mud-rich and mud-poor salt pan environments interfingered 
with one another, with the mud-rich facies dominating. The source of clastic 
material was interrupted and clastic material, once again, could not reach 
the depocenter. Subsidence in the depocenter accelerated, and clear halite 
was deposited in the depocenter in a mud-poor salt pan environment. Further 
base-level drops associated with the increased subsidence exposed additional 
margin areas and allowed more syndepositional dissolution of those soluble 
minerals, particularly halite, in the newly created vadose zone. The base 
level stabilized or rose, and clastic deposition decreased dramatically in 
the depocenter. Mud-poor salt pan deposition once again dominated, 
depositing relatively clear halite in the depocenter. 

A basin-wide freshening occurred following the deposition of a second 
clear halite unit in the depocenter. Minor amounts of halite dissolved from 
the interaction of halite with the fresher fluids. Laminated to nodular 
gypsum was deposited in a thin blanket over the underlying halite. The base 
of this sulfate probably represents a nearly isochronous event. The sulfate 
was rapidly deposited following the freshening event as it shows little 
evidence of thickening in the depocenter. 

The fluids concentrated, and the areal extent of the standing body of 
water decreased, in response to evaporation. Sulfate deposition ceased in 
the depocenter, and mud-free salt began to precipitate. The underlying 
sulfate unit locally consists of polyhalite, suggesting that extreme 
salinities were reached during evaporation. The polyhalitized sulfate 
extends in some areas beyond the overlying halite This suggests that 
extremely saline fluids affected a larger area than is indicated by the 
halite. Clastic materials were no longer contributed to the basin in any 
large amount, and clastic facies are nonexistent. Subsidence was relatively 
rapid, and deposition was confined to a smaller area. A thick, lenticular 
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unit of nearly mud-free halite with two thin sulfate interbeds was 
deposited. Nandeposition prevailed along the margins of the salt pan, 
including much of the study area. This marginal area is apparently quite 
complex, and there are no cores to examine from the northern and eastern part 
of the study area to resolve some critical concepts. It was argued in Ch. 5 
that the polyhalite probably formed early and halite was not dissolved late 
because: 1) permeability is usually low in halite zones, 2) polyhalite is 
about equal thickness whether adjacent to halite, mudstone, or anhydrite, and 
3) removing halite should affect adjacent polyhalite. If polyhalitization 
occurred very early, there is still no direct evidence of specific mechanism, 
such as percolation of overlying brines, lateral migration of polyhalitizing 
fluids within unlithified sulfate, or evaporative pumping of brines 
associated with lateral migration. Within all of the cores described, this 
time is represented by a hiatus. A freshening event terminated halite 
deposition. 

6.1.10 Anhydrite (A-3) 
Fresher water, of possible marine origin, transgressed rapidly across the 

low topography. The base of the sulfate is nearly a time-line. The 
transgressive waters overlaid halite in the depocenter and the thin sulfate 
unit on the margins. Some halite within the depocenter area undoubtedly 
dissolved by direct contact with the transgressive fluids. Initially, thin 
laminae of carbonate-rich claystone were deposited by settling out of the 
transgressive waters. Locally, small stromatolitic algal forms grew. The 
water was fairly deep but probably not below storm-wave base. The salinity 
of the waters increased, and sulfate began to deposit. Fine-grained gypsum 
was deposited in thin laminae over the claystone. Vertically oriented 
crystals of selenitic gypsum grew along the substrate. Carbonate-rich 
interbeds were deposited with the gypsum. A thin rip-up breccia was 
deposited locally. It consists of thin, tabular clasts of anhydrite and 
carbonate in a gypsum matrix. Hardie and Eugster (1971) and Garrison and 
others (1978) report similar rip-up breccias. Bardie and Eugster (1971) 
interpret them to be the result of wave reworking of subaerially hardened 
crusts. It is possible that the rip-up breccias formed in that manner, 
although no other evidence of subaerial exposure (e.g., desiccation cracks) 
was found. Regardless of whether the clasts were derived from sediment 
hardened or lithified by subaerial exposure or in a subaqueous environment, 
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the breccias "were deposited in a shallow subaqueous setting as infrequent 
storm events locally ripped up parts of the laminated gypsum, redepositing 
them as thin beds of tabular clasts. Dissolution continued to affect the 
underlying halite resulting in slumping and soft sediment deformation of the 
overlying sediment in a manner similar to the slumping and deformation of 
glacial and related sediments during the melting of ice, as described by 
Brodzikowski and Van Loon (1985). Vertically oriented selenitic gypsum 
crystals were disrupted by slumping due to dissolution and isolated storm 
events (e.g., Schreiber and Schreiber, 1977; Schreiber, 1978). Ihe water 
depth decreased and low-angle slipface migration of bedforms became common. 
Vertically oriented selenitic gypsum continued to be deposited when the 
substrate was stable. Sequences of vertically oriented selenitic gypsum 
crystals with size decreasing upward were deposited as the water depth 
decreased. In at least one case, a shallowing upward sequence reached or 
nearly reached subaerial exposure and was accompanied by clastic deposition. 
Slumping of the overlying beds suggests that halite may have originally been 
present and dissolved soon after the deposition of the overlying gypsum beds 
(e.g., Schreiber and Schreiber, 1977; Schreiber, 1978). 

After the deposition of the thick section of gypsum (A-3a), the substrate 
became very stable, and large vertically oriented selenitic gypsum crystals 
grew competitively upward and eventually became interlocking. Ihe size of 
these crystals decreased upward indicating a shallowing upward (e.g. Warren, 
1982a). Some of the large selenite crystals were syndepositionally 
dissolved. All or part of the coarsely crystalline gypsum was preferentially 
dissolved and removed to create a characteristic "crushed prism texture." 
The fine grained crystalline matrix deformed in response to the partial to 
complete removal of the selenitic gypsum. The size and number of prismatic 
selenite crystals controlled the morphology of the texture. Undeformed 
anhydrite above zones exhibiting the crushed prism texture indicates that the 
texture was fully developed prior to the deposition of the overlying 
material. The upper contact of the zones exhibiting the crushed prism 
texture (A-3b) is gradational. 

Following the deposition and partial syndepositional dissolution of 
vertically oriented selenitic gypsum crystals in A-3b, the energy of the 
system gradually increased and more carbonate was deposited during the 
deposition of A-3c. The vertical change of bedforms reflects a change in 
energy, a shoaling upward. A fairly low energy depositional environment 
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producing subhorizontal to slightly wavy bedforms gradually became more 
energetic and dominated by wavy to lenticular bedded gypsum and carbonate. 
The amplitude and size of the cross-laminations increases upward reflecting 
shoaling conditions. Small, vertically oriented selenitic gypsum crystals 
were deposited during quiescent periods and, in some cases, were reworked. A 
nodular fabric was superimposed over laminated sediment. Similar bedded 
nodular textures have been reported by Hovorka (in press) who recognized that 
textures indicative of subaqueous deposition were preserved within the 
nodules. However, Hovorka (in press) did not assess the origin of the 
texture, and it has not been interpreted elsewhere. The texture is probably 
early and developed prior to, or synchronous with, the replacement of gypsum 
with anhydrite. Near the end of the deposition of A-3c, algal mats and 
stromatolites grew on and stabilized the gypsum and carbonate substrate. 
Algal forms are not persistent vertically through the section as they were 
short-lived and effectively swamped by overlying carbonate and gypsum. 

6.1.11 Magenta Dolomite 
Carbonate material rapidly dominated the clastic grain type at the onset 

of Magenta deposition, and both gypsum and carbonate sand and mud were 
interbedded. Subaqueous algal forms similar to those reported by Gebelein 
(1969) developed on the shallow sea floor. Algal mats, biscuits, and domes 
have all been observed. Algal mats stabilized the substrate providing a 
protective cover from erosion (e.g., Neuman and others, 1970). The 
sedimentation rate governed the morphology, with the biscuits and domes being 
deposited in areas with higher sedimentation rates (Gebelein, 1969). The 
lack of rip-up clasts of algal material indicates that wave energy never 
exceeded the strength of the mat. During quiet periods, vertically oriented 
prismatic gypsum crystals grew on the substrate. Algal biscuits and domes 
(laterally linked hemi spheroids, after Logan and others, 1964) were deposited 
over carbonate and mat sediments. Over the algal biscuits and domes, 
carbonate sand and silt were deposited in wavy beds. The amplitude of the 
wavy beds decreases while the wave length increases upward, indicating a 
decrease in energy. 

Gypsum and carbonate silt, sand, and mud were deposited in a 
cross-laminated unit which overlies the algal unit. The cross-laminated unit 
commonly exhibits lenticular and wavy bedding (after Keineck and Singh, 
1980). Erosianal scour and fill and drape features are common. Wavy and 
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lenticular bed forms become more abundant upward, while cross-laminated 
carbonate and gypsum of a more uniform grain size occurs near the base of the 
unit. Some small, tabular rip-up pebbles occur near the base of ripples and 
cross-laminae. The cross-laminated unit records an increase of energy over 
the algal unit. As both the grain size and the sedimentary structure size 
increase up the section, the kinetic energy of the depositional system is 
interpreted to have increased through time. This is consistent with 
shallowing upward. Unequivocal evidence of subaerial exposure has not been 
found. However, the presence of tabular rip-up clasts is consistent with 
subaerial exposure. Most of the deposit is interpreted to have formed within 
the subtidal environment. Deposition and accumulation was periodically 
rapid, depositing local climbing ripples. Near the end of Magenta 
deposition, gypsum again hec-ame a more uoumun grain type as gypsum and 
carbonate laminae and beds alternated. 

Several authors report cross-laminated carbonate deposits within various 
evaporite depositional environments (e.g. Eugster and Hardie, 1975, for 
sedimentation related to a playa lake complex; Demicco, 1983, far 
sedimentation in a transgressive, shallow subtidal to intertidal zone 
associated with a sabkha). Wavy and lenticular bedded carbonates described 
and interpreted by Demicco (1983) are similar to the Magenta. Demicco (1983) 
presented and interpreted an ideal cycle within the Ocnococheague Limestone 
of the central Appalachians. The ideal cycle consisted of, from bottom to 
top, with description (interpretation): intraformational conglomerate (sheet 
storm deposits); thrombolitic bioherms (subtidal algal patch-reefs); 
cross-stratified grainstone (subtidal coid-peloid sand shoals); ribbon rock 
(intertidal-subtidal mixed sand-mud flats); prism-cracked laminate (high 
intertidal algal mud flat); mud-cracked laminated dolostone (sabkha). The 
Magenta does not totally fit Demicco's (1983) ideal Oonccccheague cycle. 
However, there are clear similarities. No intraformational conglomerate 
occurs at the base of the Magenta, as the base of the Magenta appears to be 
gradational with the underlying anhydrite. The next unit Demicco reports is 
a thronibolitic bioherm. This is somewhat" similar to the Magenta as subtidal 
algal mats and stromatolitic farms occur at the base of the Magenta. The 
next Ccnococheague unit is a cross-stratified grainstone which is followed by 
a ribbon-rock unit (Demmico, 1983). Demmico's ribbon-rock unit displays wavy 
to lenticular bedding similar to that of Reineck and Singh (1980). The 
sedimentary structures contained within those two units are similar in 
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occurrence and distribution to the cross-laminated unit of the Magenta. 
Prism-cracked and nud-cracked units do not occur at the top of the Magenta. 

The Magenta is not exactly analogous to a Conococheague cycle, which 
Demicco (1983) interprets as a shallowing upward sequence. It is not exactly 
analogous to either playa lake carbonates (Eugster and Hardie, 1975) or 
shallow, clastic marine evaporites proposed for sandstraps of the Upper 
Miocene Solfera Series of Sicily (Hardie and Eugster, 1971). Yet the algal 
forms and bedding suggest relatively high energy in a shallow tidal shelf to 
lagoon environment. In the case of the Magenta, there is no specific 
evidence in cores to suggest the site area was subaerially exposed to any 
extent. The VJIPP site apparently remained subtidal through the Magenta, and 
did not accumulate intertidal or supratidal deposits. Outcrops of Crow Flats 
(T17S, R28E) display thin brecciated zones within the algal laminated zone, 
indicating syngenetic dissolution and probably raibaerial exposure. The 
Magenta was probably shallower than the underlying (A-3) sulfates; it was 
certainly a higher energy environment. 

6.1.12 Anhydrite (A-4) 
Gypsum and carbonate deposited subaqueously with intermittent subaerial 

exposure followed Magenta deposition. Crystals of gypsum and/or nodules of 
anhydrite grew displacively in the soft sediment during subaerial exposure. 
Chicken wire nodular and enterolithic textures developed near the end of A-4 
deposition as subaerial exposure times increased. During subaerial exposure, 
nodules grew within the underlying soft sediment, including the Magenta. The 
bedded-ncdular texture in A-3c developed during this time. During episodic 
floods, the water level increased, allowing the deposition of laminated 
gypsum sediment. Near the end of A-4 deposition, the water level dropped due 
to evaporation and sulfate deposition ceased as halite saturation was 
reached. 

6.1.13 Mudstone/Halite (M-4/H-4) 
Following the deposition of A-4, evaporation decreased the size of the 

standing body of water and subsequently initiated halite deposition. Salt 
pan halite was deposited in the lowest parts of the basin. Within the VJIPP 
area, the margin was subaerially exposed and elastics were eroded and 
deposited. The basin flooded once again, bringing clastic Tutorial across 
gypsum at the basin margin and across halite in the depocenter. Halite 
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deposition resumed and the following facies were present, from basin margin 
to depocenter: mudflat, gypsum saline mudflat, halite saline mudflat, 
mud-rich and, episodically, mud-poor halite pans. Subsidence within the 
depocenter again controlled the vertical and lateral distribution of facies. 
Subsidence followed and the syndepositional dissolution of halite from halite 
saline mudflat facies along the basin margins occurred. A mud-poor halite 
pan developed within the depocenter. A second major flooring event again 
distributed clastic material to the depocenter of the basin. Hie facies were 
redistributed toward the depositional center. Minor subsidence within the 
depocenter followed and a nearly mud-free halite pan developed at the 
depocenter. 

Within the WIPP site area, M-4/H-4 records the interaction between 
mudflat, gypsum saline mudflat, halite saline mudflat, and mud-rich halite 
pan environments. M-4 in the waste handling shaft and several cores 
resembles gypsum-rich mudflats at Saline Valley, California (PI. 25, 26, 27 
and 28). Syndepositional dissolution caused by water table variations is 
recorded near the base of the sequence in cut and fill deposits. 

6.1.14 Anhydrite (A-51 
A basin wide transgression caused the halite and mudstone associated with 

M-4/H-4 to cease deposition. Minor syndepositional dissolution may have 
occurred within those areas containing abundant halite. Gypsum saturation 
was reached very quickly, and subaqueous laminated gypsum with minor amounts 
of carbonate began forming. Minor amounts of slipface migration occurred as 
low relief ripples migrated across the substrate. The substrate was 
occasionally capable of supporting the growth of vertically oriented selenite 
crystals. The standing body of water decreased in size and halite was 
deposited in the vicinity of the depocenter at least once during the 
deposition of the A-5 interval. Clastic material did not accompany halite 
deposition. Halite was not preserved within that interval in the vicinity of 
the WIPP. However, evidence of subaerial exposure occurs within the WIPP 
cores. A second transgression occurred, and gypsum and carbonate deposition 
resumed as before. 
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6.1.15 Rustler Formation/Dewey lake Formation Contact 
The contact between Rustler and Dewey lake Formations is erosianal at the 

scale of cores and shafts. However, the thickness of the upper Rustler 
anhydrite (A-5) varies little across the basin indicating a limited hiatus. 
Little or no localized tectonic activity occurred during the hiatus as there 
is no apparent angular component to the unconformity. 

6 . 2 HAIITE/MDDSTCME (H/M) DEPOSITIONftL M3CEL 

All of the zones now containing or previously containing halite within 
the Rustler exhibit several of the f acies attributed to a halite/mudstone 
depositional model. Five major facies are recognized, including mudflat, 
gypsum saline mudflat, halite saline mudflat, mud-rich halite pan, and 
mud-poor halite pan (Fig. 6.1). The facies distribution is controlled by 
chemical and physical parameters associated with pan and mudflat 
environments. The H/M zones throughout the study area exhibit vertical as 
well as lateral mineralogical zonation within some units. This is the 
(xireregnence of salinity zonatians within the depositional environments, with 
the least saline ground waters and surf icial waters at the margins or near 
sources and the most concentrated at the depocenter. This distribution 
contrasts with sabkha other environments marginal and connected to the sea. 
The distribution of facies is also constrained by the potential for clastic 
deposition, a function of the capacity and competence of the hydrologic 
regime within a particular depositional setting. Clastic material is 
introduced into the depositional environment only when the hydrologic system 
can carry it. 

Modern marine evaporite deposits and saline continental playas are known 
to be chemically zoned (e.g., Hardie, 1968; Hardie and others, 1978; Eugster 
and Hardie, 1978; Till, 1978; Kendall, 1984). In most marginal 
marine-derived evaporites, seawater is the main source of fluid. 
Concentrations increase from the seawater to a maximum, usually in the 
supratidal area, and finally the concentration decreases further landward as 
nonmarine ground water dominates. The zonal pattern of mineralogies of the 
marginal marine environment records these salinity variations. Inland playa 
lakes are very commonly chemically zoned (Eugster and Hardie, 1978; Hardie, 
and others, 1978). Fluids move from their source at the margins of the basin 
to the center of the basin. Ground water increases in solute concentration 
toward the center of the basin. The least soluble minerals precipitate 
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first, along the margins, and the most soluble minerals deposit last, at the 
basin center. Rustler U/H sediments are similarly zoned and are considered 
to have formed in a setting very similar to inland playa lakes, though there 
was some marine influence en Rustler deposition. 

The relief within the depositional area was extremely low, and clastic 
material should therefore show a relatively simple distribution pattern. 

Although clay-sized material could probably be transported in suspension 
across the basin, the distance that coarser clastic material can be 
transported into the system is limited by the capacity and competence of the 
hydrologic system feeding the basin. In a basin with an extremely broad and 
flat topography and distant clastic sources, the maximmti limits of clastic 
deposition probably varied little. Following the flooding stage (which may 
have been a gradual rising water level/not necessarily a sudden and energetic 
went), the base level raise further, pushing the limit of clastic deposition 
away from the depocenter. 

Claystone, mudstone, and siltstone were deposited in marginal mud-rich 
environments. The marginal mud-rich environments were areally less extensive 
than the mud-poor salt pan. Evaporite minerals grew displacively within both 
the vadose and phreatic zones in the saline mudflat environments. Gypsum 
grew from less saline fluids further from the depocenter while halite 
precipitated from more concentrated brines near the halite pan environments. 
The halite salt pan deposits are subdivided into two parts: a mud-rich salt 
pan and a mud-poor salt pan. The mud-rich saltpan received more clastic 
input during the flooding stage. The mud-poor salt pan is the zone that was 
minimally affected by clastic deposition during flooding events. The primary 
distinguishing characteristic of halite deposited within the mud-rich salt 
pan is displacive growth of cements on multicrystal line seeds or relicts of 
halite crust. Mod-poor salt pan sediments are recognized by the classic 
void-filling opwpnts with little or no displacive growth into muddy 
sediment. The teens mud-rich and mud-poor only reflect the ability of the 
hydrologic system to transport clastic material during flood episodes. The 
style of halite deposition is the same from one to another. However, the 
early diagenetic growth styles of halite are different. Episodes of flooding 
following desiccation brought clastic material cut onto the mud-free salt pan 
environments creating mudstone and/or claystone interbeds within mostly clear 
halite. 
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6.3 SYNDEPOSITIONRL DISSOIPTICN 
Syndepositional dissolution plays an important role in the formation of 

evaporite sequences. Many authors have reported or interpreted the 
occurrence of syndepositional dissolution in both modern and ancient 
evaporite depositional environments (e.g., Schreiber and Schreiber, 1977; 
Schreiber, 1978; Powers and Hassinger, 1985; Lowenstein and Hardie, 1985; 
Shearman, 1970; Arthurton, 1973; Hovorka, 1983a, 1983b, in press; Hovorka and 
Granger, in press; Wardlaw and Schwedtner, 1966; Adams, 1969; Fracasso and 
Hovorka, 1986). Primary depositional fabrics within evaporites often are 
extensively modified by syndepositional dissolution. Three models far 
syndepositional dissolution have been created. Syndepositional dissolution 
fabrics are unique, and several criteria for their identification have been 
presented. 

6.3.1 Svndepositional Dissolution Mechanisms 
Soluble minerals can be exposed to undersaturated fluids in a variety of 

ways. Three hydrologic situations can cause syndepositional dissolution of 
evaporites. These include raising of the water table, lowering of the water 
table, and varying of the positions of fresh and saline ground water zones. 
In many respects, it is remarkable that evaporites are well preserved within 
the rock record at all. Halite deposition can be extremely rapid, but it is 
mostly ephemeral within the depositional setting. 

The most commonly recognized and reported dissolution process occurs with 
the raising of the base level during flooding or transgressive events. Voids 
caused by the dissolution of halite during minor flooding events are 
considered to be unique to, and diagnostic of, salt pan deposition of halite 
(Icwenstein and Hardie, 1985). These voids are recognized petrographically 
by the abrupt termination of zones of fluid inclusions with a depositional 
origin. In some cases, very little primary depositional fabric is preserved 
within the halite. In mud-free halite, clear halite cements and void 
fillings bound those crystals exhibiting primary inclusion zoning. In 
mud-rich halite, displacive overgrowths on relict salt pan halite seed 
crystals exhibiting growth zonation are characteristic textures indicating 
syndepositional dissolution due to minor flooding. large scale flood events 
result in the dissolution of a greater volume of salt, sometimes the entire 
existing sequence (Fig. 6.2). This style of dissolution has occurred in the 
Great Salt Lake and has been discussed by Hardie and others (1978). Hovorka 
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(in press) reports ancient analogues of dissolution due to major flooding 
during transgressions of less -saline water in the San Andres Formation of 
the Texas panhandle. Dissolution related to a major freshening or 
transgression can occur below the immediate sediment fluid interface. This 
results in the slumping and soft sediment deformation of the overlying, 
recently deposited sediment. The textures observed in the overlying sediment 
could resemble those formed by the melting of ice in periglacial sediments 
(e.g., Brcdzikowski and Van loon, 1985). Some authors (e.g., Schreiber, 
1978; Schreiber and Schreiber, 1977) attribute deformation of evaporite beds 
to nearly syndepositional dissolution of underlying halite. Gne feature that 
is easy to diagnose is disrupted, tilted and slumped zones containing 
vertically oriented selenite crystals. These deformational textures develop 
before the overlying sediment is lithified. If a large body of low salinity 
water overlies a zone containing soluble material, or the sediment overlying 
the soluble material, for an extended period of time, a relatively thick 
vertical section of soft sediment can be deformed by dissolution. 

The second major dissolution style is caused by the lowering of the water 
table. When the water table is lowered, those soluble minerals occurring 
within the newly created vadose zone are susceptible to dissolution by 
downward percolating meteoric water and surface runoff (Fig. 6.3). Erosion 
can also play a role in the process. Regardless of the composition of the 
fluids below the water table, the soluble minerals within the vadose zone 
will continue to dissolve until the water table, with fluids of sufficient 
concentration, is again raised. If no less-soluble or insoluble material is 
contained within the soluble rock, then no record of the dissolution is 
preserved, unless the dissolution is incomplete. If this is the case, then 
filled void space within rock will attest to the dissolution. This 
dissolution style accounts far same of the void space developed in salt pans 
following complete desiccation. In addition, this style of dissolution has 
been observed within the dominant halite sediments of the Devil's Golf Course 
in Death Valley, California and the muddy sediments of Bristol Dry lake, 
California. If the water table remains lowered for an extended period of 
time, soluble minerals from the vadose zone are completely dissolved. A 
considerable thickness of soluble material could be dissolved if the water 
table dropped sufficiently. The water table can be lowered by a general 
reduction of the volume of fluid within the basin with little or no basin 
configuration change; vadose dissolution would then affect a distinct 
stratigraphic zone. 
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Tectonic activity can also produce a widespread water table drop. 
Subsidence within the depositianal center lowers the water table along the 
margins (Fig. 6.4). This allows for the dissolution of soluble materials and 
subsequent redistribution of the solutes to the depositional center. The 
soluble minerals are effectively cannibalized from the margin. This type of 
syndepositional dissolution can cut across facies tracts significantly 
modifying their lateral distribution. Essentially, a new facies type is 
created by the dissolution and superimposed over the preexisting facies 
pattern. 

The third hydrologic regime conducive to syndepositional dissolution is 
the result of changes in the lateral salinity distribution. Fresher water 
may be driven by higher potentiometric surfaces from the margins toward the 
solute sink, allowing a fresher groundwater to interact with the soluble 
minerals. 

within a basin or playa setting, this process is controlled by the size 
and density of the body of saline groundwater. As the areal extent of the 
saline groundwater and surface body responds to outside controls 
(evaporation, subsidence, and rates of precipitation), the freshwater zone 
moves and changes the maximum distribution of soluble minerals. Similar 
interactions of fresher groundwater are reported by Butler (1969) in the 
sabkhas along the Persian Gulf. Fresh groundwater from the landward side of 
the sabkhas dilutes the saline groundwaters derived from the lagoon (Butler, 
1969). 

6.3.2 Svndepositional Dissolution Fabrics 
Fabrics representing all stages of syndepositional dissolution have been 

recognized or interpreted by a number of authors far both gypsum and halite 
(e.g., Iowenstein and Hardie, 1985 for incomplete dissolution of halite; 
Hovorka, 1983a, 1983b, in press; Hovorka and Granger, in press, for complete 
syndepositional dissolution of halite). Where halite is partially preserved, 
syndepositional dissolution terminates or truncates original depositional 
textures within a soluble material. When.the most soluble THiwaig are 
entirely removed, less-soluble or insoluble constituents of the sediment are 
characteristically disrupted. 

Syndepositional textures within halite from modern environments have been 
recognized and described in detail by Iowenstein and Hardie (1985). These 
textures are primarily voids and dissolution surfaces which truncate primary 
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fluid inclusion zones. Iowenstein and Hardie (1985) attribute seme 
depositional fabric control to the orientation of voids, and they consider 
that the presence of these dissolution fabrics are unique to salt pan 
environments. These dissolution textures form during Iowenstein and Kardie's 
(1985) desiccation stage. During this stage, the water table is at or below 
the surface. If the water table is below the surface, the halite within the 
vadose zone is subject to dissolution by meteoric water. Hi either case, 
dissolution will occur during the next flooding event when the base level is 
raised and fresh water is brought in to contact with the halite. 

Those sediments consisting of a high percentage of mud will also record 
the effects of syndepositianal dissolution. Smith (1971) coined the term 
•'haloturbatian" for the repetitive disruption of muddy sediment by the 
expansive growth and dissolution of halite. Haloturbated sediments show a 
smeared intraclastic texture, dasts and strata from the zone of removal 
will be smeared, distorted, and disrupted proportional ly to the net volume of 
material precipitated and removed by haloturbaticn. Hovorka (1983a) implies 
that the matrix material will be poorly sorted due to the mixing of material 
derived from various clast types. Surviving clasts will retain their 
sorting. If the soluble material dissolves above the water table in the 
vadose zone, then soil or ped textures indicating the downward percolating 
water may be present. Complete soil development is not expected. However, 
incipient soils should be a-nmr.ii and can be diagnosed by translocated clays 
and cutans. The degree of disruption is a factor of the number of growth and 
solution episodes that have occurred and the length of time above the 
phreatic zone. Mixing of intraclast types, without evidence of 
post-lithif ication brecciation of the overlying material suggests a 
syndepositional origin. 

6 . 4 SEDIMElfEftllTON AND TECTONICS 

The depositional setting of the Bustler was controlled largely by the 
tectonic setting. Other authors (e.g., Valyashko, 1972) have discussed the 
relationship between evaporite deposition and tectonic history, particularly 
with respect to continental or cxfitinentally-influenced evaporite 
environments. The Bustler provides an excellent record of the tectonic end 
stages of a continental basin. The depositional style of the Bustler, 
evaporite pan/playa deposits with episodic transgressive deposits (the bases 
of which are essentially time lines), creates a picture of the subtle 
tectonic events that occurred during Bustler time. 
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The depositianal style of the Rustler initially reflects a change in the 
local tectonic setting from Salado time. Ihe Salado Formation was deposited 
in a setting influenced by little or no tectonic activity. Sedimentation 
kept up with subsidence, and the base level of the basin remained relatively 
constant with respect to the surrounding topography and underwent no major 
fluctuations. Minor changes in the base level caused by episodic flooding 
and subsequent desiccation are recorded by the Salado as areally extensive 
vertical changes in lithology. As the clastic content of the Salado is small 
and clastic materials were brought into the basin mainly following 
desiccation, the maximum potential energy of the system or the ability of the 
system to supply clastic material to the basin was quite low. 

The lower portion of the Rustler consists predominantly of clastic 
materials. The presence of these clastic rocks suggests that the maximum 
potential energy level of the basin increased during Rustler time. As the 
transition from Salado evaporites to Rustler elastics is quite abrupt, the 
change of potential energy must have also been abrupt. The situation is 
compounded further when the depositianal environments that produced the 
clastic rocks are assessed. Bioturbation, preserved fossils fragments, and 
fossils casts and molds in the lower Rustler indicate that those rocks were 
deposited in near-marine conditions. This implies that at the start of 
Rustler time the local to regional base level or sea level was much higher 
than that which produced the Salado. When the base level of a system rises, 
the potential energy of the system decreases. So base-level rise or decrease 
of potential energy must have been more than offset by a much greater 
increase of potential energy yielding a relatively thick Rustler clastic 
section. 

local and possibly regional tectonic activity increased during Rustler 
time. This provided the potential energy change that initiated Rustler 
deposition. Tectonic events which could produce such a change include uplift 
of clastic source areas, basin-wide subsidence and/or tilting, and subsidence 
of local depecenters. Of the possible tectonic events mentioned, only 
subsidence of local depocenters can be supported by direct evidence. Isopach 
maps of the total Rustler thickness and unnamed lower member (Fig. 4.7, 4.15) 
show evidence of thickening in the area of those depocenters. It can be 
generalized, however, that if either uplift of clastic source areas or 
basin-wide subsidence and/or tilting had occurred, the effect and, therefore, 
the actual extent of those processes was minor. 
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Zones containing halite and the bittern salts and their stratigraphic 
equivalents are especially useful for paleotectonic investigations. Halite 
and the bittern salts will be concentrated in the lowest topographic area 
within the basin. If the topography is very flat, then halite can be 
deposited over a large area. As the topography changes in response to 
tectonic influences, the distribution of halite also changes. Should 
differential subsidence occur, older halite will be exposed along the margins 
of the developing basin. Soluble minerals will be carmabilized. Halite will 
be dissolved from the margin of the basin, transported in groundwater or 
surface runoff, and redeposited in a halite pan. Ihus, the halite section 
develops a lenticular shape with the thickest section at the point of 
greatest subsidence. Ihe distribution of halite will record the shape of the 
subsiding area. It, therefore, becomes imperative that one can distinguish 
between halite removed by syndepositional processes related to tectonic 
activity and later dissolution unrelated to the depositional environment. In 
this report, halite is demonstrated to have been dissolved syndepositional 1 y 
from specific facies tracts laterally adjacent to halitic rocks. Ihe 
features that show this process can be used to better differentiate such 
processes from much later dissoluticn that has also affected some of these 
Rustler rocks. 

Nearly instantaneous freshening events or transgressions create an 
effective time line or isochronous surface. The sediments deposited over the 
time line represent punctuated aggradational cycles (e.g., Anderson and 
others, 1984; Goodwin and Anderson, 1980). Within the Bustler, 
transgressions and freshening events are recorded by carbonates, gypsum, and 
anhydrite. Ihe thickness does not vary much, indicating that either 
subsidence slowed during the deposition of these units or, perhaps more 
reasonably, the units were deposited rapidly enough not to greatly reflect 
ongoing subsidence. Where these units thicken slightly in the depocenter, it 
is reasonable to assume that they were more slowly deposited. 

Evaporite beds of differing composition can have contacts that are fairly 
sharp and show no evidence of a hiatus or subaerial exposure between them. 
Over the lateral extent of such a contact, the standing body of water must 
have changed chemistry nearly uniformly by mixing. These contacts can be 
considered nearly isochronous planes. Chemically gradational contacts 
between carbonate and sulfate are an example of this type of isochronous 
surface. One example of this type of isochronous surface within the Bustler 

6-29 



is the contact between the Culebra and A-2. This contact appears to be 
gradational within the WIPP site area, and no evidence of subaerial exposure 
between the two units has been found. Thus, the lithologic change is 
interpreted to be the result of gradually increasing salinity causing 
biogenic activity within the waters to oease and sulfate saturation to be 
reached. Sulfate saturation and deposition was not absolutely isochronous 
everywhere, but in terms of Bustler events, it can be considered 
isochronous. 

Isochronous events can readily occur within continental evaporitic 
depositional environments. Subtle changes in the tectonic development of the 
area can be reflected by these boundaries. 
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7 .0 REVIEW OF DISSOIDTICN 

7 . 1 TNTRODUCTION 
From the time bedded salt was initially reoommended (NftS, 1957) as the 

preferred rock type for the disposal of radioactive waste, part of the 
concern in selecting specific sites has been the role of dissolution. Thick 
sections of evaporites, including halite, in basins around the world clearly 
attest to the fact that circulating water has played little or no role in 
these parts of the basins. No halite section could long remain in the 
presence of circulating fresh, or even moderately saline, fluid in any 
quantity. Nevertheless, some basins, such as the Delaware Basin, that have 
evaporite rocks include areas in which outcrops and/or beds at depth contain 
no halite or appear to have greatly reduced sections of halite compared to 
other parts of the basin. These areas are frequently interpreted, with or 
without additional criteria, as the result of the dissolution of halite or 
other soluble evaporites from the section. 

within this chapter, many studies of rocks are reviewed; the examples 
range from modern to ancient and surficial to subsurface. The objective of 
this chapter is to summarize at least a portion of the evidence and 
collective wisdom that may be used to interpret rock units that are subject 
to solution. Some criteria are also distilled from the literature to use in 
separating processes and establishing relative ages, though these will no 
doubt be refined or rejected with experience. 

Walters (1977) describes the circumstances in which halite is dissolving 
in central Kansas, causing continuing subsidence and collapse. Tarvteg 
(1945), for example, describes features -that he attributes to dissolution of 
halite and collapse of overlying beds, all occurring before the end of the 
Devonian. However, a number of studies concern basins where evidence may be 
mixed between modern and ancient (perhaps unrelated) episodes of 
dissolution. So too, the Delaware Basin continues to be examined far 
evidence of dissolution and the processes, rates and ages of such 
dissolution. The discussion and search far evidence continues partly because 
opinions vary as to the effects such dissolution might have on the long-term 
isolation of radioactive waste in the Waste isolation Pilot Plant (WXPP). 
The extent and processes of dissolution are of industrial interest as well, 
as the dominant theory explaining the origin of native sulfur in world-class 
deposits such as the Pennzoil (formerly Duval) Culberson mine includes 
circulating water dissolving salt within 'the Castile Formation (Smith, 1978). 
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Evaporites are generally considered to dissolve when the factors of 
source, solution, pathway, and sink are present (Johnson, 1981). That is, a 
soluble material needs to be present, a fluid capable of dissolving the 
soluble rocks exists, a pathway for movement is provided, and a sink is 
available to permit continuing drainage from the area of solution. . Lambert 
(1983) used slightly different terminology for these factors, using five 
terms (trigger, path, continuity, source, and sink) to be more explicit about 
initiating events (trigger), lateral or vertical extent of soluble rock 
(continuity), and the nature of the fluid (source). Ihough these factors are 
usually invoked in discussion of dissolution interpreted to take place at 
same depth within the rock column, they are certainly applicable as well for 
surficial or near-surface dissolution such as that which occurs in karst 
terrains. For the Rustler study, there is concern about the factors of 
continuity and trigger. More fundamental questions, however, override the 
discussion of these factors: 

What is the real extent of dissolution in the Rustler Formation? 
What is the timing of dissolution in the Bustler Formation? 
What are the criteria by which we separate depositional variation, modern 
or continuing dissolution, and ancient dissolution? 

The focus to this time has been to provide reasonable or possible 
explanations of relatively conservative estimates (that is, assuming the 
maximum) of the extent and effects of dissolution. Through re-examination of 
the extent, timing, and nature of the dissolution products, a better 
hypothesis or set of hypotheses should emerge which is applicable to 
southeastern New Mexico as well as other basins. There has been, within the 
discussion of the hypothesized processes and observable features of 
dissolution in southeastern New Mexico, an implicit notion of the scale of 
effects and features of significance. The features generally attributed to 
dissolution in this area are features observable at the scales effective for 
geophysical logs, perhaps mappable at scales ranging up to 1:100,000 or even 
1:250,000, and visible in hand specimen without magnification. It is clear 
from this study (Ch. 8) that minerals and rock fragments have also been 
dissolved in the microscopic range. At all of these scales, the same factors 
are critical, as mentioned previously. The fundamental, observable 
difference in scale is due to the relative volume of material dissolved and 
whether the solutes were transported out of the system (at whatever scale of 
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observation). For example, a large relative volume may be removed from a 
microscopic volume without necessarily affecting operations or isolation of 
waste on the scale of a repository. These microscopic diagenetic alterations 
to the sediment are important in the history of the sediment, and will be 
examined. But the major focus of the review and discussion of dissolution 
phenomena and processes in this chapter is on scales that are nearer 
repository size. 

7.1.1 Dissolution in Southeastern New Mexico 
Dissolution of rocks in southeastern New Mexico has long been described 

and discussed. Lee (1925) discussed solution and fill related to the Pecos 
River valley and gypsum terrains here. Haley and Huffington (1953) described 
stratigraphic relationships of evaporite beds near and under the Pecos River 
valley; dissolution of some of the units was considered the source of thinned 
beds and the observable stratigraphic relationships. Olive (1957) described 
surficial troughs on a surface of Castle gypsum in the Yeso Hills/Gypsum 
Plain area; he concluded that subsidence had occurred as a result of 
dissolution of gypsum. Mace recently, Anderson and several co-workers, in a 
series of papers (Anderson, 1978, 1981, 1982; Anderson and others, 1972, 
1978), discussed data and interpreted dissolution of the Castile and Salado 
Formations. These authors generally conclude that about 50% of the halite in 
the Delaware Basin has been dissolved and that a major part dissolved in the 
late Tertiary. Bachman (1974, 1976, 1980, 1981, 1984a,b) extends the period 
of possible dissolution, mainly for the Rustler and Salado Formations, back 
to Triassic, and possibly Permian, time. Lambert (1983) extensively reviewed 
the data and hypotheses concerning the existence, processes, and rates of 
dissolution far evaparites of the northern Delaware Basin. Be has modified 
dissolution hypotheses previously presented by Anderson (1978). Bolt and 
Powers (1984, 1986b) demonstrated the presence of abundant depositional 
features in the Rustler Formation at the HIPP site, including some zones that 
have been interpreted as dissolution residues. They cracluflpfl that 
dissolution of the Rustler was less extensive than had previously been 
interpreted. Sares and Wells (1984) present sane of the details of 
dissolution associated with karsting of evaporites in their study of the 
Gypsum Plains. 
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While this section does not provide an exhaustive account of the study of 
dissolution in the Delaware Basin, it does indicate the range of studies that 
bear on the general problem of dissolution of evaporite units in this area. 
As part of a better approximation of the extent of dissolution of the 
Rustler, the sedimentology of the Rustler was examined and presented in 
detail in previous chapters. The features of several zones previously 
attributed to dissolution are interpreted as depositianal phenomena, albeit 
with synsedimentary dissolution for some areas. Within this chapter, the 
features that have been attributed in other studies to dissolution, both 
surficial and at depth, from modern examples as well as ancient, are 
summarized. These features, as summarized, indicate relative timing as well 
as the nature of the process. Ihese are compared to the explicit features of 
the Rustler Formation attributable to dissolution (Ch. 8). 

7.1.2 Objective of the Rustler Dissolution Study 
The principal objective of the Rustler study is to reassess the limits to 

which the Rustler has suffered solution. A better understanding of the 
depositianal environments, as described in other chapters, provides an 
important step. Beyond that, other research on the effects of dissolution 
and the diagnostic features has been extensively reviewed. To this review 
and understanding of depositianal environments are added direct observations 
of shafts, cores, and logs in order to better determine the extent to which 
dissolution has altered the Rustler Formation. 

7.2 REVIEW OF DISSOIUTION 
Dissolution processes and features are reviewed to set the stage for 

further analysis. In addition to the data and hypotheses concerning 
southeastern New Mexico and the Rustler Formation, the wider literature has 
been examined for related discussions. Some of the opposing viewpoints and 
some of the assumptions and/or background information and implications for 
southeastern New Mexico will be stated out as they may not always be explicit 
or familiar to some readers. Certainly, same of the details are not reviewed 
here, as that has frequently been done before (e.g., Anderson, 1978, 1981, 
1982; Anderson and others, 1972, 1978; Anderson and Kirkland, 1980; Bachman, 
1974, 1976, 1980, 1981, 1984a,b; Bachman and others, 1973; Iambert, 1983; 
Powers and others, 1978), particularly in these references with some emphasis 
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on the suitability of the northern Delaware Basin or the WIEP site for the 
disposal of radioactive waste. Several authors (e.g., Anderson, 1982; 
Bachman, 1984b; Lambert, 1983) have reviewed various hypotheses to account 
for some of the features in southeastern Mew Mexico. 

This review begins with the features and characteristics from a number of 
studies in the literature and summarizes the evidence and processes 
hypothesized to account for them. It will become evident that there are 
processes which may occur at or near the surface (karst) as well as those 
hypothesized to occur at some depth within the sedimentary pile ("deep" 
dissolution or stratabound dissolution resulting in solution breccias). In 
addition, there will be features attributed to "early" and "late" stages; 
early may mean synsedimentary (e.g., Powers and Hassinger, 1985), or it may 
mean that the dissolution is geologically old and has been succeeded by some 
length of time with no evidence of dissolution. late usually means that 
dissolution has occurred within the Quaternary or may be active. Neither of 
these terms has necessarily been used consistently with depth of process, so 
that near-surface ("shallow") and deep are also used as modifiers to describe 
the relative position of the sediments when dissolution took place. 

Within this chapter, dissolution features or processes are grouped 
according to implicit or explicit interpretation of the location of the 
solution process: a) karst, if the dissolution occured at or near the 
surface, or b) solution breccia beds, if dissolution occurred at sufficient 
depth (undefined) to result in brecciation of the units. 

7.2.1 Karst 
The literature on near-surface dissolution or karst is very extensive far 

carbonates. Excellent reviews of karst and their hydrologic systems have 
been provided by Herak and Stringfield (1972), Boeglie (1980), Sweeting 
(1972), Jennings (1971), and in Dilamarter and Csallany, eds. (1977). 
Examples of paleokarst in carbonates are becoming more commonly reported. 

Evaporite rocks dissolving at and near the surface by karst Ftooewaes are 
much less frequently treated in the literature, partly because sulfates and 
halite, especially, are maze soluble and do not crop out well. Among the 
reports of research on karst in evaparites in the southeastern New Mexico 
area are those by Sares and Hells (1984) and Bachman (1973, 1974, 1976, 1980, 
1981, 1984, 1985, 1987a,b). These reports largely follow carbonate karst 
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terminology, as carefully reviewed in Bachman (1985), though additional terms 
have been introduced (Bachman, 1980). The processes by which Jcarst is formed 
in evaporites are differentiated from carbonate Jcarst by Bachman (1985), 
following Pfeiffer and Hahn (1972, p. 211); he considers the dissolution and 
corrosion of evaporites as daminantly physical processes in contrast to the 
chemical activity where meteoric water combines with C0 2 to form acid which 
dissolves carbonate. Though the processes by which Jcarst is formed might be 
differentiated, most of the resulting landforms and near surface features are 
described by the same terminology and will not be described here. 

Two new terms, Jcarst mounds and Jcarst dames, are applied by Bachman 
(1980) to evaporite Jcarst features from southeastern New Mexico. Karst 
mounds are slightly elevated topographic features consisting of brecciated 
material attributed to solution-collapse and subsequent erosion of less 
resistant surrounding rocks. Karst domes are also slightly elevated 
topographic features, apparently domal in structure, and attributed to 
solution of surrounding evaporites at shallow depths and subsidence of these 
areas to leave the domal features. Some Jcarst domes may be resistant to 
shallow solution due to a collapsed core from earlier dissolution. Extreme 
examples of this, from rather deep-seated earlier dissolution and collapse, 
have been reported from southeastern New Mexico (e.g., Elliot, 1976; 
Anderson, 1978; Bachman, 1987a,b) and elsewhere (e.g., Iandes, 1945; Bowles 
and Braddock, 1963; Wenrich, 1985); among the names applied to these "features 
are breccia pipes, breccia diimneys, and transformational breccias. 

Modern surfaces on which evaporite-related Jcarst has formed, or is 
forming, exhibit a variety of Jcarst features. Pfeiffer and Hahn (1972) 
report large depressions as well as sinks as a consequence of evaporite 
dissolution in Germany. In the Swabian Alps, Pfeiffer and Hahn (1972) report 
karst as deep as 6,400 ft (2000 m) with fresh water. Few details of features 
are provided, though it is clear that open fracture and cavernous porosity 
must be present in highly productive Jcarst zones. Pfeiffer and Hahn (1972) 
relate basins or dolines in evaporite Jcarst to "regular salt leaching" from 
outcrop down along dip. They expect sinks and marginal tensional gashes to 
reflect "irregular salt leaching," solution at greater depth where water 
circulates in zones of deformation and disruption. Belloni and others (1972) 
report karst in Miocene gypsum along the Central Apennines of Italy and in 
Sicily, but they provide no details of internal features. Glazek and others 
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(1972) indicate karst phenomena, unspecified, occur on the Zechstein 
evaporites of western Poland. Bleahu (1972) reports collapse sinks or 
"suffusion phenomena" from underground solution of evaporites; he also refers 
to lapies, dolines, natural bridges, or blind valleys "when salt outcrops." 
Bleahu (1972) comments that some of these forms "owing to rapidity of the 
dissolution.. .display only an ephemeral existence." 

Sares and Hells (1987) report their work on the karst of the Gypsum Plain 
of southeastern New Mexico. Among the features formed are dolines, collapse 
sinkholes, caves and erosional surfaces, while the drainage system has been 
significantly affected by karst processes. From the same general area, Olive 
(1957) examined large linear valleys which he termed solution-subsidence 
troughs. Bachman (1974, 1976, 1980) also reports dolines and collapse 
features in the Pecos River valley, some of which are attributable to 
evaporite karst. Nash Draw is considered by Bachman (1974) to be due to 
solution, erosion and subsidence from evaporite karst processes. 

Modern or active karst terrains are mainly investigated far their 
hydrological patterns and may exhibit few important features to interpret 
ancient karst systems from the breccias and related rocks, including 
residues, that are the preserved record. Several studies of interpreted 
ancient karst in carbonates are important summaries. Units from two separate 
areas, the Madison Limestone or Group of Wyoming and Montana and the 
Mississippi Valley-type (MVT) lead-zinc deposits of Missouri and surrounding 
areas, reveal important features that are partially attributed to surficial 
and near-surface processes. 

Roberts (1966) describes both paleokarst features and solution breccia 
beds from the Madison Group of south-central Montana. The Mission Canyon 
Limestone is the principal formation displaying these features. Roberts 
(1966) states that the paleokarst and solution breccia beds have some 
features in common: unstratified deposits, mainly carbonate fragments with 
some chert in a matrix that weathers reddish or yellowish gray, and mostly 
angular to subangular fragments. The clay mineralogy is different, mainly 
kaolinite in karst deposits and illite in solution breccias. Roberts (1966) 
reports that karst is not stratigraphically controlled, exhibiting poorly 
defined upper and lower surfaces, cavities that widen upward, and more 
matrix. Roberts (1966) also inferred that the karst developed in the late 
Mississippian, prior to the sedimentation of the Amsden Formation of late 
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Mississippian_ (Chesterian) to Pennsylvanian age. He separated the karst in 
process and time from the solution breccia beds. 

Sando (1974) examined the Madison Limestone of north-central Wyoming, 
generally equivalent to the Madison Group of Montana, and described several 
features he attributed to paleokarst. Enlarged joints, marked by a filling 
of red elastics, are interpreted as fractures enlarged by meteoric water 
percolating down from the surface. Large cavities, with angular blocks of 
carbonate and clastic fill, occur at the top of the Madison and extend to as 
much as 90 ft (30 m) below the surface of the Madison. Sando (1974) 
interprets these cavities as sinkholes, as he did not find evidence of 
collapse of caves. Caves are also cuiauui in this part of the Madison. Sando 
(1974) differentiates pre-Amsden caves, filled with red elastics, from open 
cavities which may be Tertiary or Holocene in age. The older caves lack 
flowstones and dripstones, and are interpreted to have occurred below the 
vadose zone during the time of exposure in the late Mississippian; the limit 
to the vadose zone is also indicated by the deepest local base levels for 
erosion of the surface. Breccia zones that are stratigraphically limited and 
have a clastic matrix were also reported by Sando (1974). He follows McCaleb 
and Wayhan (1969) in interpreting these forms as having originated as another 
phase of the same process that formed caves, sinkholes, and enlarged joints 
during the Mississippian. In this respect, these authors differ from the 
interpretation by Roberts (1966) of breccia beds caused by solution at depth 
(see below). 

The Carrara Formation and overlying Bonanza King Limestone in southern 
Nevada display angular breccia blocks, varying in size, that are grossly 
stratiform. The lithologies are distinctive and can be attributed to 
specific units, revealing that rough stratigraphic order is preserved in the 
breccia. Gillett (1983) proposes this breccia unit as a "healed" early 
Tertiary age cave. The hypothesis of collapse due to evaporite dissolution 
was rejected by Gillett (1983); he follows Middleton (1961), Roberts (1966), 
and Vaughn (1978) (see below) in expecting a planar basal contact and 
strongly stratiform body to form from evaporite dissolution. No direct 
evidence of evaporites was found and Gillett (1983) cites work by Palmer and 
Halley (1979) suggesting open-shelf, unrestricted marine environments. 
Gillett (1983) did not record flowstone features or speleothems commonly 
attributed to vadose zone caves. It is inferred here that Gillett (1983) 
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considers evaporite dissolution as a process that occurs at depth, though he 
did not directly state conditions. 

Bretz (1950) describes features called circle deposits from Missouri. He 
attributes these to collapsed caves. Bretz also reports filled caves which 
"are so obviously solution caves that there never have been other 
interpretations of their origin" (p. 831). 

7.2.2 Solution Breccia Beds 
Several features, including solution breccia beds or rough equivalents 

and transformational breccias or breccia pipes, have been described by a 
variety of authors, most of whom have attributed the phenomena to dissolution 
of a bed, especially evaporite rock, at some depth under saturated (phreatic) 
conditions. The descriptions of these features yield some comparisons with 
the apparently karst-related phenomena. The Madison Group and MVT deposits 
are important areas displaying these features. 

Lanfles (in Tanrtps and others, 1945) extensively describes the Mackinac 
Breccia, brecciated equivalents to several Silurian to Devonian age 
formations of northern southern Michigan. Iandes divides the breccia into 
three types: megabreccia, intra-formational breccia, and trans-formational 
breccia. Meqabreccia consists of very large inclined blocks with random 
orientations. Stages of brecciation range from "let-down" to severely 
shattered and disturbed. Intra-formational breccia occurs in layers 
surrounded by non-brecciated rock. Tandpfl always associates 
intra-formational breccias with megabreccias. Stages range from extensive 
fissuring to complete brecciation. Trans-formational brpcnlas cut through 
several stratigraphic units, occurring as vertical bodies to several hundred 
feet in width. Tantipw estimates the vertical thickness to be as much as 1500 
ft (500 m ) . Fragments are nearly all very angular. Some trans-formational 
breccias are well-indurated, forming prominent stacks or other features due 
to higher resistance to recent erosion than the surrounding rocks. More 
ccmmonly, these breccias are porous and non-indurated to partially indurated 
and do not stand out as an erosion-resistant rock. 

Landes (in I/WYJPS and others, 1945) concludes that brecciation occurred 
before deposition of the overlying Devonian Dundee limestone. 
"Irregularities" (not further described) in the Dundee are attributed to 
later settling, but not to the episode of brecciation. 
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Based on-relationships to the Silurian Salina Group, Larries interprets 
the Mackinac Breccia to have formed from collapse of overlying units when 
salt was dissolved from the Salina Group. He envisions solution and collapse 
as the Salina was exposed during early Devonian around the margin of the 
basin. Brines created by the solution may be the source of the central basin 
salts of the lower Devonian Detroit River Formation. The surface was eroded 
and smoothed, and the Dundee Limestone was deposited unconformably over the 
Mackinac Breccia and related formations. Recent erosion has re-exposed these 
breccias. 

This report by Tanrteg and others (1945) is the earliest extensive report 
of evaporite dissolution and collapse features not attributed partially or 
wholly to Pleistocene or later activity. Ihe variety of breccia types are 
clearly distinguished, though the underlying mechanism is considered the same 
for all. Internally, breccias are consistently angular, though the degree of 
brecciation varies. Ihe relationship to overlying beds, starting with the 
Dundee Limestone, is a clear feature to differentiate age. Tanies clearly 
places the brecciation process as pre-Dundee based on the lack of 
breccia-related features in overlying rocks. It is not clear from review 
whether some breccias should be attributed to karst or not; most are clearly 
associated by Larries with solution at depth. 

The Mississippian Boone Formation of the area around the Kansas-Oklahoma 
border near Missouri is a dominantly carbonate unit that hosts lead and zinc 
deposits and displays solution/subsidence features (McKnight and Fischer, 
1970). Slump pipes are brecciated, irregularly cylindrical masses 100 to 300 
ft (33 - 100 m) in diameter with a vertical displacement of several tens of 
feet along bounding vertical faults. Slump breccias are chert nodules to 
fragments of rock in a clay residuum in the Boone Formation. Later 
Mississippian units overlying the Boone have slump breccias with large 
limestone blocks and angular fragments in a residual material. McKnight and 
Fischer (1970) infer that these slump breccias are basal parts of slump 
pipes. 

McKnight and Fischer (1970) also report on breccias formed tectonically 
within the Joplin Member of the Boone Formation. There, carbonate layers may 
be less competent structurally than chert zones. Along with brecciation, 
McKnight and Fischer (1970) report, for example, a large block of chert 
plucked from the lower part of the overlying unit and pulled laterally under 
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the unbroken part of the unit. Small thrusts and normal faults with lew 
angles in the incompetent beds also signal this horizontal slippage even 
though the region has suffered only slight structural warping. 

Ohle (1985) reviewed breccia types and probable breccia-producing 
processes for a variety of districts in North America hosting MVT Ib-Zn and 
related deposits. The breccia bodies are considered by Ohle (1985) to 
comprise two broad types: strata-bound (or mantos) and breccia columns or 
chimneys (or breccia bodies transecting strata boundaries). With some 
exceptions, the breccias are attributed principally to gravity-induoed 
collapse associated with solution. Most of the solution and collapse is 
attributed to passage of hot fluids related to ore deposition, though some 
has been attributed to true karst. Ihe breccias may consist of very large to 
very small, angular clasts that tend to be equidimensional rather than 
slab-like blocks associated with cave fillings. Ohle (1985) believes this 
shape factor, combined with unusual, often very narrow, breccia body 
dimensions, may indicate additional forces beyond gravity-induced collapse of 
dissolution zones. He proposes that tectonic forces may have been 
responsible for rockburst-like fragmentation of solution cavities in 
carbonates. As either an alternative or additional force, Ohle (1985) 
considers chemical brecciation (Sawkins, 1969; Lemish, pers. comm. cited by 
Ohle, 1985) a possible means of producing smaller breccia fragments 
consistent with these Mississippi Valley-type deposits. 

Ohle (1985) also briefly mentions breccias of minor extent probably 
caused by sedimentary processes or syndepositional slides. Snyder and Odell 
(1958), as reviewed below, consider some of the breccia bodies to be 
syndepositional slides. 

Rogers and Davis (1977) reviewed the geology of the Buick. mine, a Ib-Zn 
mine along the Viburnum Trend of southeast Missouri formed in carbonate 
breccias. The setting is considered by Rogers and Davis (1977) to have been 
consistent with a carbonate-evapoxite margin, and they attribute the 
brecciation as having been initiated through solution of evaporites and 
subsequent collapse. No direct evidence of evaporites was presented. 

Beales and Hardy (1977) have summarized the indirect evidence for 
evaporites in the Viburnum Trend of southeastern Missouri. The "white rock 
facies" is associated with algal carbonates and minor redbeds, and the 
lateral relationships are similar to marginal carbonate-evaporite settings. 
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Beales and Hardy (1977) have also found small amounts of tiny gypsum 
crystals, including swallowtail twins, in impervious breccias which they 
conclude is direct indication of the former, more general presence of 
evaporites. These authors propose that evaporites may have been much more 
widespread, leading to much of the brecciation in the region now hosting 
abundant Fb-Zn ore bodies. The problem of "occult" evaporites was also 
discussed by Schreiber and Schreiber (1977) in a study of Mediterranean 
Messinian evaporites and modern solar salt works. On a very small scale 
(mm), halite layers between layers of gypsum crystals grown vertically on the 
sediment surface have disrupted normal epitaxial growth. The halite layers 
are absent laterally, due probably to dissolution. Thick units of Messinian 
gypsum consisting of thin beds with breaks in crystal growth are therefore 
considered suggestive that very thin beds of halite formerly existed. 

Middleton (1961) also describes breccias within the Mission Canyon 
Formation of the Madison Group in Montana. He reports that the fragments are 
variable in size (microscopic to 10 ft or 3 m) and very angular to slightly 
rounded on edges. Limestone is the cx.immn lithology, but clasts are 
sometimes polymictic. Breccias of former breccias indicate multiple 
episodes. Fragments of different strata may be mixed, though a crude 
stratigraphy may be preserved. Middleton (1961) states that "the lower 
boundary of almost every breccia is well defined" (p. 191), though the 
breccias do not have the same extent upward. He describes well the upward 
transitions (p. 191): 

"A gradual transition may take place upwards from a breccia consisting of 
mixed, rotated fragments into one in which there is demonstrably little 
movement of the fragments and the rock has been brecciated in place." 

Middleton suggests brecciation may have taken place before the Amsden 
Formation was deposited, but he is careful to point out he did not have 
evidence to support or refute this hypothesis. Finally, as the overlying 
units are not extensively brecciated, Middleton (1961) believes that "a thick 
breccia usually indicates an original zone of thin interbeds or 
irrterlaminaticns of limestone and anhydrite" (p. 194). Roberts (1966) 
investigated the Mission Canyon Formation as well, finding both paleokarst 
(see above) and solution breccia beds. Roberts found that solution breccia 
beds have a sharp, well-defined, and laterally continuous lower boundary. 
Roberts (1966) reported, as did Middleton (1961) and Severson (1952), a 
vertical progression of breccia fabrics from small heterogenous unsorted 

7-12 



fragments upward to slightly fractured and displaced roof rocks. Some wells 
in the area show anhydrite that is considered stratigraphically in the same 
position as the solution-breccias. Roberts (1966) considers this solution at 
depth to have occurred during or after Tflramide orogeny. 

Evaporites from the Williston Basin and surrounding areas are interpreted 
by Parker (1967) to have been partially dissolved. Beds overlying the 
evaporites are thickened by additional sedimentation to compensate for the 
salt removal and indicate the time of removal. Parker (1967) interprets 
these changes of thickness and lateral loss of halite mainly on the basis of 
geophysical logs. An important (and arguable) inference is that "thin 
regionally persistent sedimentary units directly above, between, and below 
the salt beds prove that locally there was little depositional change of salt 
thickness." In the Dillinger Ranch field (Wyoming), an estimated 100 ft of 
salt loss resulted in 38 to 93 ft (11.6 to 28.4 m) of thickening of Harrison 
and Dakota Formations in adjacent wells. From the Kurd area of North Dakota, 
160 ft (48.8 m) of salt in a 200 ft (61 m) section is correlated laterally 
with 60 ft (18.3 m) of reported rubble/breccia. The cross-section 
accompanying this shows about 250 ft (76.2 m) of apparent compensation. Also 
from North Dakota (Fryberg field), salt was removed from Permian rocks 
resulting in complete compensation by the end of the Jurassic (Swift 
Formation), though elsewhere in the area, Parker (1967) cites Anderson (1966) 
to indicate that collapse may affect Jurassic and Cretaceous rocks. In the 
Outlook field in Montana, Parker (1967) shows that solution of the lower 
Devonian Prairie Formation is completely compensated by sedimentation during 
the late Devonian. 

In a review of features and processes related to dissolution of the Upper 
Devonian Leduc Formation from the South Sturgeon lake field, Alberta, Stanton 
(1966) concluded that the late features were indistingui shahl e from the 
Mission Canyon solution breccias and the Mackinac Breccia. Stanton (1966) 
reports successive stages of primary evaparite, breccia catfnRed of evaparite 
matrix with floating dolomite clasts, and evaporite-free breccia. 3he 
lithologies are dolomite clasts with anhydrite or dolomite matrix; the clasts 
range from sand to cobble size, are uneorted and angular. Anhedral dolomite 
clasts have sharp, straight edges while sucrosic dolomite is crumbly. Clasts 
may be fractured, brecciated and displaced. Stanton lists four features he 
considers important: 
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1) angular, unsorted, imbedded clasts; broken fragments displaced 
within breccia, 

2) clasts often float in anhydrite matrix, 
3) complete sequence: breccia with clasts floating in anhydrite — > 

breccia with more closely packed clasts and anhydrite matrix — > 
breccia without anhydrite, 

4) fractures are rare beneath breccia; breccia grades upward into 
highly fractured rock. 

Stanton (1966) considered four processes in the development of the Ieduc 
breccias: 

a) solution brecciation causing settling of evaporites, plastic 
deformation, concentration of fine clasts up against clast surfaces, 

b) change in volume as gypsum — > anhydrite; lower strength from water 
in the rock, 

c) simultaneous clasts and evaporite "deposition"; no bedding or 
rounding, 

d) selective replacement of carbonate by anhydrite to explain anhydrite 
matrix. 

Of these mechanisms, Stanton (1966) considers solution brecciation to account 
for all features observed. He also concludes that the solution brecciation 
is probably common at very shallow depths and that "gradual subsidence, 
brecciation, small-scale solution precipitation, and evaporite flowage occur 
simultaneously with the evaporite solution." 

The Elk Point Group evaporites of the Prairie Provinces, Canada, are 
considered Devonian in age. The Prairie formation, part of the Upper Elk 
Point Subgroup, consists of sulfates and halite; it overlies the Wirmepegosis 
Formation, a limestone unit. Gorrell and Alderman (1968) review evidence of 
salt solution from the Prairie Formation in Saskatchewan. On the basis of 
geologic data, solution began as early as late Devonian. Salt springs in the 
area are considered evidence that salt solution is continuing. 

Salt solution of the Elk Point Group locally has resulted in collapse 
features (DeMille and others, 1964; Christensen, 1971; Gendzwill and Hajnal, 
1971), similar to breccia pipes reported for southeastern New Mexico (Snyder 
and Gard, 1984; Bachman, 1987a; Davies, 1983) as well as broader structural 
lows and unit thinning. Compensating thicknesses of overlying units may be 
used to infer ages of solution and, in some circumstances, differentiate 
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solution frcm'tectonic or depositional features. Garrell and Alderman (1968) 
distinguish depositional from dissolution edges on the basis of the 
configuration of the underlying units versus dip on the salt units (Fig. 
7.1). Sharp changes in halite with reversal of dip are associated with 
dissolution. The underlying units change little. Consistent dip directions 
and changes in dip of underlying units are associated with depositional 
changes. Ihe Palo Duro Basin of the Texas panhandle is one of the potential 
sites for the first repository to dispose of high-level radioactive waste. 
As the rocks of interest are evaporites, various geological and 
geanorphological studies examine the extent, nature, and timing of 
dissolution. 

Gustavson and others (1980) recognize salt dissolution based on: 1) high 
solute loads, especially chlorides, in streams; 2) salt spqnences that 
abruptly disappear between relatively closely spaced wells, as well as abrupt 
thinning of stratigraphic sequenopfl away from salt units; 3) zones with 
abrupt salt thinning that also truncate facies tracts; 4) cores that show 
poorly consolidated to unconsolidated red-brown mud overlying salt beds; and 
5) folds, collapse chimneys, breccia blankets, and sinkholes on Permian 
outcrops. 

Criteria 2 and 3 are not easily reconciled with the figures referred to 
in Gustavson and others (1980) as the "relatively close spaced wells" usually 
appear to be 5 miles or more apart, and it is not dear, on the basis of the 
natural gamma ray logs presented, how the presence/absence of halite is 
always interpreted. Criterion 4 could be consistent with syn-sedimentary 
dissolution. 

A playa, Lake MoConnell, overlies an area where about 165 ft (50 m) of 
salt appears to have been removed. Gustavson and others (1980) question if 
the relationships are clear in indicating cause and effect between lake and 
salt dissolution. The origin of other playas appears to be different, in 
that some do not show any evidence of salt dissolution in underlying 
formations. Modern collapse is occurring in Ball County as sinks and 
depressions have been formed and attributed to salt dissolution. 

Collapse chimneys in different areas of tie Texas panhandle range in 
probable age from late Cretaceous to as late as Quaternary. Boundaries are 
nearly vertical with slickensides. Bedding may be vertical, and breccias may 
be cemented or uncemented. The breccia chimneys are located over areas 
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identified as' actively being dissolved or of possible paleodissolution of 
salt. 

Dissolution is considered also to have caused fracturing of Permian 
inudstones and filling of fractures with gypsum. Goldstein and Collins (1984) 
describe in some detail the fault and fracture sets in outcrops of Permian 
formations overlying areas believed to have undergone or be subject to salt 
dissolution. 

Portions of the Permian age evaporite-bearing section in the Palo Duro 
Basin area have been described as having undergone dissolution, and salt 
springs and chloride loads in drainages demonstrate salt is still being 
dissolved (e.g., Gustavsan and others, 1980). Gustavson (1986) has 
re-examined evidence of salt deposition and dissolution in the vicinity of 
the Canadian River valley to test the hypothesis that the river developed in 
response to solution and collapse. As evidence of dissolution of evaporites, 
Gustavson (1986) cites the following: 

a) "abrupt" lateral loss of subjacent salt associated with "structural 
collapse" of overlying units (emphasis added); 
b) brecciated zones, fractures with slickensides, extension fractures 
filled with gypsum, insoluble residues of soft mudstone, anhydrite, or 
dolomite overlying salt; 
c) folds, breccia-filled chimneys, and systems of gypsum-filled fractures 
in Permian outcrops along the Canadian River Valley; 
d) sodium chloride brines in some wells above salt; and 
e) high chloride in the Canadian River. 

Gustavson concludes there "is strong evidence that Permian salts formerly 
extended farther to the north, northeast, and northwest beneath the valley of 
the Canadian River" (p. 463). Gustavsan (1986) concludes also that a few 
salt units show lateral facies changes, generally without change in thickness 
or structural complications. Gustavson (1986) relates the Canadian River 
valley to salt dissolution based on several factors: the river trend is not 
that of the Cgallala system; the trend follows the structural trend on the 
Alibates, overlying the zone attributed to dissolution; and the plain north 
of the valley is about 250 ft (75 m) lower than to the south. This 
difference is also attributed to dissolution. Gustavsan (1986) infers that 
the age of dissolution may be as early as Miocene. 
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Residues or breccias are reported by Smith (1972) as textural evidence of 
more extensive or "mature" near surface dissolution of the Upper Magnesian 
Limestone of England. Beds of the Upper Magnesian Limestone have variously 
collapsed or foundered as a consequence of dissolution of the underlying 
anhydrite beds. The residue from the anhydrite consists of carbonates and 
clay minerals with some gypsum and quartz and traces of detrital heavy 
minerals. It has been estimated that the original anhydrite might have been 
100 to 200 ft (30 to 60 m) thick based on the insoluble content of the 
equivalent anhydrite elsewhere. 

The degree of brecciation reported by Smith (1972) is highly variable. 
The clasts may vary from angular to subangular. The clast margins and the 
matrix from the Upper Magnesian Limestone are enriched in calcite relative to 
the center of clasts; this "dedolomitization" is attributed to the reaction 
between groundwater and the rock at the time of the dissolution of the 
underlying anhydrite and collapse of the limestone. Smith (1972) attributes 
the brecciation to "a number of rapid collapses separated by a long period of 
relative stability" (p. 264). In addition, broader scale foundering of 
strata is interpreted by Smith (1972) to be the result of gentle and slow 
sagging, and the process is considered to cause only slight brecciation. 
Along with this gentle foundering, the Upper Magnesian Limestone in the area 
displays "a gentle warping (not found in beds underlying the evaporites) into 
innumerable domes and basins of up to 10 metres (sic) amplitude and 25 to 200 
metres (sic) diameter" (p. 266). 

7.2.3 Other Breccia Sources 
The Bonneterre Dolomite of late Cambrian age is a Ib-Zn ore-bearing unit 

in southeast Missouri interpreted by Snyder and Odell (1958) to include 
breccias of approximately syndepositional origin. The breccias lie laterally 
adjacent to carbonate bars or banks and possible reef deposits. The breccias 
vary from very small clasts to large blocks >3 ft (>1 m ) ; "locally within the 
disturbed mass, beds may be crumpled and folded without fracturing..." (p. 
906). Snyder and Odell (1958) report that fragments are angular and there is 
little evidence of abrasion. The matrix is dolomite with other constituents, 
and it encloses breccia blocks. In addition to carbonate breccias, dolomitic 
shale breccias occur with carbonate matrix. Both types of breccia are tight, 
with rare cavities or open spaces. 
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The breccias are interbedded with undisturbed beds. The bodies of 
breccia may be >2 mi (3 km) wide, >100 ft (300 m) wide, and as thick as 80 ft 
(25 m). Later breccias can truncate earlier breccias. The basal contact may 
also be concordant or gradational with soft sediment to more brittle 
deformation marking the contact. While the units are adjacent to carbonate 
banks and reefs, they also tend to accumulate in areas where the carbonates 
are thin (and the depositional surface was presumably lower). Internal 
structures include small thrust faults and drag folds. 

Snyder and Odell (1958) believe the breccia bodies moved and formed 
during early diagenetic and lithification stages. A bed on the margin of a 
carbonate was subjected to increased slope by greater compaction of the basin 
facies. A glide plane forms in more indurated units as the unconsolidated 
material near the surface-water interface from higher on the slope begins to 
move. More lithified beds are brecciated, and drag folds and thrust faults 
are created by the slumping mass. The glide planes and different brecciatian 
styles within the breccia masses have been used by Snyder and Odell (1958) to 
separate breccia masses into distinct events. 

Important diagnostic characters used by Snyder and Odell (1958) were: 
a) localization and shape of breccia bodies, 
b) interbedded undisturbed units, 
c) position relative to carbonate banks or reefs, 
d) different degrees of brecciation within masses, and 
e) glide planes. 

An individual mass, encountered in a core, for example, would reveal angular 
fragments within a matrix. It is possible the undisturbed units would also 
be properly interpreted. But the interpretation reached by Snyder and Odell 
(1958) would not have been reached without the extensive three-dimensional 
data available within the Eb-Zn mines. 

Smith and others (1961) describe limestone breccia in a calcareous 
siltstone matrix and small shale and sandstone masses in the Hississippian 
St. Louis Limestone in Indiana. The breccia and clastic mgggoq have 
dimensions of a few to tens of feet (m). The breccia body is "crudely funnel 
shaped". Breccia fragments range from very angular to subangular and up to 
about 6 ft (2 m) in length. Some fragments are reported to have stylolitic 
surfaces. Matrix displays contorted to sinuous bands of siltstone and 
sandstone that are even vertical in some places. Smith and others (1961) 
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suggest these breccias formed, probably during the Pennsylvanian, by folding 
and slumping due to movement an the Mt. Carmel fault. Other origins may not 
be eliminated, given the limited data, though Smith and others (1961) 
consider tectonic breccia, glacial loading, cave collapse, and evaporite 
solution and collapse as less likely alternatives. Evaporites in the St. 
Icuis occur at or above the zone of breccias, and the thickness of evaporite 
is small in undisturbed areas. Undisrupted lateral beds also suggest that 
evaporite solution-collapse is not applicable. 

The sandstone and siltstone masses are interpreted by Smith and others 
(1961) to have formed by filling small caverns on a paleokarst terrain now 
reactivated on a modern karst surface. 

7.2.4 Delaware Basin Features 
Anderson and others (1972), in a now classic paper on the laminated 

Castile Formation of the Delaware Basin, discussed the relationships between 
beds of anhydrite breccia and laterally equivalent halite units. During 
earlier work, Anderson and Kirkland (1966) and Kirkland and Anderson (1970) 
reported that short, selected thin intervals of laminated couplets from a few 
cores' across the basin showed high correlation coefficients (r « 0.99). 
Anderson and his coworkers have concluded that there is a near one-to-one 
correspondence of laminae couplets across the basin, as well as of larger 
units, nodular zones, and other features. They concluded that lateral facies 
changes did not occur within the basin. Around the western margin of the 
basin, Anderson and others (1972) reported finding breccia beds in positions 
stratigraphically equivalent to halite units in the eastern part of the 
basin. Anderson and others (1972, p. 70ff) recorded some of the details of 
the arrangements of breccias in these beds: 

"Beds of laminated anhydrite as thin as one foot thick within halite beds 
more than 50 ft (15.2 m) thick are also present as unbreccdated layers 
within correlative breccia units, involve approximately the same number 
of laminae, and maintain their identity and remain undisturbed within 
overlying and underlying breccia beds despite the removal of salt. The 
presence of thin anhydrite beds within halite members can also be 
inferred from sonic logs, and these beds can be correlated with breccia 
zones in the University of New Mexico-Ehillips no. 1 core...." 
"The breccia generally consists of rectangular-shaped, subangular 
fragments of single laminae or groups of laminaft embedded in a matrix of 
anhydrite... The fragments, generally less than one cm in length, occur 
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in various orientations, but most occur with stratification, if visible, 
and long dimension near the horizontal. Many of the fragments appear to 
have been only slightly displaced." 
"In some of the blanket breccia beds it is difficult to correlate the 
upper contact because of solution collapse that resulted in a 
collapse-type breccia.. .consisting of larger, more angular, fragments than 
the blanket solution breccia, and with little matrix. Good examples of 
collapse-type breccia have been observed at the top of the Halite II 
Member (sic) and in the upper part of the Anhydrite IV Member (sic) above 
blanket solution breccia." 

Along the eastern margin of the Delaware Basin, Anderson and others 
(1972) report the relationships within halite of the Union-University "37" 
core: 

"The Winkler County core, however, revealed that thin anhydrite beds of 
only a few decimeters thick within more massive halite units maintained 
their position and character after halite solution. This fact (sic), and 
the observation that single anhydrite laminae, once separated by several 
centimeters of halite, were sometimes little disturbed upon solution, 
showed that the withdrawal of halite was a very gentle process." 

Anderson and others (1972) consider dissolution most likely to have taken 
place after Salado time. 

Both in Anderson and others (1972) and Anderson and others (1978), 
geophysical logs were used in conjunction with core to conclude that 
dissolution accounted for the lateral thinning of units from thick halite to 
thin breccia beds. It was concluded that each of the halite units is 
represented by a breccia bed. Interpreted geophysical logs also yielded 
thickness information for halite and sulfatic units indicating differing 
thickness patterns for these units, unlike models of deep water deposition. 

Anderson and others (1978) recognize two different types of breccias 
within the breccia beds: dissolution breccias and collapse breccias. Within 
dissolution breccias, Anderson and others (1978) see textures similar to 
those described above, having fragments oriented generally parallel to 
bedding in units above and below. In addition, they also report that some 
fragments "are quite small (less than 0.5 cm), rounded, and suspended in 
random orientations within a matrix that comprises more than half the volume 
of material." The matrix is an impure anhydrite matrix. Anderson and others 
(1978) report that the dissolution breccias may be as much as a few tens of 
feet (several m) thick and "are approximately proportional to the thicknesses 
of correlative salt beds." These authors estimate that the ratios of breccia 
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to salt thickness is about .03 to .05 within the examples available to them. 
Collapse breccias are angular fragments of anhydrite often overlying the 
dissolution breccias. "The angular fragments are fitted together in a tight 
interlocking pattern with little or no fine-grained anhydrite matrix. The 
fragments range in size from a few millimeters to blocks of more than 30 cm, 
with a definite tendency for fragments of similar size to be found 
together." These authors describe this type of breccia as forming "at 
apparently random positions in overlying anhydrite beds" as a consequence of 
dissolution chambers collapsing resulting in "a diminishing chain reaction 
above." 

In addition to the features of the breccia beds, Anderson and others 
(1972, 1978) consider that solution and subsidence/collapse caused, or is 
related to, the Big Sinks dissolution area, troughs with Gatuna-age sediments 
at the surface (Maley and Huffington, 1953), and breccia pipes, castiles 
(Kirkland and Evans, 1976; Anderson and Kirkland, 1980) and other collapse 
structures (Vine, 1960, 1963). 

Anderson and others (1978), as well as Anderson (1978), attribute 
dissolution around the margins of the basin to probable effects of contact 
with the Capitan reef. Anderson and others (1978) are somewhat vague about 
the general process of dissolution, referring to an advancing front in the 
subsurface, probably preceded by caverns and tunnels at the leading edge 
developing an uneven front. They also attribute part of the dissolution to 
breccia pipes and other collapse structures. Anderson (1978) and Anderson 
and Kirkland (1978) described more specific roles for intrusion of water from 
the underlying Delaware Mountain Group through fractures, resulting in 
collapse structures or breccia pipes. Anderson and others (1978) suggest 
some blocks and fragments may have moved laterally into voids between 
separated horizontal laminae of anhydrite, and that fluids or slurries may 
have helped move brecciated rock. 

More recently, Robinson and Powers (1987) report a fan-shaped "breccia1* 
unit in the Castile near the western margin of the Delaware Basin as a 
gravity-driven clastic deposit. Multiple cores from a relatively small area 
reveal bedding in clast units, graded clasts, clasts in an anhydrite matrix 
or cement, and intermittent normal laminated beds similar to those described 
by Anderson and others (1972, quoted above). Robinson and Powers (1987) 
interpret this unit as a Permian-age gravity-driven clastic unit, not as a 
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dissolution breccia. It is not clear that Halite I of the Castile was 
deposited west of this area. 

In many publications (e.g., Jones and others, 1973), the Rustler and 
upper Salado have been described as having undergone dissolution, resulting 
in complicated surficial features. However, specific features of the breccia 
beds have not generally been presented. Basic data reports for WIPP 
boreholes variously present general to detailed descriptions of material 
attributed to "dissolution residue"; the information from redescribed cores 
(Ch. 5) and interpretations (Ch. 6, 8) differ in many ways from those in the 
basic data reports. Lambert (1983) describes the relationships among several 
features related to dissolution or hydration in the vicinity of Nash Draw; he 
indicates that geophysical log signatures in the area of Nash Draw may be 
guides to units that have been partially dissolved. 

Core from the Permian in Culberson County, Texas, is described by Eager 
(1983) as exhibiting breccia within parts of the Rustler and Salado 
Formations, but no details are given of the nature of the breccia or extent. 
Natural gamma ray and neutron logs accompanying the lithologic log do not 
indicate any signatures diagnostic of the breccia, and Eager (1983) did not 
report any difficulties in reconstructing the stratigraphic sequence within 
the cores. 

7 . 3 DISCUSSION OF IJTERftTURE KbVlEW 

The review of the literature reveals several points and areas that may be 
inferred to be common. Various authors clearly differentiate between those 
solution events that occur from the surface downward, either at or near the 
surface, and those events which took place after some amount of burial and 
which begin at the bed. These concepts have been paralleled by the 
discussion of dissolution in southeastern New Mexico, where a dichotomy has 
been constructed between "deep dissolution" and near surface (generally 
related to karst processes) dissolution. It is not possible to assign 
specific depths to these phenomena, for the various authors appear to have 
different, sometimes unspecified, criteria' for deep and near-surface. 
However, we may here differentiate these two end members of a probable 
general continuum as follows: 
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Surficial to near-surface processes show clear and relatively direct 
connection to meteoric water sources from the surface downward, with 
soluble material dissolving as meteoric water passes through. 
"Deep dissolution" shows an indirect connection to meteoric water with 
dissolution initially generally confined stratigraphically and not 
immediately affecting the superjacent rocks except by brittle deformation 
as a consequence of removal of material from the affected bed. 

These two kinds of processes, in the reviewed literature, result in grossly 
different features as they are preserved in the geological record. 
Near-surface, karst-related processes will result in a sequence of brecciated 
material with sharp boundaries at the upper surface (Fig. 7.2a) as deposition 
covers karst and ends the process. The lower extent of dissolution may be 
controlled at a water table or at some chemical boundary, but, unless the 
dissolution proceeds to a very mature stage, the lower boundary is likely to 
be poorly defined and irregular. By dissolving a bed buried to some depth, a 
lower boundary will usually be much sharper, defined by an insoluble or much 
less soluble underlying rock. The breccia is likely to be mare continuous 
laterally, and brecciation will propagate upward to a variable distance (Fig. 
7.2b) in response to the removal of soluble rock. The upward boundary will 
generally, in this process, be more diffuse and undefinable, unless so much 
material is removed that fracturing propagates uniformly to the surface. We 
should still expect, however, that the brecciation, as described well by 
Middleton (1961) and others, will decrease upward as the fractures become 
hairline cracks to microcracks and may disappear. 

The time of dissolution can be well-defined in some cases. It is clear 
that there are rocks in which dissolution has occurred, but in which the 
process has long ceaspd to operate. Tandes (1945) and Parker (1967) provide 
two differing kinds of evidence of dissolution episodes from the geologic 
past. The criteria by which these authors decidPri the issue are that 
deposits overlying a surface that had been brecciated were unaffected and 
that compensation in the form of deposition had taken place by a particular 
point in geologic time. Present day geomcrphic and sedimentologic 
adjustments may not easily be interpreted to determine if dissolution is 
contributing to the adjustment or not. It' may be in a developmental stage or 
have been completed without a unique stage being assignable. Gustavson 
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(1986) and other authors describing the Palo Duro Basin have compiled 
criteria they believe indicate continuing dissolution. Among these criteria, 
local subsidence and water carrying a large chloride content are the 
clearest, most easily accepted evidence of continuing dissolution. 

A particular problem, largely unaddressed at this time, is assessing the 
effects and extent of early or synsedimentary dissolution. Among the papers 
surveyed, few reveal any consideration of early or synsedimentary dissolution 
of evaporites. Of these, Powers and Hassinger (1985) relate synsedimentary 
dissolution in one horizon from the Salado as exposed in workings at the WIPP 
site. Hdvorka (1983a, in press) provides evidence of synsedixaentary 
dissolution of halite to produce disturbed textures within parts of the San 
Andres Formation of the Palo Duro Basin. Of the papers known to consider 
dissolution of these most soluble of rocks, only these present significant 
evidence of synsedimentary dissolution (other papers consider mainly 
microscopic evidence of very minor removal; e.g., Schreiber and Schreiber, 
1977). Lcwenstein (1985, 1987a) proposes that early diagenesis cements and 
plugs halite units before the sediment is buried deeper than a few tens of 
feet (several m ) . Early dissolution features as they are presently known are 
tied very closely to the sedimentation surface by observation, consistent 
with the proposal by Lowenstein. It seems clear that the rocks demand an 
examination of modern analogs for evidence of significant dissolution. 

Hie extent of dissolution has been assessed largely by extrapolation from 
areas with evaporites to areas without evaporites or with a decreased 
section. Parker (1967) presents an early example based nearly exclusively on 
geophysical log interpretations. This approach, supplemented by some core 
information, was also used by Anderson and others (1972, 1978) and by other 
authors attempting to understand the extent and nature of dissolution in the 
Delaware Basin. As reviewed in several sources, the principal justification 
for this practice is that underlying and overlying units are laterally 
extensive from areas with salt to areas without salt; it is believed that 
lateral f acies changes within salt beds did not occur over short distances 
either. Gustavscn (1986), Anderson and others (1972, 1978), and Parker 
(1967) clearly follow this line of reasoning. Anderson and others (1972) 
utilized the correlation of limited sequences of anhydrite/carbonate couplets 
within the Castile to bolster their belief that sulfatic and chloride beds 
extended virtually from side to side of the Delaware Basin. This provides a 
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conservative, upper limit to the extent of salt dissolution within the 
basin. It is also clear, however, that within salt pan environments 
(Iowenstein and Hardie, 1985) lateral facies changes may occur over rather 
short distances, enhanced by the depositional changes that bring elastics to 
the margins and remove, soluble materials. In addition, as water evaporates 
from basins, the brine is restricted to well-defined areas, again resulting 
in lateral facies changes over short distances. Within the Bustler 
Formation, as previously discussed, and in the San Andres (Hovarka, 1983a, in 
press), significant changes in environments and/or relative sea level nay 
occur rapidly, resulting in the rapid covering of an area with a carbonate 
from much higher and fresher water. These units may extend laterally far 
beyond the extent of a previous saline pan, and they should not be considered 
direct evidence of the extent of the most saline facies. As in some previous 
types of evidence, the extent of evaporites will have to be evaluated basin 
by basin and case by case. 

The rate at which evaporites dissolve is not easy to evaluate. The 
criteria and examples provided by Parker (1967) may be as dear as any. In 
the Williston Basin, sedimentary units which adjust to dissolution have lower 
and upper bounds well defined in geologic time. The adjustment within parts 
of the Fryberg field of North Dakota clearly took place during the latest 
Jurassic, bounded by the deposition of the Swift Formation. Approximately 
100 ft (30 m) of compensating sediments were deposited within a few million 
years. Within the Delaware Basin, different authors have attributed 
dissolution to widely varying lengths of time as far back as Permian. 
Significant amounts of evaporites have been considered dissolved even as 
early as the time of the end of Castile deposition (Anderson and others, 
1972; Bachman, 1974, 1976, 1980). In contrast, Anderson (1978, 1982) and 
Anderson and Kirkland (1980) attribute most dissolution to Cenozoic or later 
Cenozoic time. 

The forms which the dissolution residues take are often considered 
rate-dependent. Breccia and brecciation are considered crnsertLienceB of 
evaparite solution and sjihflldence/oollapse. However, several authors (e.g., 
Anderson and others, 1972, previously quoted) have also interpreted 
dissolution to occur under some circumstances so gradually that thin, 
laminated anhydrite beds within halite beds may be undisturbed while large 
volumes and percentages of halite are removed; at the same time breccias are 
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formed around the undisturbed thin anhydrite beds. Though this process is 
not advocated in this report, it may be important from a risk assessment view 
to question whether such a slow, gradual process would, even if it occurs, be 
of any consequence to a waste repository. 

Following this last point, it is appropriate to anDuent on the scale of 
events and processes that may be said to involve the dissolution of rock 
materials. Within the sedimentary sequence, several types of processes, 
sometimes given various names, may involve small or large amounts of 
dissolved rocks with transport distances of solutes ranging from microns to 
kilometers. Pressure solution from grain-grain contact and the creation or 
destruction of porosity is near one end of this scale. Hardly any 
sedimentary rock is free from the minute effects of diagenesis, including for 
same the effects of weathering immediately following deposition. These 
well-known, if imperfectly understood, phenomena are not reviewed here, 
though their effects are seen even in the Rustler (Ch. 8) and are reported. 
Near the other end of the scale, relatively high proportions of rocks of 
considerable volume may be removed completely from the system. This scale of 
process and consequent features are of principal concern within the previous 
review as these are the scale of processes and features that are hypothesized 
and reported, respectively, to occur in the Rustler as well as in the 
underlying evaporite formations. 

It is important also to note a distinction in timing for the processes 
normally attributed to dissolution. It is quite clear, from published 
studies of dissolution of the Rustler and other evaporites in the Delaware 
Basin, that dissolution is a term used for processes occurring long after the 
deposition of the affected units. The term is used in the same sense in this 
report. These are phenomena associated with very early, approximately 
synsedimentary solution of evaporites from the Rustler, occurring before 
burial and lithificaticn. In that sense, part of the reported sedimentary 
process includes the effects of early removal of evaporites from some of the 
same units interpreted by others as dissolution having occurred after burial 
and lithification. Synsedimentary processes are distinguised from late-stage 
dissolution in this report by calling it early or synsedimentary 
dissolution. Such features and processes clearly are associated with the 
sedimentary history of the units, differentiating them as well because they 
may be eliminated from the calculations of the consequences of dissolution 
affecting the WIPP at some future time. 
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The general features that are most widely accepted as evidence of later 
dissolution at depth are angular breccias that have propagated upward but 
with diminishing strain. These have lower bounds that locally are well 
defined. Early, synsedimentary dissolution or dissolution before subsequent 
burial reveals an upper boundary that is stratiform. Some of these 
relationships are applied to the physical features apparent in cores, shafts, 
and geophysical logs in the next chapter. 
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8 .0 POST-DEPOSITICNAL ALTERAnCN 
The late Permian Bustler Formation has a complex post-depositianal 

history. Diagenetic reactions and mechanical responses to various stress 
fields have altered and in some cases have drastically changed the appearance 
and the nature of Rustler rocks. Although the origin and history of any one 
of the post-depositional alterations within the Rustler may be very complex, 
each feature is the result of one or more simpler mechanisms. These 
mechanisms or processes must be understood and kept in perspective. All 
post-depositional modifications or alterations are the driven by 
disequilibrium. Chemical disequilibrium causes either the addition of 
solutes or the subtraction/removal of solutes. Disequilibrium between a 
stress field and the rock may result in a mechanical adjustment toward 
equilibrating the system. In general, chemical reactions cause what are 
considered to be diagenetic features, while mechanical reactions to stress 
fields cause most of the remaining post-depositional alterations. Regardless 
of the complexity of the genesis of any one individual diagenetic feature, 
they can all be attributed to the operation of one or both of the following 
chemical reactions: the addition of solutes to, and/or the removal of solutes 
from, a particular site of reaction. Likewise, all of those 
post-depositional features that can be attributed to a mechanical process are 
the result of a mechanical, albeit ductile or brittle, response to various 
non uniform stress fields. Nan uniform stress fields can result from the 
action of either tectonic processes or chemical diagenesis. 

Numerous studies of evaporites report, interpret, or infer the 
occurrence, and recognize the importance, of early/syndepositional chemical 
diagenesis, including solute addition (e^g., Arakel, 1980; Butler and others, 
1982; Eugster & Hardie, 1978; Gornitz and Schreiber, 1981; Hardie, 1968; 
Kinsman, 1976; Iowenstein and Hardie, 1985; Shearman, 1970, 1978; and Smith, 
1971) and solute removal (e.g., Schreiber and Schreiber, 1977; Hardie and 
others, 1978; Hovcrka, 1983a, in press; Iowenstein and Hardie, 1985; and 
Powers and Hassinger, 1985). As early diagenetic reactions are common within 
the depositional settings of most evaporites and, in fact, are responsible 
for the formation of many of the diagnostic evaporite sedimentary structures 
unique to a particular depositional setting, it is necessary to differentiate 
between those early/syndepositional diagenetic reactions and those late stage 
diagenetic reactions not related to the original depositional setting. So, 
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for the purpose of this study, early/syndepositional diagenetic reactions 
will not be considered in the same context as later diagenetic reactions, and 
the following definition of late stage diagenetic features will hold. late 
stage diagenetic features originate in a system not closely tied by time or 
original ground-water conditions to the host material. In other words, 
features formed within the ground water system at or near the time of 
deposition of the host material are considered to be part of the depositional 
system and will not be discussed in context with late-stage diagenetic 
features. 

8.1 CEMEM5 
Several cements were observed at various locations throughout the Bustler 

section. The clastic rocks near the base of the bioturbated clastic interval 
and within H-1, H-3, and H-4, and locally M-4 contain halite cement. Most 
halite cements appear poikilitic. Halite cements are common within 
halite-bearing rocks, but as yet, no clear method exists for uniquely 
distinguishing between halite cement precipitated in the near surface 
environment and that precipitated during burial (Icwenstein and Hardie, 
1985). This being the case, no interpretation of timing of halite cement in 
H-1, H-3, or H-4 can be made. However, halite cements within the lowermost 
part of the Rustler clearly have a diagenetic origin as halite was not 
associated with the depositional setting of that unit. As halite occurs 
within the intervals both above (H-1) and below (the Salado) this zone, it is 
likely that the solutes that formed the cement were derived from one of these 
zones. Halite cements within H-4 probably have an early or syndepositional 
origin. Thin sections from M-4 at WIPP 19 show halite-filled voids. Some of 
these voids are morphologically similar to skeletal and displacive halite 
crystals, while other voids are irregularly shaped. Poikilitic halite is an 
intergranular cement in the vicinity of the halite-filled voids. The 
halite-filled voids are relicts of displacive and skeletal halite crystals 
which have suffered syndepositional dissolution. The cements formed after 
the partial dissolution of the halite crystals, probably sometime during 
early burial (e.g., Lowenstein, 1987a). 

Gypsum cements are common within some of the clastic units of the 
Rustler. Gypsum cements have been observed in the transition zone, the 
Magenta, M-2, and M-3. A syndepositional origin has been assigned to the 
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gypsum cemented part of the transition zone and it will not be discussed 
here. Gypsum cement occurs as an alteration of anhydrite within the Magenta 
Dolomite Member. The gypsum contains relics of large poikilitic anhydrite 
crystals. The fabric locally appears to be expansive. It is likely that 
much of the sulfate originated as transported grains; evidence of those 
grains has been destroyed by one or more episodes of replacement/alteration 
of gypsum with/to anhydrite and back to gypsum. Some poikilitic gypsum 
cement occurs within the coarser parts of some of the mudstone (M) units. 
However, no anhydrite precursor was observed. 

Gypsum cements occur locally within M-2 and M-3. Some are poikilitic 
while others are not so coarsely crystalline. The cements are not pervasive 
throughout the mudstone units. They are most camion near the top and the 
base of the mudsfmpfl and near sulfate interbeds. 

8.2 0VERGR0WIH5 
Overgrowths on clastic transported grains are found within some zones in 

the Rustler. Silt and very fine sand-sized quartz grains, within the Culebra 
and some of the mudstone (M) units, exhibit euhedral terminations and dark, 
irregular, and roughly elliptical rims of foreign material within the 
crystal. These euhedral crystals are interpreted to be detrital grains with 
quartz overgrowths. Many of the quartz grains have corroded boundaries. 
These grains and their overgrowths were present prior to the dolomitizaticn 
of the ground mass. Euhedral rhcmbohedrons of carbonate with M-3 and M-4 
display thin, roughly elliptical zones of dark material which are interpreted 
to be the original clast boundaries prior to overgrowth development. The 
volume of the overgrowth is usually much greater than the original grain. 
The margins of the carbonate grains frequently display evidence of corrosion. 

Large gypsum overgrowths on fine sand-sized grains of gypsum are found in 
thin sections from the M-3 internal of WIPP 19. These grains have not been 
replaced by, or altered to, anhydrite since their deposition and subsequent 
overgrowth. The grain margin might have survived the replacement of gypsum 
by anhydrite, but it could not have survived the conversion to anhydrite. 
The anhydrite-to-gypsum conversion would have destroyed the original grain 
margin. 
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8.3 STYUDUTES AND PRESSURE SOIIITION 
Stylolites demonstrate pressure solution within the Rustler anhydrites. 

The stylolites within the anhydrites are subhorizantal to horizontal and only 
occur within laminated sulfate, day and carbonate mark the stylolite 
surface. They are extremely caiman within the upper Rustler anhydrites. 
Pressure solution within the Rustler occurred in response to a stress-field 
with the maximum principal stress in the vertical. Calcium sulfate was 
liberated by the pressure solution and removed from the site of reaction. 

8.4 REPIACEMENT 
Replacement occurs when the processes of solute addition and removal are 

simultaneous and balanced. Pseudomorphs are interpreted to be replacements. 
The most common replacement is anhydrite after gypsum as pseudomorphs. 
Sometime prior to maximum burial and the development of stylolites, anhydrite 
replaced gypsum on a volume for volume basis. Conversion or dehydration of 
gypsum did not occur, as a volume reduction is associated with that reaction 
and no evidence of volume change is found. Conversion or dehydration of 
gypsum to anhydrite would cause a loss of original depositional textures. 

Secondary gypsum after anhydrite occurs throughout the anhydrite (A) 
units. Where both gypsum and anhydrite are present, the gypsum crystals 
usually crosscut the anhydrite crystals. The volume of gypsum observed 
within the anhydrite (A) units is at a minimum near the centers of the 
A-units and a maximum near the margins. Relationships between the gypsum and 
anhydrite fabrics cannot be determined when gypsum is the main constituent. 
However, disruption of the fabric caused by a volume increase during the 
conversion of anhydrite to gypsum was not observed when gypsum occurred 
within anhydrite. So, the gypsum is interpreted to be a volume for volume 
replacement of anhydrite when anhydrite is the major constituent. The 
relationship between what is converted to gypsum and what is replaced by 
gypsum becomes less distinct as the percentage of gypsum increases. 

Gypsum-filled vugs within the Culebra are interpreted to be partly 
displacive as early syndepositional nodules and partly replacive. 
Stratification within the cazbonate surrounding some of the gypsum-filled 
vugs appears to have been displaced away from the vug. This supports an 
early syndepositional displacive origin for the vugs. The majority of the 
vugs, however, do not have definite expansive textures preserved within the 
surrounding carbonate. In fact, stratification within the carbonate often 
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terminates abruptly at the vug-carbonate margin indicating that some of the 
carbonate was removed. No evidence of crystal growth inward into a void was 
found within the vug fillings. This suggests at least a partly replacive 
origin of the sulfate vug filling with no evidence of passive pore filling. 
Relict crystals of anhydrite are preserved as centers within some gypsum vug 
fillings at H-12. Petrographic relationships indicate that anhydrite once 
entirely filled the vugs and is now partially replaced by gypsum. Once 
again, as late stage expansive textures are not commonly associated with or 
attributed to the development of the vugs, gypsum did not result from the 
hydration of anhydrite, but is instead, the volume for volume replacement of 
anhydrite with gypsum. 

Gypsum is a major constituent within the Magenta and is at least partly 
replacive of anhydrite. Relict crystals of anhydrite occur within the 
Magenta. Gypsum appears to crosscut optically continuous anhydrite 
crystals. Anhydrite is interpreted to have been the principal sulfate 
present within the Magenta and to have been replaced with or converted to 
gypsum. It is probable that much of the sulfate within the Magenta 
originated as detrital grains of gypsum. These gypsum grains were probably 
replaced by anhydrite prior to maximum burial and later replaced/converted to 
gypsum. Conversion to gypsum will be rtiscnsspri in the following section of 
this report. 

Halite pseudomorphs after gypsum swallowtail crystals are CXIIIIMI within 
those anhydrites in contact with,halite units. When halite pseudomorphs 
after gypsum are present, the remaining sulfate rock consists of anhydrite 
with no, or very little, gypsum. Unlike anhydrite, halite appears to only 
pseudomorph coarsely crystalline gypsum, leaving the ground mass/matrix 
unreplaced. Thin sections of anhydrite pseudomorphs after gypsum swallowtail 
crystals indicate that the anhydrite within the surrounding material is 
micro- to finely crystalline while the anhydrite within the swallowtail 
crystal form is also finely crystalline (slightly larger than the ground 
mass). Halite is interpreted to have replaced/pBff*Vinnrphed the gypsum 
crystals prior to, or synchronous with, the replacement of gypsum with 
anhydrite. The energy required to replace a large crystal is less than that 
required to replace microcrystalline material. After the gypsum was replaced 
by anhydrite the whole rock was finely crystalline. If halite had replaced 
anhydrite, there would have been little reason for the halite to have 
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preferentially replaced the swallowtails. Halite replacement would have more 
readily occurred when the rock was gypsum. 

Halite replaced aragonite allochems in the carbonate-rich unit equivalent 
to the bioturbated clastic zone of the unnamed lower member. Shells and 
shell fragments are the most common allochem affected by halite replacement. 
In many places, the halite content in the matrix is volumetrically much 
greater than the carbonate. As the allochems did not collapse within these 
zones, the halite could not have been a void filling cement, but instead, was 
a replacement. 

Anhydrite replaced halite along the margins of crystals within anhydrite 
and halite psuedomorphs after vertically grown gypsum crystals. long, thin 
blades of anhydrite project into the crystals of halite. They are 
interpreted to be replacements as the space occupied by the halite could not 
have remained open while the anhydrite crystals grew into a void. 

Elongate dolomite crystals occur within halite pseudomorphs after gypsum 
crystals in the unnamed lower member of H-12. These crystals could not have 
grown into void space, as the void would have collapsed. A replacement 
origin is proposed for the elongate dolomite crystals. Other authors (e.g., 
Hovorka, 1985a) have interpreted multifaceted dolomite crystals in halite as 
replacements. 

Dolomite replaced some detrital and authigenic quartz grains within the 
culebra. Some quartz crystals with irregular and embayed margins have ghost 
margins within the dolomite. Other quartz grains display irregular or 
embayed margins without any evidence of replacement. Some authigenic 
crystals and grains with euhedral overgrowths also exhibit corroded margins. 
The authigenic quartz crystals and quartz grains with overgrowths formed 
prior to dolomitization. The dolomicrite ground mass has partially replaced 
the quartz grains and crystals. 

8.5 RECRYSTALLrZAITON 
PecrystaUizaticn occurs when crystals, under increased temperatures and 

pressures during burial, change their morphology to minimize energy. 
Recrystallization results in equigranular crystals with few inclusions as 
foreign material is purged to the crystal margin. Annealing textures in 
halite yield triple junctions at angles of roughly 120 degrees. Depositional 
textures are usually disturbed/destroyed by recrystalliztion of evaporite 
minerals. 
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Halite at several locations within the Rustler is interpreted to have 
been recrystallized. Triple junctions, purged inclusions, and equigranular 
grains showing no depositional fabrics all occur within that part interpreted 
to be recrystallized. These textures are found within zones H-lb and H-3. 
The recrystallization is probably the result of pressure caused by loading 
rather than increased temperature during burial as the geothermal gradient 
within the Delaware Basin has been considered low. 

Recrystallized gypsum occurs at several locations within the Rustler 
section. The base of A-5 is recrystallized at the waste handling shaft (Holt 
and Powers, 1984). Some of the coarsely crystalline gypsum found in the 
lower part of A-2 and A-3 is interpreted to be recrystallized. The finely 
crystalline gypsum was reorganized in the presence of fluids at the 
lithologic contacts. 

8.6 CALCIUM SULFATE STABILITY 
The relationship between anhydrite and gypsum is complex. The stability 

of each depends upon temperature, pressure, and the ionic strength of fluids 
in contact with the minerals. When both are present, one is metastable. The 
actual processes of either replacement or conversion are not well 
understood. Anhydrite pseudomorphs after gypsum have yet to be reported from 
modern evaporite deposits. The volume problem associated with the conversion 
of one to another at lithostatic pressure has yet to be adequately 
addressed. However, one feature is suggested here to be indicative of, but 
not unique to, the simple hydration of anhydrite to gypsum or dehydration of 
gypsum to anhydrite. Unless the sulfate was only a minor constituent within 
the sediment, primary depositional features within the sediment would be 
destroyed during the simple conversion of one to another via the addition or 
subtraction of water from the crystal structure. Gypsum or anhydrite that 
has undergone sisple conversion retains no primary Arng-i-HgyQ structures. 
They are all be severely deformed if not destroyed by the volume change. 

The majority of the Rustler sulfate studied macroscopically and 
microscopically preserves primary sedimentary structures and shows no 
evidence of either expansive or implosive textures. This indicates that 
replacement, not simple conversion, was the main process of change between 
the two 
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sulfates. Anhydrite pseudomorphing gypsum indicates replacement. Several 
highly gypsiferous zones, however, preserve fewer original depositional 
textures than are preserved elsewhere where replacement of gypsum with 
anhydrite clearly has occurred. These zones are thin and located at the base 
of A-2, A-3, A-4, and A-5 and at the top of A-3. These zones may have seen 
the conversion of anhydrite to gypsum in the presence of fluids. 

Several authors (e.g. Snyder, 1984) have proposed that increased 
thicknesses within the Rustier in the vicinity of Nash Draw are the result of 
the "jacking up" of the section due to the volume change during the hydration 
of gypsum. Detailed description of cores from the Pustler within Nash Draw 
reveals an abundance of primary features preserved within the Rustler 
anhydrites. So, it is unlikely that a large scale simple conversion of 
anhydrite to gypsum in the presence of fluids occurred. In addition, the 
Rustler section within Nash Draw is brecciated. The breccia originates 
within the Salado Formation indicating removal of volume from within the 
Salado. The brecciation has lengthened the Rustler section giving rise to an 
apparent increase of thickness within Nash Draw. This apparent thickness 
adjustment affects nearly all of the units within the Rustler, not just the 
sulfates. 

Not all of the gypsum in the Rustler is secondary. Some of the Rustler 
gypsum is primary and was never converted to or replaced by anhydrite. 
Gypsum overgrowths on clastic gypsum grains are preserved within M-3 at 
wipp-19. The internal texture of these grains would not be preserved had 
they been converted from anhydrite to gypsum. Other primary fabrics occur in 
gypsum from mudstone (M) units. Incorporative gypsum crystals are common. 
Isolated, -twinned, stellate, and palmate crystal forms are present. 
Lenticular gypsum is rare as the proper organic compounds required to form 
lenticular gypsum (Cody, 1979) were not present in the depositional system. 
Most Rustler gypsum is diagenetic. Anhydrite precursors for gypsum are 
common. Primary gypsum occurs only in the mudstone (M) units. Perhaps the 
mudstone units protected soma gypsum during diagenesis. 

8.7 FBhCRJRES 

Much of the Rustler and the overlying Dewey lake is extensively 
fractured, with many of the fractures filled with fibrous gypsum. Within 
competent rocks, the majority of the fractures are horizontal or 
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subhorizontal and parallel to bedding planes. Sub-vertical and vertical 
fractures are less common. Gypsum fracture fillings usually indicate 
separation along a single fracture. Several episodes of crosscutting 
relationships show that the fracture style changed through time. 
Gypsum-filled fractures occasionally parallel slickensided surfaces in the 
mudstone units. This occurs at the exhaust shaft, where arcuate 
gypsum-filled fractures have slickensided surfaces. The slickensides 
probably developed as the mudstone units deformed due to loading and 
unloading. 

These fractures are dissimilar to fracturing associated with solution 
collapse (e.g. Middleton, 1961). Solution collapse breccias vertically 
decrease clast separation to give way to a series of fractures, hairline 
fractures and cracks, and then undisturbed beds. Within WIFP cores and 
shafts, fractures are commonly, but not exclusively, horizontal. They occur 
in zones that are not well interconnected or continuous in the vertical. 
This fracture style persists through the Dewey Lake. There is no apparent 
relationship of WIFP fracturing to dissolution at the site area. A vertical 
to sub-vertical minimum principal stress in indicated by the horizontal to 
sub-horizontal fractures. The orientation of the least principal stress was 
somewhat variable, as suggested by variable fracture orientations. The data 
are consistent with an unloading origin for Rustler fractures. Differential 
unloading is considered responsible far the majority of the Rustler 
fractures. 

8.8 FRACTURE FILLINGS 
Fracture filling materials are very common through the Rustler. Two 

types of fracture fillings occur within the Rustler: halite and gypsum. 
Halite-filled fractures appear to be contained within those zones 

containing halite (H-1, H-3, and H-4) and within the lower part of the 
unnamed lower member between H-1 and the Rustler/Salado contact. Most of the 
halite fracture fillings are fibrous and may be clear, white, orange or 
blue. A few of the fracture fillings are color zoned (e.g. WIEP 19) in the 
clastic units located stratigraphically below H-1. Within the halite-bearing 
units, the halite fracture fillings are considered to be syntaxial, while in 
the clastic units below H-1, they are syntaxial and antitaadal (after Durney 
and Ramsay, 1973). 
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Gypsum-fiiled fractures canmonly occur above the H-l unit where that unit 
is present. The gypsum fracture fillings are clear to white and fibrous and 
are both syntaxial and antitaxial. Pieces of the wall-rock material are 
cammonly included within the fracture filling. Most of the larger fibrous 
fracture fillings observed within the Rustler appear to have a "suture" line 
which always parallels the fracture surface of the host material. The suture 
line is the site of a moderate to abundant amount of inclusion of wall rock 
material. Most of the fibrous fracture fillings are parallel to host rock. 
However, some are tilted away from the perpendicular, and in rare cases, some 
are sigmoids!. 

Fibrous fracture fillings result from growth of the individual fibers as 
the fracture opens in small increments. When the fracture initially opens, 
this creates a void and a zone of low pressure. Intercrystalline or pore 
fluid migrates to the site of low pressure. The pressure decrease coupled 
with newly created void space is conducive to solute precipitation along the 
fracture surface. If the fluid is near saturation for a particular mineral, 
the pressure decrease associated with fracturing can drive the fluid to 
become saturated with that mineral and precipitation can occur. If the wall 
rock and the fracture filling contain the same mineral, overgrowth upon 
grains or crystals of that mineral will occur and the fracture filling is 
syntaxial (Durney and Ramsay, 1973). If the wall rock does not consist of 
the same mineral as that precipitating in the void provided by the fracture, 
then nucleation of the mineral occurs, and the fracture filling is antitaxial 
(Durney and Ramsay, 1973). The suture line is most visible in antitaxial 
fracture fillings as small parts of the wall rock are included within the 
crystals during the initial fracturing and precipitation. The suture line 
exhibits the same morphology as the fracture surface on the wall rock. 

Once the initial fracturing and subsequent precipitation occurs, the 
fracture filling grows incrementally as the fracture filling mineral 
precipitates as overgrowths. These overgrowths are constrained by each other 
in the direction parallel to the fracture surface, so they must grow 
competitively in the direction perpendicular to the wall rock and away from 
the seed crystal. This causes a fibrous crystal habit to develop. This 
habit is visually enhanced when the filling material consists of one of the 
minerals that are readily twinned (e.g., gypsum). 
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When the fracturing continues, separation occurs between one side of the 
fracture filling and the wall rock. Fluids migrate to that point, and 
precipitation then occurs at the contact between the wall rock and the 
filling material. So, the youngest part of the filling is next to the wall 
rock, and the oldest part of the fracture filling is adjacent to the suture 
line. The width of the fracture on each side of the suture line is related 
to the availability of chemical nutrients and the frequency of reseparation 
by fracturing along each side. 

The morphology of the fibrous fracture filling is the result of the 
stress field which produced it (Durney and Ramsay, 1973). Fibers 
perpendicular to the fracture surface indicate that there was no displacement 
parallel to the fracture surface at the time of fracturing and subsequent 
filling. Fibers that are tilted with respect to the perpendicular indicate 
that there was a component of displacement parallel to the fracture surface 
and that the component was present throughout the period of fracturing and 
filling. Sigmoidal morphologies develop when a component of displacement 
parallel to the fracture surface occurs after the initial fracturing. 

The fracture fillings within the Rustler contain information about any 
changes through time of the chemistry of the precipitating fluid and the 
stress fields which formed the fracture. Chemical analysis of the minerals 
contained within the gypsum filled fractures and detailed analysis of the 
fracture filling morphologies was not part of this study. However, solutes 
for both halite and gypsum fracture fillings were probably locally derived, 
as possible sources for all the solutes exist within dose proximity to the 
fractures. 

Halite-filled fractures seem to be confined to either zones containing 
halite or zones adjacent to halitic intervals. Halite-filled fractures 
within the clastic part of the unnamed lower mpirher .appear to occur only when 
H-1 occupies the stratigraphic interval above the clastic zone. No evidence 
of the removal of halite from fractures was ever found in the clastic 
interval when H-1 was present. However, WEPP 30 is the only core through the 
unnamed lower member where H-1 overlies the clastic interval and the 
Rustler/Salado contact is in its normal position with a normal appearance, 
and it is possible that the core did not intersect a halite-filled fracture 
as they are most often vertical or sub-vertical. The remainder of the cores 
containing H-1 are located within Nash Draw where some disturbance occurs 
within the Salado in the vicinity of the Rustler/Salado contact. 
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Gypsum-filled fractures occur only above the interval H-l, when halite is 
present. This apparently indicates that gypsum-saturated fluids did not or 
could not migrate downward below the halite. Lowenstein (1987) believes that 
porosity in such halitic units is plugged syndepositionally, within a few 
meters at most. Where M-l is present, no halite existed and gypsum 
precipitated in fractures within the mudstone. Gypsum-filled fractures are 
less common in those cores which have less gypsum within sulfate units. In 
other words, gypsum-filled fractures are less caunu'i when the gypsum to 
anhydrite ratio of the sulfate rocks is smaller. Less gypsum was observed 
within the anhydrites (A-units) in the thin sections of H-12. The Rustler at 
H-12 has seen less fluid capable of precipitating gypsum within fractures. 

8.9 DISSOIIHTON 
Removal of solutes by dissolution occurs when a fluid is present that is 

undersaturated with respect to the mineral being dissolved and the energy to 
drive the reaction exists. Dissolution creates void space. Preserved void 
space or evidence indicating the former presence of void space must be 
present if dissolution and removal of solutes has occurred. Dissolution 
porosity varies in scale from intercrystalline to vuggy to cavernous. While 
preserved porosity is obvious, the former presence of porosity is more 
difficult to see; it can be recognized by filled void space or features 
indicating the ductile or brittle mechanical adjustment to the nonuniform 
stress field caused by the porosity. 

Preserved porosity occurs throughout the Rustler. Most of the porosity 
can be directly attributed to the void space created during the dissolution 
of soluble minerals. Preserved dissolution porosity occurs within the 
carbonate, sulfate, and halite-bearing rocks of the Rustler. 

• 
8.9.1 Microporosity and Vuqqy Porosity 

Intercrystalline microporosity and vuggy porosity is ranncn within the 
culebra. Neither filled nor open intergranular porosity occurs within the 
Culebra as the Culebra consists of dense micrite and argillaceous material. 
Sulfate is not a major constituent within the Culebra. Sulfate occurs as a 
pore and fracture filling material and locally as a cement. Intercrystalline 
and vuggy porosity resulted from the dissolution of carbonate, where there is 
no gypsum precursor. Some vuggy and intercrystalline porosity is 
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attributable to the dissolution of gypsum. All large scale vugs within the 
Culebra are interpreted to have contained gypsum. Large, open vugs may have 
resulted from the dissolution of gypsum. Vuggy porosity is locally well 
developed in gypsum fracture fillings. Dissolution of gypsum is the last 
distinguishable event to occur within the Culebra as gypsum dissolution 
appears to effect gypsum-filled fractures. Dissolved sulfate within the 
Culebra has a solubility index close to one (Myer, pers.comm.). The sulfate 
within the Culebra waters is probably partially derived from the gypsum 
fracture fillings and the apparently related gypsum vug fillings. Further 
dissolution of sulfate and carbonate within the Culebra is not likely given 
the present chemical conditions of the waters within the Culebra as they are 
apparently in equilibrium with gypsum, ordered and disordered dolomite, 
calcite, and anhydrite in the vicinity of the WIPP site (Myer, pers.comm.). 
Where fresher fluids have access to the Culebra in Nash Draw, dissolution of 
carbonate and sulfate can continue. 

Dissolution of gypsum is cuunon within the sulfate units across the study 
area. Intercrystalline porosity was found in thin sections from most of the 
anhydrite units. Intercrystalline porosity was less ocuaiicn in thin sections 
from H-12 than WIPP 19 and in both cases appeared to be more abundant near 
the upper and lower contacts of the anhydrite units. Where present, porosity 
within the anhydrites was usually less than one percent. Several of the 
cores from Nash Draw showed the development of vuggy porosity within the 
sulfate units. Large open vugs, some containing gypsum crystals which grew 
inward toward the void center, are preserved within some cores. This 
porosity is interpreted to have originated from the dissolution of sulfate 
within the Rustler. The presence of large vuggy and cavernous porosity 
within the Bustler in the vicinity of Nash Draw is interpreted to have formed 
as the result of dissolution of gypsum by meteoric groundwaters (see also 
Bachman, 1984 a, 1987 a,b). 

Evidence of gypsum dissolution within the Magenta was found in thin 
sections from H-12 and WIPP 19. Intercrystalline porosity occurs within the 
gypsum. Small relics of anhydrite remain within the gypsum and appear to be 
unaffected by the dissolution. Dissolution of gypsum at Magenta outcrops is 
common. 

8-13 



Intergranular porosity is conmionly well developed in halite cemented 
clastic rocks. M-4 at WIPP 19 is cemented by halite and exhibits microscopic 
halite crystals. Halite cemented clastic units in the unnamed lower member 
also exhibit some intergranular porosity. 

8.9.2 Caves and Cave Fillings 
The only known cavernous porosity encountered in drilling the Rustler 

near the site was in WIPP 33 (Sandia National laboratories and U.S. 
Geological Survey, 1980). There, drilling, logs, and downhole television 
scanning demonstrated fluid-filled (at the time of drilling) cavernous 
porosity within the Magenta of undetermined lateral dimensions. Bachman 
(1980) attributes this porosity to dissolution near the margin of Nash Draw. 
It is clear that cavernous porosity also is prominent within Nash Draw as 
part of karst-forming processes. 

Ferrall and Gibbons (1978) attribute the laminated claystones found above 
the Culebra in WIPP 19 to filling of cavernous porosity. This claystone, 
observed closely in the WIPP shafts, is considered to be partially algal in 
origin and is believed to be ubiquitous (Ch. 45). The lack of a lower 
Tamarisk anhydrite clearly leads Ferrall and Gibbons (1970) to consider that 
dissolution had destroyed that bed, and that a bedded claystone must 
therefore have formed in cavernous porosity during this dissolution event. 
In this document, the claystone, which is present even below the lower 
Tamarisk anhydrite, is considered depositional in origin, and the anhydrite 
is considered to have been lost very early at WIPP 19 (Ch. 5, 6). Cave 
fillings found elsewhere scmRtimefl exhibit bedded elastics, but the more 
common characteristic attributed to cave fillings is the piled to floating, 
slab-like collapse blocks piled cne on another or floating in a matrix. More 
importantly, on a broader scale, caves and cave fillings are likely to show 
an upper limit that is well defined and an irregular lower boundary. No 
feature in cores or shafts is considered likely to be a cave filling. 

8.9.3 Dissolution and Collapse Features 
As riisnnsspri in the previous chapter, overlying competent rocks deform 

brittely when large volumes of material are removed from stratigraphically 
distinct zones. The behavior of Rustler materials due to the removal of 
underlying evaporites can be assessed after observing the cores of the 
Rustler from Nash Draw. 
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The upper portion of the Salado Formation within Nash Draw thins 
dramatically. The depositional environments of the upper Salado give little 
reason to expect depositional thinning is present in the vicinity of Nash 
Draw. The stratigraphic units overlying the Salado in Nash Draw are brittely 
deformed. Upward stoping and downward mixing of clasts derived from 
overlying stratigraphic units occur within the upper Salado and the Rustler. 
The upper Salado within Nash Draw is interpreted to have partially dissolved 
(Vine, 1963; Bachman, 1974). The extent of brecciation varies from borehole 
to borehole, but in each case is known to include, more than a small or 
isolated zone within the borehole. These breccias are similar to those 
described previously from the Mission Canyon, for example, in that clasts are 
generally quite angular, though they may vary in size. These breccias in 
some cores display the upward decreasing extent of brecciation also described 
from the Mission Canyon (e.g., Middleton, 1961) and other evaporate solution 
zones. As the various boreholes in Nash Draw were differentially affected by 
dissolution of the upper Salado, the apparent loss of Salado salt was 
tabulated for each of these boreholes (Table 8.1), and the amount of the 
Rustler section deformed has been estimated (Table 8.1). The ratio of 
thickness disturbed to the thickness reduction is estimated to be between 1:1 
and 1:2. Few previous studies report sufficient data to obtain an equivalent 
relationship, but there are suggestions of a correspondence. A study such as 
that by Parker (1967) contains data on the thickness of removed salt, but the 
logs do not reveal the extent of brecciation and the removal may have been 
early enough that breccias did not result. 

Adjacent boreholes WIPP 29 and WIPP 32 show two important effects related 
to dissolution. Within the lower unnamed member, WIPP 32 in particular 
displays brecciated smeared intraclast textures in zones that laterally have 
halite (see Ch 5). Much of the lower unnamed member in this borehole is 
brecciated, but the superposition of brecciation over smeared intraclast 
texture (described in Ch. 5) reveals that the halite in the lower member was 
dissolved essentially syndepositionally, while the brecciated texture is 
post-lithif ication. The brecciated texture is clearly consistent with late 
removal of salt from the Salado. The upward extent of deformation is not 
clear as the upper portions of the Hustler have been removed by erosion. The 
textures in WIPP 29 are similar, but seem much reduced. Though this may 
partially be due to locally varying processes of dissolution, most of the 
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difference in this report is attributed to the difference in core diameter 
between the two boreholes. WIPP 29 is about a 2 inch (5 cm) diameter core 
while WIPP 32 core is about 4 inches (10 cm) in diameter. The increased 
diameter is important to the detection and interpretation of these textures. 

Collapse, upward stoping, and mixing of clasts derived from various 
stratigraphic horizons occur in core from WIPP 13 where the deformation is 
not clearly attributable to Salado dissolution. The lowest deformed unit is 
A-2. The overlying mudstone (M-3) is also deformed and contains clasts 
clearly derived from the overlying anhydrite (A-3). A-3 is brecciated and 
deformed near the base. The center of A-3 was not cored, but core of A-3 
below the Magenta displays dipping stratification. The source of at least 
part of the deformation is within or below A-2, but the originating horizon 
for the deformation is not clearly identified as the entire Rustler section 
was not cored at WIPP 13. The extreme deformation of the M-3/A-3 contact 
does not require that some of the void space originated within the M-3 
horizon. However, this cannot be overruled. Dissolution of a large 
thickness of halite from either the M-2 or M-3 horizon and the collapse of 
the overlying beds could partially account for the features observed. 
However, our depositional model generally predicts that halite was not 
preserved within the M-2 or M-3 stratigraphic interval after the deposition 
of the overlying units. Our depositional model is based upon the 
descriptions of several cores and shafts and regional interpretations of 
geophysical logs, while WIPP 13 is an isolated drill hole. Without more 
complete Rustler data within the WIPP 13 area, the cause of the structural 
deformation observed at WIPP 13 cannot be adequately constrained. Therefore, 
it must be considered an anomaly until more data are available from that 
area. 

Collapse, upward stoping, and mixing of stratigraphic units originating 
in the M-3 stratigraphic interval occur in the core from borehole H-3b3. M-3 
contains readily identifiable clasts and blocks of the overlying rocks. The 
overlying anhydrite contains dipping and overturned stratification. Our 
depositional model does not exclude halite within the M-3/H-3 stratigraphic 
interval at H-3b3. Based upon the apparent distribution of facies, H-3b3 
could have contained a small volume of halite. The ratio (1:1 or 1:2) of 
deformation of the Rustler section within Nash Draw to the volume of Salado 
removed indicates the titiickness of the M-3/H-3 interval may have been reduced 
by 10 to 30 ft (3 to 9 m). 
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The M-4 interval at H-3b3 also contains a large block of anhydrite, 
presumably downdropped, and a clay-filled fracture at the M-4/A-5 contact. A 
small amount of halite may have been removed from the M-4/H-4 stratigraphic 
interval. This would also be consistent with the depositional model of that 
interval. Actual volume reduction could have been at most several feet. 

The M-3/A-3 contact at H-llb3 is brecciated. The claystone and the 
underlying thin sulfate unit are brecciated, but the breccia clasts are 
confined to the top of the M-3. Minor amounts of subvertical fracturing 
occurs within the extreme lower part of A-3. This disruption could have 
resulted from the dissolution of a very thin section of halite. Our 
depositional model for the M-3/H-3 interval supports the occurrence of halite 
at H-llb3. 

Dissolution of halite is not a unique explanation for the features 
occurring at the M-3/A-3 contact. Brittle deformation at the contacts of 
brittle and ductile materials can occur when the ductile material flows 
(e.g., McKhight and Fischer, 1970). 

As described by McRiight and Fischer (1970), incompetent beds between 
stronger units may show brecciation due to tectonic events. They described 
plucking of blocks from an overlying chert by a less competent carbonate. 
within the Rustler, it is quite possible that some breccia, local in extent, 
could be attributed to this mechanism as the contrast in competence is large 
for several beds. As McKhight and Fischer (1970) point out, the movement on 
adjacent beds may be very small to produce these features. From shaft 
mapping, slickensides and minor deformation may be consistent with a small 
amount of lateral movement taken up by incompetent beds. Though it seems 
likely that some breccia (or deformation) may be formed in such a manner, no 
feature has been uniquely attributed to the process. It may only be possible 
to do so where the affected units are exposed along drifts, as in the MvT 
PB-ZN deposits examined by McRiight and Fischer (1970). 

There exists within the shaft, and possibly within some care material, 
rare and isolated slightly brecciated areas. These areas, as in the Culebra 
in the exhaust shaft (Holt and Powers, 1986a), have througngoing 
stratification underlying and overlying the brecciated area. There is no 
justification for interpreting these as evidence of broader dissolution, 
although in the case of the Culebra, extremely local solution of carbonate 
may have caused such a feature. 
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Borehole 

^proximate Ihickness Seduction 

in the Upper Salado 

^proximate Thickness of 

Rustler Section Disrupted 

WIPP 25 

WIPP 27 

WIPP 29 

WIPP 30 

WIPP 32 

WIPP 33 

115 ft 

155 ft 

455 ft 

0 ft 

460 ft 

0 ft 

280 ft 

Entire Section 

Entire Section 

Entire Section 

Table 8.1. Thickness of Rustler section disrupted versus thickness 

reduction by dissolution in the upper Salado in the vicinity of Nash Draw. 
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9.0 CONCIIJSIOfiS 
The Rustler Formation is the last evaporite deposit of the Permian Ochoan 

Series in the Delaware Basin. The depositional environments and distribution 
of the Rustler vary considerably from the older Castile and Salado 
Formations. The Rustler exhibits abundant primary depositional features 
permitting detailed reconstruction of facies relationships and depositional 
environments. Host of the major units of the Rustler thicken in an area east 
and south of the WIPP site. Resting over and outside of the Capitan reef 
which restricted earlier deposits, this area served as a depocenter that had 
shifted east and north of the earlier Castile depocenter. The Rustler formed 
from environments ranging from shallow lagoons and subtidal environments to 
shallow saline pans and environments marginal to the saline pan. These 
environments changed laterally over distances of a few miles, resulting in 
observable lithofacies changes within cores and shafts at the WH»P site. 

The depositional environments of various Rustler units have been 
reconstructed using a sediinentological approach. Observable bedding, primary 
features, and certain secondary features (such as peeudomorphs after primary 
gypsum textures) were described and placed in stratigraphic sequence. 
Lithologic units and their features have been compared to facies models 
constructed from modern and ancient analogs. For some features and their 
associations, such as pedogenic clay skins on clasts and intraclasts in some 
mudstone units, modern evaporite analogs have not been reported. 
Nonetheless, soil and paleosol features are well known independently and can 
be linked readily to the environmental setting of the Rustler. As is common 
in such studies, new features and associations were described and interpreted 
from the geological context established from better-known features. Smeared 
intraclasts and crushed pseudomorphs are expected to become established, 
independently interpretable features as modern analogs are found and 
described. In this manner, facies and environmental models are constructed 
and refined with modern and ancient examples. 

Parts of the Rustler formed when fresher water, possibly marine, 
transgressed rapidly over very low topography, depositing elastics, 
carbonates, or subaqueous sulfates. A marine transgression over the Salado 
is the initial example. The transgressing water evaporated to increase 
salinity and deposit halite. Halite and elastics were reworked along 
margins, and halite was concentrated in the depocenter, maintaining low 
topography. A rapid transgression of fresher water terminated halite 

9-1 



precipitation in the depocenter. Several shallowing-upward or 
desiccating-upward sequences comprise most of the Rustler (Fig. 9.1). 
Because the upper boundaries are abrupt and are overlain by widespread units 
of sulfates or carbonates of nearly uniform thickness, these contacts are 
thought to be nearly isochronous surfaces. 

Halite units are lenticular with the thickest part south and east of the 
WIPP site, in the depocenter. Sulfate units are more nearly uniform in 
thickness from depocenter outward, indicating either an increase in 
sedimentation rate or a decrease in subsidence rate. Here it is suggested 
that sedimentation or accumulation rates may have been relatively greater for 
sulfates and carbonates as halite accumulation rates were controlled by 
syndepositional dissolution. The Culebra is somewhat thicker in the 
depocenter, generally corresponding to mudstone and halite unit patterns. 

The halite and mudstone units vary most in lithofacies and thickness from 
depocenter to margins. Five major facies were deposited, from depocenter 
outward, in the study area in these generalized depositianal environments: 
mud-poor halite pan, mud-rich halite pan, halite saline mudflat, gypsum 
saline mudflat, and mudflat. Clastic sediments were distributed mainly 
around the margins as the capacity and competence of the hydrologic system 
decreased toward the depocenter. Flooding events introduced elastics and 
moved them toward the depocenter. Transgressions, or a rise in the base 
level, caused larger areas to be covered with water that was very likely to 
be undersaturated with respect to halite. Halite was dissolved around the 
margins as a consequence. The water became more saline and contracted as 
evaporation continued. Halite was concentrated in the depocenter as the 
edges of the brine contracted. During lower water levels (lower base level) 
additional halite was cannibalized and moved toward the depocenter by 
rainwater or the encroaching lens of shallow groundwater. Unless subsidence 
rates varied dramatically during deposition of halite and mudstone units, 
halite and mudstone accumulated slowly relative to sulfates and carbonates. 

Halite was dissolved syndepositionally from halite and mudstone beds at 
small to large scales. In the Rustler, the sedimentary sequence was 
drastically modified by large scale dissolution in response to various 
conditions: a transgression or freshening event that raised the water table 
or base level, a lowering of the watertable or base level due to evaporation 
or subsidence, or a changing in the lateral position of saline groundwaters. 
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Halite was dissolved by less saline water after a transgression. Dissolution 
continued in seme cases after the overlying sediment was deposited, deforming 
and slumping this sediment. Subsidence or evaporation lowered the water 
table at the margins, subjecting halite to dissolution by meteoric water in 
the vadose zone and redepositing it in the depocenter (soluble mineral 
cannibalism). Incipient soil features formed in the vadose zone of the 
marginal mud-rich sediments. Ihis hypothesis differs greatly from previous 
ideas of dissolution of halite from mudstone units. Several features 
demonstrate that halite was removed from marginal saline pan to mud flat 
environments before lithificaticn and before the overlying sulfates were 
deposited. Ihis contrasts with explicit and implicit ideas that Rustler salt 
was dissolved long after the Rustler was deposited. In addition, the 
cumulative thickness of halite removed from midsftnnas is considered here to 
be much less than the thickness of halite in equivalent zones. 

Rustler sediments have also been alterred since deposition. Halite and 
gypsum cements are common. Some transported grains have been overgrown by 
authigenic minerals. Overgrowths on some clastic gypsum grains indicate that 
gypsum-anhydrite-gypsum alteration did not occur. Ihis implies that other 
gypsum may be primary. 

Halite pseudomorphs after gypsum occurred early, prior to or synchronous 
with the replacement of gypsum with anhydrite. Halite also replaced 
carbonate allochems. Both dolomite and anhydrite replace halite locally. 
Quartz grains with overgrowths were partly replaced by dolomite in the 
Culebra. 

Implosive or expansive textures resulting from a volume change, 
associated with the direct conversion of gypsum to anhydrite or anhydrite to 
gypsum, do not occur within the sulfate units of the Rustler. Anhydrite 
pseudomorphs after gypsum are volume-for-volume replacements of gypsum. 
Gypsum within anhydrite exhibits no evidence of expansion due to a volume 
increase and is interpreted to also be a volume-for-volume replacement (not 
pseudomorphous). Snyder (1984) proposed, on the basis of geophysical log 
interpretations, that the the Rustler section thickens in Nash Draw due to 
the hydration and subsequent jacking up of the section. However, core from 
Nash Draw was examined in detail, revealing that the Rustler section is 
elongated by brecciation originating in the Salado, not by hydration. 
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A detailed literature review indicates that two major styles of 
dissolution exist: karst processes at, and relatively near, the surface and 
bed-controlled dissolution at greater depths. Near-surface dissolution and 
karst has poor stratigraphic control, an irregular lower boundary, and an 
upper boundary that is well-defined by subsequent deposits. Solution breccia 
beds and related features resulting from the dissolution of soluble materials 
at depth are stratigraphically controlled by the soluble unit. Where a zone 
of soluble material near the surface is mostly dissolved, the zone may be 
bounded below by undisturbed, relatively insoluble material and overlain by a 
post-dissolution deposit with little or no disruption. Hie mudstcne units in 
the vicinity of the WIPP have undergone complete syndepositional dissolution 
of halite and show these relationships. large scale dissolution of soluble 
rocks at depth creates breccia beds or strata-bound deposits consisting of 
angular blocks with a variable matrix. The block size and packing increase 
upward until the separation between blocks decreases to fractures and, 
finally, microcracks before disappearing. As dissolution proceeds, collapse 
occurs when the overlying material can no longer bridge the newly created 
void. Clasts and blocks are displaced downward from their stratigraphic 
position and mixed with clasts and blocks from other stratigraphic positions. 

The Rustler section in Nash Draw is breociated at various scales due to 
dissolution of halite and collapse in the upper Salado. Breccias and 
downward disruption of a lesser scale were found in several cores, 
significant features include collapse, upward stoping, and mixing of clasts 
derived from various stratigraphic horizons. The borehole WIPP 13' exhibits 
this style of deformation through A-2, M-3, and A-3, but the zone in which 
the disruption originates was either not cored or is not apparent in the 
existing core. In the general sedimentological framework proposed in this 
study, halite in the Rustler is not expected to have survived deposition at 
this location. As incomplete core data are present at WIPP 13 and other core 
data in the vicinity are very limited, the disruption observed in the WIPP 13 
core is considered an anomaly. Further interpretation of its origin will be 
reserved until additional drilling in the vicinity is completed and core can 
be described. Disruption is present in cores from H-3b3 and to a much lesser 
extent H-ll. These boreholes lie in a boundary zone surrounding the zone now 
containing halite. As it is very possible that halite survived deposition 
within this boundary zone, the deformation in H-3b3 is attributed to 
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dissolution and collapse. The deformation at H-11 is minor. Dissolution is 
not a unique explanation for the features observed at H-11, as brittle beds 
bounding a less competent unit may show brecciatian due to tectonic events. 

The fractures in the Rustler and the Dewey Lake are dominantly horizontal 
and persist in vertically isolated zones, They are not similar to fractures 
caused by dissolution and are attributed to unloading. Many of the fractures 
are filled with fibrous gypsum of both syntaxial and antitaxial types. 

Minerals dissolved at varying scales throughout the Hustler. 
Microporosity and vuggy porosity have been created by dissolution of 
carbonate and sulfate in both the Culebra and Magenta Dolomite Members. Some 
porosity was created in the sulfate units by dissolution. Halite cements 
have been dissolved creating intergranular porosity in clastic rocks. 
Cavernous porosity was encountered in the sulfate units during the coring of 
WIPP 33 near Nash Draw. Bedded claystone at WIPP 19, interpreted by Ferrall 
and Gibbons (1980) as cave filling, is here interpreted as syndepositional. 
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FIGURE 7.1 
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a. KARST 
UPPER HORIZON CONTROLLED, BRECCIATION MAY INCREASE UPWARD. MIXING OF 
STRATA IN CLASTS, TRUNCATED UPPER SURFACE BOUNDING AGE 

b. SOLUTION 
LOWER HORIZON-CONTROLLED, BRECCIATION DECREASES UPWARD, STRATIGRAPHIC 
RELATIONS INTACT, POST-DEPOSITIONAL. POST-LITHIFICATION SOLUTION CLATE*) 

(NOT TO SCALE) 

NOTE: SYMBOLS DO NOT REPRESENT 
SPECIFIC LITHOLOGY 

FIGURE 7.2 
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Plate 1. Brecciatian within the unnamed lower member showing vertical 
translation of rocks derived from various stratigraphic 
intervals, dasts from the bioturbated clastic interval, M-l, 
and A-l are all in close proximity. 

Plate 2. Displacive halite in siltstone from M-l. 

Plate 3. Displacive halite crystals that have coalesced and are tightly 
packed. 

Plate 4. A pod containing an aggregate of halite crystals. 
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Plate 5. Clastic material contained within halite exhibiting the smeared 
intraclast/laminae texture. 

Plate 6. Siltstone and mudstone from M-1 exhibiting the smeared 
intraclast/laminae texture. 

Plate 7. Smeared intraclast/laminae texture from M-1. 

Plate 8. Brecciation in Nash Draw showing vertical translation of clasts 
derived from A-1 into the stratigraphic position of M-1. Note 
the clast in the lower center of the photograph is a derived 
from a gypsum fracture filling. 
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Plate 9. Breccia clasts and blocks of M-l from Nash Draw. Note the 
clasts and blocks exhibit the smeared intraclast/laminae 
texture. 

Plate 10. Halite pseudomorphs after gypsum swallowtail crystals, A-l. 

Plate 11. Sediment-inasrporative gypsum crystals in M-2. 

Plate 12. Photomicrograph from M-2 showing oriented clay skins and cutans 
an mudstane particles. 





Plate 13. Pebbles of carbonate overlain by subhorizontal laminae in the 
upper part of M~2. 

Plate 14. The upper contact of A-2 with M-3 in the waste handling shaft 
showing three feet of relief. 

Plate 15. Photomicrograph of gypsum overgrowths an detrital gypsum 
grains, from M-3. 

Plate 16. Siltstone and claystane pebble conglomerate in the lower part 
of M-3 at WIPP 19. 
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Plate 17. The upper contact of M-3 with A-3. 

Plate 18. Tipped and slumped anhydrite pseudomorphs after gypsum 
swallowtail crystals near the base of A-3. 

Plate 19. Incipient development of the crushed prism texture. Note 
relict halite pseudomorphs after gypsum swallowtail crystals 
have reduced volume. 

Plate 20. Middle stage in the development of the crushed prism texture. 
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Plate 21. End-stage in the develcpnent of the crushed prism texture. 

Plate 22. Bedded nodular texture in A-3. Note nodules containing small 
pseudomorphs after gypsum swallowtail crystals. 

Plate 23. Photomicrograph of M-4 siltstone and sandstone from WIPP 19 
with crossed nicols. Halite cement and incipient displacive 
halite crystals black. 

Plate 24. Upper contact of M-4 with A-5. 
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Plate 25. Irregular stratification in M-4 from WEEP 19. 

Plate 26. Irregular stratification in mudflat sediments from Saline 
Valley, California. 

Plate 27. Irregular subhorizontal stratification in M-4 at the waste 
handling shaft. 

Plate 28. Irregular subhorizontal stratification in mudflat sediments 
from Saline Valley, California. 





APPENDIX I 

Interpretation of Geophysical logs 
to Select Stratigraphic Horizons 

Within the 
Rustler Formation 



INTERPRETATION OF GEOPHYSICAL LOGS TO SELECT 
STRATIGRAPHIC HORIZONS WITHIN THE RUSTIER FORMATION 

Depth and Thickness Information 
Geophysical logs from various boreholes for the WIPP project have been 

interpreted to represent the following stratigraphic markers: Rustler/Salado 
contact; base and top of Culebra Dolomite Member; base and top of Magenta 
Dolomite Member; and Rustler/Dewey lake contact. For the Tamarisk Member, 
the contacts at tiie top of the lower anhydrite (A2) and base of upper 
anhydrite (A3) show regional thickness changes in a halite/mudstone unit of 
geological significance; we include these data as well (Ch. 4). Here we 
discuss the bases of our log interpretation for both stratigraphic and 
lithologic information and some factors that affect the accuracy and 
precision of the interpretations. The stratigraphy of the Rustler Formation 
is based on Vine (1963). Details of the Rustler vary, based on shaft mapping 
(Holt and Powers, 1984, 1986a) and this work. 

The basic geophysical log for interpreting the Rustler stratigraphy is 
the natural gamma ray log (Fig. 4.1). Throughout much of the northern 
Delaware Basin, the contacts and members can be picked with confidence and 
good precision based on this log alone. In some areas, acoustic or. sonic 
logs, for example, provide a sharp and significant response where the gamma 
log is not as sharp. In these interpretations, the gamma ray log was used as 
consistently as possible because it is the most comon usable log and to avoid 
small registration problems that occur between logs, especially if the final 
log was a composite of two logs obtained at different times. 
Lithologic Information 

Specific lithologies may be interpreted through cross-plots of 
geophysical data for an interval. This procedure is well-known within the 
petroleum industry, and is adapted for computer with modern borehole 
geophysical records. A similar, though less mechanical, approach has been 
used for this report because we have only analog records. For more detailed 
lithological interpretation, we combined the natural gamma log with acoustic 
or sonic logs, density logs, or neutron logs, permitting most of the common 
lithologies to be discriminated. For the Delaware Basin proper, gamma 
ray-sonic was used nearly exclusively. Over parts of the Oantral Basin 
Platform, combined gamma ray-neutron logs are much more common. Gamma 
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ray-density logs are much less common in the region than at the site and were 
sparingly vised. Die cannon lithologies and their signatures for title Rustler 
are given in Table 1. 

In the vicinity of the WIEP site, log signatures may be matched with 
descriptions from shafts (Holt and Powers, 1984, 1986a), basic data reports 
(e.g. Sandia National laboratories and U. S. Geological Survey, 1980), and 
redescribed cores from holes with geophysical logs. Examples of the match 
between detailed logs and core and shaft descriptions form a "type" against 
which most log interpretations were made. Some of the interpretations here 
vary from those made previously (Borns and Shaffer, 1985; Griswold, 1977) 
because of differences in criteria and tine details of lithology now available 
(Ch. 5). 

Accuracy and Precision 
For stratigraphic interpretation, copies of logs at a scale of 1" = 100 

feet were most ccsnmonly available and were used, providing a consistent data 
base. lines drawn to marie contacts cover about 1 foot, and precision 
associated with these lines can probably be no better than about 1 foot. The 
numbers presented are visual interpolations representing a variation 
estimated at about + 1 ft., not allowing for other sources of "error". 

The sum of geologic variations and "errors" has been assessed empirically 
by examining the cluster of data points in T.25S., R.32E. (Ch. 4). The 
isopachs of four members and part of one member provide data to calculate 
average thickness as well as sample standard deviation s (Table 2). A plot 
of thickness vs s parti ally reveals tine effects of these errors (Fig. 1). 
The relative standard deviation generally decreases as thickness increases. 
This reflects the compensating effects of sedimentation over time for small, 
possibly random, local variations in depositional processes. The standard 
deviation is less than 10 % of the total thickness for the four thicker 
intervals. For the two intervals averaging less than 25 ft thickness, the 
standard deviation exceeds 10%. A least squares regression of s (Y) on 
average thickness (X) (Fig. 1) provides an intercept (b0) of 3.5 on Y. 
This intercept is consistent with."errors" of about + 1 foot on each contact 
as previously described. The remaining difference (that part > 3.5 ft) is 
more likely attributable to geological processes. Though a linear regression 
of standard deviation an thickness has been calculated, the data points are 
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probably also consistent with the idea expressed above that greater thickness 
is related to exponentially smaller standard deviations as a consequence of 
campensatirig sedimentologic conditions over a longer period of time. 

We may not truly generalize about thicknesses of individual members for 
the region from the example above, as as it is obvious that some units (e.g. 
between A2 and A3 of the Tamarisk) vary greatly over the region compared to 
T.25S., R.32E. However, the "error" associated with picking an individual 
contact is estimated. An "error" of the type where a mistake in elevation or 
zero point occurs is not analyzed in this example, as the data are the 
difference between two successive contacts and will be immune to those two 
types of errors. 

Powers (1986) examined geophysical logs from hydrologic holes at and near 
the WIPP site, showing that interpreted stratigraphic picks of a horizon from 
various logs of the same borehole usually vary by 2 feet or less. There is 
no assurance in same of these cases which is the more accurate depth. For 
the most part, these small variations from log to log can be attributed to 
several types of factors such as differences in zero depth point. This kind 
of variation is usually unimportant for geological interpretations of either 
isopachs or structure contours. A + 2 ft variation on both contacts could 
conceivably result in an 8 ft discrepancy in thickness between adjacent 
boreholes. This is unlikely, as common practice here and elsewhere is to 
compare adjacent logs frequently to minimize such discrepancies. 
Elevation/depth discrepancies are more important to resolve for the subtle 
questions of possible hydrologic transport in the Fustier. 

Lithologic interpretations are not significantly affected by questions of 
accurate depths. A more important, and difficult to consider, problem is 
registration, especially if the log associated with gamma is a composite. 
Where there is no obvious problem with this particular log, the gamma ray 
with compensated acoustic (sonic) or compensated density is chosen as the 
standard over the combination gamma ray with neutron because the lithologic 
information from the first two combinations is usually more helpful than with 
neutron. 

Geophysical logs contain inherent uncertainties. Stretch in the cable is 
usually predictable, about 1 foot/1000 feet. This is the same order of 
magnitude as the resolution for the tools (e.g. natural gamma and acoustic) 
which operate over a discrete interval or sample a certain volume. The 
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sharpness of a log response to a sharp change in geophysical properties is a 
function of this interval, the rate at which the tool is drawn through the 
borehole, and time constants for data acquisition. Gradual lithologic 
transitions decrease the sharpness of the response further. In general, 
lithologic transitions and sampling interval have been dealt with arbitrarily 
by picking a contact at the midpoint of the geophysical response, and by 
attempting to make a consistent log response the standard for each "pick." 
Inconsistent application of standard log signature or criteria leads to 
error. All logs were interpreted by one person (DWP) to minimize operator to 
operator inconsistencies in establishing the intervals and contacts, though 
operator bias may be unchecked by this procedure. 

Several "random" factors contribute to errors. Incorrect placement of 
the logging tool relative to a reference elevation (the zero point referred 
to above) appears to have occurred on some logs (e.g. compensated neutron, 
gamma ray for H-9c; Powers, 1986). Incorrect base elevations and locations 
may occur, but only gross errors will be detected in this study. Lag reading 
errors may occur; they are most easily found through multiple logs of a 
single borehole and through structure contour and isopach map anomalies. 

Further Remarks 
No attempt has been made to rectify differences with other 

interpretations. Minor differences on picks are here of little consequence. 
Major anomalies may be resolved as necessary by re-examining logs and picks 
or by obtaining additional logs from the vicinity of the anomaly. 

Geophysical well log data are used routinely within industry to infer 
rock properties. Dovetan (1986) summarizes common approaches to log 
interpretations, but the limitations and problems associated with precision 
and accuracy of interpretation are not well addressed. The mechanical 
precision associated with the geophysical tool is commonly considered. For 
the hydrological studies of the WTPP, the uncertainties beyond mechnical 
precision can be important, and here we have presented information and 
analysis of log information that should provide perspective on this problem. 
Baker (1987) examines methods of quantitative interpretation that integrate 
geological and geophysical log data. Such approaches will be very helpful in 
assessing data, and the associated uncertainties, that will be used in 
complicated numerical codes for hydrologic modeling. 
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TABLE 1 

General Log Responses for Rustler Lithologies 

natural gama sonic travel tine neutron 
litholoqy (std API units) (micro-sec/ft) (API units) 

anhydrite low (<10 API) high (50) high 

salt low (<10 API) medium (70) variable 

dolomite variable (10-50) variable (50-90) variable 

siltstones variable (10-50) low (>70) low 
gypsum low (<10) medium (70-80) low 
polyhalite very high (50-150) med to high (50) med to low 
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TABLE 2 
Statistical Summary of Isopach Data, T.25S., R.32E. 

Isopach Interval Number of Average Sample Standard 
Name Data Points Thickness (ft) Deviation (s) 

Forty-niner 83 63.7 4.12 
Tamerisk 82 102.8 8.55 
A2-A3 of Tamerisk 78 13.0 4.58 
Culebra 83 24.5 2.76 
1. unnamed mbr. 82 151.9 12.3 
Rustler 82 364.6 16.8 
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APEENDIX H 

Geophysical Log Data 



GEEEHYSICSL ICG DEIA 

Vfell NaitB of well location Ref. Top Top Top Top Top Ttp 
Identifier Elev. S u . l . C T M F4J 

T18S, R29E 
W04 Roach Brig, West. Dev. s4,1980fnl,1980fwl ? 278 ? ? ? ? 118 

Miller No. 1 
T19 Yates, Travis Fed.2 sl9,660fsl,1980fel 3568 ? ? ? ? ? ? 

TT8S, R30E 
118 Newrcmt, Loco Hills sl8,1650fnl,924fwl 3510 316 ? ? ? ? 164 

21-B-6 
C25 Yates, Creek"£L"#l s25,990fnl,330fel 3618 736 675 660 582 565 504 
G26 Hanson, Ginsberg Fed. s26,990fsl,330fel 3466 624 587 576 ? ? 500 

No. 11 
M27 Texaco, L.R. Manning "B" s27,990fnl,1651fwl 3554 587 525 508 434 411 358 

NCT-1 Well #20 
R28 Texaco, L.R. Manning Fed. s28,330fsl,1491fel 3510 557 483 468 396 375 314 

"B" #4 
T18S, R31E 

M02 W. S. Montgomery, s2,330fsl,660fwl 3766 1017 942 927 856 841 794 
Magnolia State #1 

Sll HudsonSHudson, Shugart sll,660fsl,660fwl 3733 990 913 902 824 808 757 
B-l 

M16 M. R. Voltz, Magnolia sl6,1980fel,660fsl 3651 840 754 730 628 606 561 
State 2 

F22 Gulf, Fed. LIttlefield #1 s22,660fsl,660fwl 3648 ? ? ? ? ? ? 
F28 Gulf, Fed. Keohane et al s28,660fwl,1980fnl 3624 790 720 706 634 619 563 

"B" No. 1 
K28 Gulf, Fed. Keohane etal s28,1980fnl,1980fwl 3631 775 736 721 650 632 578 

"B" #3 
C31 Canpana, Pure Fed. #1 s31,1980fnl,1980fel 3551 785 708 692 618 596 545 
H31 R. M. Hall, Pure Fed. #1 s31,330fnl,844fwl 3568 735 663 648 576 555 500 
M32 Chantoers & Kennedy, s32,1980fnl,1980fwl 3566 810 734 720 640 622 574 

Monterey State #4 
S32 Sunray, State "Y" #1 s32,2310fel,1650fnl 3580 830 748 732 660 638 590 
P32 L. T. Pate, Monterrey s32,330fwl,330fnl 3571 840 775 760 682 665 606 

State #5 
W33 V. S. Welch, Shugart s33,330fhl,330fwl ? 828 775 759 687 670 613 

No. 5-B 
T18S, R32E 

J04 B. M. Jackson, Fed. #2 s4,1650fhl,990fel 3885 1394 1322 1302 1222 1207 1158 
G16 Gulf, Lea State "HS" #3 sl6,1980fnl,1980fwl 3783 1350 1275 1260 1168 1150 1103 
J20 J. M. Beard, Young Fed. s20,2310fsl,990fwl 3751 1247 1168 1157 1060 1044 1017 

#5 
C28 Texaoo, C. D. Unit No. 53 s28,1980fnl,660fwl 3382 1300 1137 1112 1019 996 940 

T18S, R33E 
a o Carper, Corbin R #1 sl0,1980fnl,660fel 4027 1828 1755 1743 1652 1634 1587 
B12 Miller, B.A.State #2 sl2,660fnl,1980fel 4104 1988 1915 1904 1815 1797 1753 
D13 O'Neill, Dorothy Swigart sl3,1650fsl,2310fwl 3952 1880 1807 1796 1699 1682 1633 

#1 
S28 Sunray, Fed. "E" #1 s28,center NE of SE 3800 1663 1588 1576 1479 1460 1407 
H30 Penzoil, Hudson "29" s30,1980fsl,1980fwl 3779 1546 1462 1447 1351 1330 1278 

Fed. #3 
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CaDEHYSICHL ICG DATA. 
(Continued) 

Well Name of wall 
Identifier 

N01 Texaco, State of NM 
•W #5 

L06 Phillips, Lea No. 17 
B07 Richardson & Bass, 

State of NM#1 
S22 Gont., State V-22 #2 
T22 Gont., State V-22 #1 
M33 Tern Brown, Ifcrathon 

State #1 

location Ref. Top lop Top Ibp Top Top 
Elev. S u . l . C T M F-4J 

P03 Phillips, Santa Fe 
No. 114 

V04 Vac. Edge unit #2 
F05 Phillips Pet . , Santa Fe 

No. I l l 
S05 Phillips Pet . , Santa Fe 

No. 93 
V05 Standard Oil of Tx, 

Vac Edge #19 
W6 Ohio Oil, State 

WarenAcct 2 #9 
A07 Tidewater Oil, State AN 

#1 
C29 Carper, (^rper-Luthy 

No. 1 

C01 Cactus Drilling, Catron 
"B" No. 2 

KL1 J. M. Kelly, State J.J. 
#1 

Pll J. M. Kelly, State PE #1 
CL2 Cactus Drilling, Amerada 

State #1 

A14 Amerada, Sta te W. H. "B" 
#2 

W31 Amerada P e t . , S ta te VM 
"E" #3 

A03 0. D. Alsabrcok, Saunders 
#1 

ML9 Shell, Mddnley A-19 
#1 

N06 Shamrock Drlg., Nix & 
Curtis #1 

T18S, R34E 
sl,560fnl,760fwl 4011 

s6,989fnl,330fwl 4098 
s7,660fsl,660fel ? 

s22,1980fsl,1980fwl 4023 
s22,1980fwl,330fsl 4000 
s33,330fsl,1980fwl 3957 

T18S, R35E 
s3,2310fsl,330fel 3920 

s4,1980fnl,660fwl 3961 

s5,1650fnl,990fel 3962 

s5,1650fnl,2285fel 3968 

s5,990fsl,990fel 3958 

s6,330fsl,913fwl 3991 

s7,330fnl,990fel 3980 

s29,1980fnl,660fwl 3948 

T18S, R36E 

sl,1980fsl,1980fel 3789 

sll,660fsl,660fel 3816 

sll,1980fsl,1980fwl 3822 
sl2,660fnl,1980fwl 3783 

T18S, R37E 

sl4,1650fsl,2310fwl 3698 

s31,1980fnl,660fwl 3750 

T18S, R38E 

s3,1980fsl,1980fel 3660 

sl9,2310fsl,1650fel 3664 

T19S, R29E 
s6,1980fsl,1765fwl 3399 

1677 1615 1602 1540 1525 1483 

1843 1783 1774 1694 1675 1631 
2026 1947 1932 1842 1824 1775 

2075 1999 1985 1892 1872 1820 
2050 1972 1960 1870 1852 1793 
1983 1905 1885 1793 1775 1714 

1968 1900 1885 1807 1794 1745 

1810 1750 1733 
1765 1705 1690 

1744 1683 1668 

1814 1748 1737 

1678 1653 1647 

1720 1657 1640 

2112 2036 2022 

1658 1645 1600 
1619 1604 1562 

1595 1580 1535 

1657 1643 1598 

1582 1566 1512 

1562 1547 1501 

1926 1908 1853 

2038 1948 1945 1883 1870 1825 

2030 1943 1940 1870 1855 1811 

2137 2050 2042 1969 1958 1909 
1997 1908 1904 1840 1828 1783 

1810 ? ? 1700 1685 1643 

2168 2090 2084 2017 2007 1965 

1653 ? ? 1572 1560 1520 

•JV—J • • • • • 
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GECEHYSICAL ICG DATA. 
(Gcotinued) 

Well 
Identifier 

Name of v e i l Location Ref. Top Top Top Top Top Top 
Elev. S u . l . C T M F4J 

S21 

U26 

P05 

U06 
S13 

S14 
121 

E29 

CL2 

A14 

S27 
C28 
133 

P01 
HL1 

S18 

A25 

A32 

F10 
P15 

B18 

S18 

L13 
F29 

W. J . Spears, Stout S ta te s21,2015fnl,1880fel ? 
#1 
W. J . Spears, Union S ta te s26,NW/4 of Ntf/4 ? 

#1 

Yates, Perkins "AD" 3 

Texaco, USA Fed. #1 
Phillips, Simon "A" 
No. 1 
Phillips, Simon "A" #2 
Texas Crude, Tenn. 

Fed. # 1-21 

Epng, Southern Cal. 
Fed. #1 
Carper, U.S. Smelting 
State #1 

T19S, R30E 
s5,1980fnl,330fwl 3402 

T19S, R31E 
s6,330fnl,1650fwl 3529 
sl3,660fsl,1980fel 3577 
sl4,660fsl,660fel 3559 
s21,1980fsl,660fel 3526 

TT9S, R32E 
s29,1980fnl,660fel 3576 

T19S, R34E 
sl2,660fnl,660fwl 3974 

T19S, R35E 
Sl4,660fsl,660fwl 3815 Atlantic Ref., State 

AU#1 
Shell, Allen Estate A #1 s27,1980fnl,660fel 3723 
Cabot Carbon, State G #1 s28,1980fsl,660fwl 3743 
lea State BG #8 s33,1980fnl,660fel 3703 

T19S, R36E 
PanAmer., State "B" #1 sl,1980fnl,330fel ? 

• Humble, N.M. State sll,660fsl,1980fwl 3759 
AO#l 
Tom Brown, Sunray sl8,1980fnl,1980fwl 3744 
Bryan #1 
Amerada Pet., State "T" s25,NE/4 of NW/4 3702 
No. 4 

T19S, R37E 
Anerada, May love Unit #1 s32,1980fsl,1980fel 3580 

T20S, R32E 

218 114 90 ? ? ? 
245 142 120 ? ? ? 

388 310 290 245 223 183 

740 692 673 596 576 524 
978 873 853 764 745 682 
898 796 775 702 685 619 
746 683 666 586 565 497 

1172 1064 1045 927 906 802 

2150 2063 2037 1940 1920 1855 

2080 2000 1979 1884 1867 1805 
2045 1963 1944 
2052 1966 1950 
2080 1995 1970 
1680 1614 1604 
1704 1660 1650 
2038 1955 1942 
1446 1371 1363 

1840 1822 1761 
1838 1818 1753 
1863 1845 1779 
1538 1525 1480 
1533 1517 1474 
1841 1828 1777 
1293 1280 1230 

Shell, Perry Fed. #1 
• Phillips, Plata Deep 
Unit #1 
R. F. Montgomery, 
Bass Slate #1 
R. F. MDntgamery, Bass 
State #2 
Iferathon, lea Unit #3 
E.G. Colton, Fed. #1 

sl0,330fnl,990fwl 3448 
sl5,1980fsl,1980rwl 3510 

T20S, R33E 
Sl8,660fnl,2080fwl 3524 
sl8,1650fnl,1650fwl 3509 

T20S, R34E 
sl3,1980fsl,1980fel 3677 
s29,1980fsl,330fel 3720 

1397 1325 1320 1272 1257 1220 
1170 1068 1052 915 892 828 
1236 1128 1112 972 949 883 

1470 1362 1343 1194 1172 1103 
1450 1335 1314 1165 1140 1076 

2110 2009 1994 1830 1814 1743 
1949 1847 1827 1660 1639 1567 
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(MMHSICKL I£G mm 
(Continued) 

Well 
Identifier 

Name of vei l location Rsf. Top Hap Ifcp lop lap Top 
Elev. S u . l . C T M F-N 

B28 W. H. Black, Phillips 
State No. 1 

S02 Superior Oil, State "A" 
No. 2 

U30 Union Oil of Cal, Sins 
State 1-30 

HOI Hunbie Oil, N. M. State 
"A3" No. 6 

W27 Cant. Oil, Warren Unit 
"BT" No. 26 

P03 Pan Aner., Big Eddy 
Unit #18 

N04 Union Oil, Oowden Fed, 
#1 

P05 Meadoo, Harris-Bell 
#1 

MD5 Mfsadco, Harris-Bell 
#2 

MD6 Maadoo, Harris 6 #1 
P18 Pan .finer, Big Eddy 

Unit #16 
B22 P. R. Bass, Big Eddy 

Unit #40 
E34 Bass, Big Eddy No. 38 

D21 WIPP 27 
P26 Phillips, James "D" 1 
P35 Phillips, Janes "C" 1 

D18 WIPP 28 
D33 WIPP 30 
035 ERDA 6 

F01 Kinfcall, Fed. #1 
E01 Phillips, EIZ Fed. #1 
P02 Anoni, Pubco Fed. #1 
H02 Phillips, Hat Mesa 

"A" #1 
N04 Maui, N.M. Fed. #1 
G10 Superior, Governnent 

"H" Gem. #1 
Fll Gackle, Fed. 1 
mi Phillips, Hat Mssa 

2 #2 

T20S, R35E 
s28,660fnl,660fel 3701 

T20S, R36E 
s2,660fhl,1980fel 3603 

s30,660fnl,660fwl 3662 

T20S, R37E 
sl,990fnl,1650fwl 3604 

T20S. R38E 
s27,660fsl,660fwl 3542 

T21S, R29E 
s3,1980fnl,1980fwl 3412 

s4,4620fsl,1980fwl 3471 

s5,1980fnl,600fel 3472 

s5,980fnl,1880fwl 3468 

s6,3147fnl,660fel 3487 

sl8,1980fsl,1980fel 3309 

s22,1980fnl,1980fel 3458 

s34,660fhl,1980fwl 3444 
T21S, R30E 

s21,90fnl,1485fwl 3177 
s26,660fsl,1980fwl 3250 
s35,1980fsl,660fwl 3218 

T21S, R31E 
sl8,99fnl,2401fel 3347 
s33,667fnl,177fwl 3427 
s35,2152fsl,910fel 3540 

T21S, R32E 
sl,660fsl,1980fwl 3792 
sl,3255fhl,1972fel 3748 
s2,3300fhl,660fwl 3740 
s2,660fsl,1980fel 3793 
s4,1683fhl,1650fwl 3668 
sl0,1980fhl,1980fel 3800 
sll,SE/4 of SE/4 3862 
sll,660fsl,1980fwl 3861 

2315 2220 2208 2067 2048 1973 

1218 1143 1135 1062 1050 1005 

2330 2227 2210 2073 2058 1985 

1671 ? ? 1516 1505 1465 

1635 1559 1551 1480 1470 1427 

495 ? 

500 ? 

550 410 

740 608 

1145 1032 
450 291 

655 490 

505 ? 

421 318 
502 ? 
485 356 

•3 9 
• • 

748 653 
811 739 
1945 1840 
1890 1785 
1950 1860 
1988 1862 

1765 1570 
1885 1760 

2005 1858 
1947 1858 

• • 

• • 

1012 915 

292 193 
» • 
• • 

? ? 
631 537 
713 623 

1820 1645 
1772 1598 
1838 ? 
1840 1665 

1545 ? 
1734 1550 

1837 1664 
1833 1617 

? 187 

? 200 

? 255 

? 445 

895 830 
? 146 

? 345 

? 200 

175 152 
? 160 
? 130 

? ? 
513 449 
598 538 

1622 1550 
1575 1505 
? 1530 

1645 1568 

? 1345 
1525 1450 

1642 1565 
1593 1515 
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GEEEHXSICAL IiDG DKIA 
(Continued) 

Well 
Identifier 

Name of vrall location Ref. Top Top Top Top Top Top 
Elev. S u . l . C T M F-N 

ML1 Phillips, Hat Ifesa #1 
S21 Skelly, Salt Lake South 

Unit #1 
G26 Gulf, San Simon #1 
H31 Gulf, H. T. Mattern #10 
U31 Union Carbide, AEC-7 

S02 C. Read, Sinclair State 
#1 

W01 Arterada, State WE "F" #3 
N04 British Amer, N.M. State 

"F" #1 
CL6 Cosden, Cosden State D #1 
R32 Resler & Sheldon, 

Phillips State "C" No. 2 
C17 Atlantic Ref., Coleman #1 
A21 Gulf, Arnott Ramsey "C" 

No. 5 
H26 Humble Oil, N. M. State 

"G" #14 
A27 Gulf, Arnott Ramsey "C" 

No. 5 
R27 Gulf, W.A. Ramsey #39 
G27 Gulf, W. A. Ramsy NCT A 

#42 
L31 Late Cdl, Rector A #1 
A33 Gulf, Arnett Ramsey NCT-

D#2 
R34 Gulf, W.A. Ramsey #38 
C28 Gulf, J. N. Carson C#9 
M31 Gulf, N. T. Mattern 

(NCT) No. B-12 
E06 Hudson, Eddy Fed. #1 
D33 WIPP 32 
D34 WIPP 29 
T01 Tropora, Cabana #1 
M)2 Phillips, James "A" #1 
Dll Phillips, James "E" #1 
D13 WIPP 33 
D15 WIPP 25 
P24 P - 14 
024 P - 12 
B27 Richardson & Bass, Fed. 

Lecg#l 

sll,1980fnl,1980fel 3834 1972 1857 1840 1654 1630 1555 
s21,660fnl,660fwl 3679 1455 1303 1282 1130 1110 1056 
s26,1980fnl,660fel 3798 
s31,660fnl,1980fwl 3504 
s31,2040fnl,2040fel 3662 

T21S, R33E 
s2,2310fsl,2310fwl 3802 

T21S, R35E 
sl,660fnl,660fel 
s4,1902fnl,660fwl 
sl6,660fsl,660fel 
s32,1650fnl,660fel 

3565 
3638 
3603 

1781 1635 1610 1382 1360 1293 
? ? ? ? ? ? 

982 896 872 758 732 670 
2180 2055 2032 1858 1838 1760 

1758 1668 1655 1526 1504 1455 
2095 1997 1983 1843 1825 1757 
2200 2092 2074 1917 1900 1825 
? 2105 2094 1896 1880 1804 

T21S, R36E 
sl7,1650fwl,990fnl ? ? ? ? ? ? ? 
s21,SE/4 of SW/4 3593 1670 1590 1582 1475 1464 1425 
s26,1980fnl,1980fwl 3550 1660 1579 1572 ? ? 1420 
s27,SE/4 of SW/4 3593 1670 1589 1583 1478 1466 1426 
s27,1980fsl,510fel 3545 1720 1640 1630 1527 1517 1486 
s27,650fnl,1980fel 3568 1720 1640 1634 1527 1517 1476 
331,1980611,1980fel 3635 1900 1807 1799 1661 1642 1580 
s33,1980fsl,1980fel 3581 1817 1740 1735 1612 1600 1560 
s34,1980fnl,660fwl 

T21S, R37E 
s28,2085fsl,765fel 
s31,1980fnl,660fwl 

T22S, R29E 
s6,660fsl,660fel 
s33,1673fsl,29fel 
s34,404fsl,1824fel 

T22S, R30E 
sl,990fsl,1980fwl 
s2,665fsl,2006fel 
sll,1980fnl,1980fel 
sl3,1762fsl,2426fwl 
sl5,1852fsl,2838fel 
s24,312fsl,613fwl 
s24,167fnl,195fel 
s27,660fnl,2003fel 

3580 1817 1732 1722 1614 1597 1555 
1377 1305 
1368 1283 

1295 1219 
1275 1200 

1210 1167 
1190 1150 

3304 
3023 
2977 
3357 
3193 
3221 
3323 
3212 
3358 
3376 
3309 

495 ? ? 
166 90 61 
130 43 -
625 515 495 
520 ? ? 
600 ? ? 
677 578 550 
565 472 447 
686 595 576 
747 656 636 
535 ? ? 

36 19 surf 

400 380 315 
? ? 170 
? ? 275 

468 449 401 
328 302 232 
477 452 387 
544 519 462 
? ? 215 

AII-5 



QaEEHffSICAL ICG DAIA 
(Continued) 

Well Name of well location Ref. Top lop Top Top Top Top 
Identifier Elev. S u.l. C T M F-^r 

D29 WIPP 26 s29,2232fnl,12fel 3152 306 208 187 99 79 12 
C06 B. KEKiiight 

NO. 1 
KE 2 

T22S, R31E 
*if\r\ crti M * % /nrt AC A 395 C06 B. KEKiiight 

NO. 1 
KE 2 

etal, Caipero s6,1980fnl,660fwl ^ 708 591 572 479 454 395 
Z08 

B. KEKiiight 
NO. 1 
KE 2 s8,698fsl,122fel 3418 962 849 828 724 700 641 

D09 WIPP 11 s9,712fnl,294fwl 3439 964 881 857 764 740 676 
109 WIPP 14 s9,97fsl,2104fel 3249 952 836 817 729 707 639 
W09 WIPP 34 s9,202fsl,1000fwl 3433 973 860 834 740 716 657 
All ABC 8 sll,935fnl,1979fwl 3541 990 873 848 750 727 668 
P14 P - 20 sl4,794fsl,103fel 3553 1100 979 957 866 839 780 
B15 C. W. Williams, Badger sl5,1980fsl,1980fwl 3496 • 7 • 7 • 7 

Unit - Fed. No. 1 
HL5 H - 5c sl5,1006fnl,134fel 3508 1041 922 900 809 784 732 
P15 P- 21 sl5,852fnl,150fel 3510 1040 924 904 812 786 734 
D17 WIPP 13 sl7,2564fsl,1727fwl 3405 845 725 704 583 564 517 
P17 P - 5 sl7,202fsl,164fel 3472 946 827 808 710 685 623 
W17 WIPP 12 sl7,175fsl,84fel 3484 966 848 825 727 703 641 
HL8 H-6c sl8,209fnl,375fwl 3349 - 632 612 515 492 427 
P18 P - 13 sl8,125fnl,116fwl 3345 720 628 608 513 490 426 
D20 WIPP 21 s20,1451fsl,10fel 3417 867 752 732 641 617 559 
120 WIPP 19 s20,2986fsl,50fel 3433 894 777 756 672 647 590 
S20 WIPP 18 s20,4306fsl,50fel 3457 928 810 791 698 674 614 
W20 WIPP 22 s20,2547fsl,50fel 3426 885 763 742 654 630 574 
Q20 ERDA 9 s20,267fsl,177fel 3420 860 739 716 632 608 550 
P20 P- 3 s20,3122fel,103fsl 3382 783 665 645 553 528 468 
Q23 P - 19 s23,2330fwl,1652fsl 3546 1116 995 972 839 816 759 
P23 P - 11 s23,175fnl,177fwl 3506 1058 938 916 823 799 746 
W23 Texas Crude, Wright s23,330fsl,330fel 3596 1190 1038 1018 856 830 755 

Fed. #1-23 
026 P - 18 s26,797fel,134fsl 3479 1084 936 912 728 703 626 
P26 P - 10 s26,2315fnl,339fwl 3508 1084 957 935 781 758 686 
P28 P - 4 s28,1487fel,146fsl 3441 928 802 782 685 662 610 
028 P - 2 s28,172fel,125??? 3478 1008 884 864 774 748 690 
DOE 1 DCE 1 s28,182fsl,610fel 3473 977 851 829 745 722 668 
H29 H-14 s29,372fsl,562fwl 3345 - - - 446 422 357 
129 H-l s29,623fnl,1083fel 3398 7 7 • 7 7 0 

• P29 P- 1 s29,551fwl,327fsl 3345 676 567 546 448 424 359 
R29 H-2c s29,770fnl,3584fel 3377 - 647 627 542 516 457 
•229 H-3 s29,3200fnl,140fel 3395 826 700 680 590 565 509 
P30 P- 6 s30,199fwl,2767fsl 3354 656 560 540 442 418 358 
P31 P - 15 s31,184fwl,398fsl 3310 542 436 420 322 296 232 
H33 H-ll &3*3f • f • 3409 - 754 731 638 613 557 
P33 P - 9 s33,143fel,1493fsl 

T22S, R32E 
3409 880 758 738 644 617 562 

113 Ray Snith, B&H Fed. 1 sl3,660fsl,660fel 3644 1275 1125 1100 942 920 860 
CL4 Carper Drilling, #2 Red sl4,660fsl,1980fwl 3731 1290 1165 1140 1025 1005 950 

lank Unit 
CL7 Cleary Pet, : Fed. 1-17 sl7,1980fsl,1980fel 3701 1200 1103 1072 960 940 885 
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GECEHYSICAL ICG DATA 
(Continued) 

Well Name of veil Location Ref. Top Top Top Top Top Top 
Identifier Elev. S u.l. C T M F-N 

T18 J.H. Trigg, Fed. sl8,660fsl,660fel 3696 1230 1110 1090 980 955 900 
Jennings 1-18 

B19 R. Iowe, Bass Fed. #1 sl9,660fsl,660fel 3620 1245 1090 1070 860 835 760 
M20 R.J. Zoime, #1 Federal s20,1980fnl,1980fel 3640 1240 1110 1080 920 895 835 
T22 J. Trigg, Fed. Red Tank s22,1980fnl,660fwl 3687 1265 1125 1100 960 935 870 

Unit # 1-22 
A25 Gulf, Covington "A" Fed. s25,660fnl,1980fwl 3789 1462 1315 1285 1140 1115 1048 

#1 
T36 Richardson&Bass,State s36,660fnl,660fel 3756 1608 1460 1430 1230 1210 1145 

"AQ" #1 
T22S, R34E 

HOI HwbLe, N.M. State BS #1 sl,1980fsl,660fel 3640 2160 2030 2000 1805 1785 1715 
N08 Sunry, N.M. State "AE" s8,660fsl,1980fel ? 2092 1942 1918 1700 1682 1600 

No. 1 
H10 Allison Fed. No. 1 sl0,1980fnl,660fel 3573 2185 2032 2005 1795 1778 1690 

T22S, R35E 
J01 British Araer, Jalnat sl,660fsl,660fwl 3611 2225 2112 2102 1915 1900 1822 

Deep#l 
D03 Western Drilling, Donegan s3,660fnl&660fwl 3613 2285 2160 2148 1952 1936 1856 

State No. 1 
A04 Ashnun & Hilliard, s4,660fsl,660fel 3611 2300 2175 2142 1955 1935 1860 

Skelly State No. 1 "U" 
S05 Skelly Oil, State "U" #1 s5,660fnl,660fel 3623 ? ? ? ? ? ? 
H09 Hudson, Ruble State #1 s9,1980fsl,1980fwl 3581 2275 2142 2110 1905 1885 1810 
Bll British Amer., Ball State sll,990fwl,660fsl 3610 ? 2193 2180 1979 1960 1877 

"F" #9 
C20 Carper, Carper Aztec s20,1980fnl,660fel 3533 2470 2322 2290 2020 2005 1920 

No. 1 
H22 C. Hankaraer, Humble s22,1980fel,1980fsl 3571 2292 2165 2130 1910 1890 1815 

State #1 
A23 Atlantic Ref., State "A" s23,330fel,1980fsl ? 2210 2108 2098 1855 1840 1755 

No. 1 
G35 J.M. Kelly, Gulf State s35,660fsl,660fwl ? 2275 2142 2125 1877 1860 1770 

1-A 
T22S, R36E 

L03 Gulf, H. Leonard No. 9 s3,660fnl,660fVl ? 1825 1735 1724 1611 1603 1560 
G03 Gulf, H. Leonard No. 10 s3,1980fnl,1980fwl 3571 1822 1734 1722 1612 1603 1560 
J04 Gulf, J.F. Janda NCT F#15 s4,1980fsl,660fel 3587 1825 1739 1728 1620 1610 1567 
S09 Sinclair, State 157 A #3 s9,660fsl,660fel 3540 1687 1600 1590 1480 1472 1424 
G09 Sinclair, State 157 A #4 sg^SOfsl^eOfel 3552 1725 1641 1632 1517 1508 1465 
W10 Western Natural Gas, sl0,560fsl,660fwl 3560 1735 1645 1637 1528 1517 1475 

Record #2 
A17 Cent., Arrowhead Deep sl7,1980fnl,1980fwl 3582 1685 1588 1572 1430 1420 1360 

Unit #1 
C19 Cities Svc., Closson "B" sl9,660fnl,330fwl 3589 2008 1890 1875 1700 1678 1602 

#14 
C23 Shell, ChristitBS #A-2 s23,660fsl,660fwl 3507 1805 1715 1700 1588 1578 1535 
A33 Atlantic Ref., J. L. s33,1980fnl,1830fwl 3498 1683 1575 1562 1427 1415 1360 

SelbyNo. 2 
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GEEEHYSICHL K E DATA. 
(Continued) 

Wall 
Identifier 

Name of well location Ref. Tap Top Tap Tap Tap Tap 
Elev. S 11.I. C T M F-4J 

M36 

W15 

R16 

A36 

W30 

MD2 

a.i 
P17 

N12 
ML3 
P13 
U13 

HL4 
F16 

1318 
N21 

S21? 

S24 
Q34 
U34 

004 
P04 
H05 
P05 
005 
TL4 

HL5 
P21 
T23 

T25 

Ohio Oil, State McDonald 
A/C 1-B #11 

Amerada P e t . , E. W. 
Walden No. 4 

E. P. Campbell, R. E. 
C o l e # l 

Aztec Oi l , S ta te ED 36 #1 

Western Oil F ie lds , Gulf 
Drinkard#2 

N. H. Wil ls , Martin & 
Pardue #1 

N. H. Wil ls , C. P . Pardue 
#1 

Ci t ies Serv., Polk "A" #1 

Mesa P e t . , Nash Unit #3 
Masa P e t . , Nash Unit #4 
Masa P e t . , Nash Unit #5 
Mssa P e t . , Nash Unit #1 

H - 7C 
Skelly Oil, Forty Niner 
Ridge Unit #1 
Masa Pet., Nash Unit #6 
Skelly Oil, Forty Niner 
Ridge Unit 2 
Skelly Oil, Forty Niner 
Ridge Unit 2 
Phillips, Sandy Unit #1 
ERDA 10 
Atcniic Energy Cams, 

U.S.G.S. Test Hale #1 

s36,2310fnl,330fwl 3469 1684 1594 1584 1474 1466 1422 

T22S, R37E 

sl5,NW/4 of SW/4 3410 1385 1305 1295 1180 1170 1125 

sl6,2310fsl,1650fel 3405 1360 ? ? 1182 1173 1130 

s36,1980fsl,1980fel 3316 1408 ? ? ? ? 1190 
T22S, R38E 

s30,990fsl,330fwl 3337 1350 1268 1259 1170 1160 1123 
T23S, R28E 

s2,1560fsl,330fwl ? ? ? ? ? ? ? 

sll,2316fsl,2390fwl ? ? ? ? ? ? ? 

sl7,660fnl,2310fel 3045 ? 
T23S. R29E 

sl2,1980fsl,1980fwl 2996 ? 
sl3,990fnl,330fel 3014 195 
sl3,2310fsl ,330fel 3027 212 
sl3,1980fnl,660fel 3024 212 

T23S R30E 
sl4,2595fnl,2471fwl 3163 283 274 237 140 117 87 
sl6,1980fsl,1980fel 3197 425 ? ? ? ? 

7 
7 
• 
•> 

•7 
"7 

7 
9 

7 

7 

•3 •7 
9 

? •7 

•7 

P -
P -

17 
8 

H - 4C 
P -
P -

7 
16 

Texas Aner., Todd Fed. 
"14" No. 1 

H-12 
Patoil, Mose-Fed. #1 
Texas Amer, Todd "23" 
Fed. No. 1 
Skelly, Todd 25 Fed. #1-

T23S, R31E 
s4,1351fsl,395fwl 
s4,642fnl,96fwl 
s5,447fnl,719fwl 
s5,513fnl,396fwl 
s5,951fwl,1629fwl 

sl8,1980fnl,330fwl 3028 217 
s21,1980fsl,1980fel 3215 ? 

s21,1980fnl,1980fel 3215 ? 

s24,1980fnl,660fwl 3290 470 325 305 235 210 150 
s34,200fnl,2327fel 3371 ? ? ? ? ? ? 
s34,center of sec ? 710 ? ? ? ? 310 

3339 713 582 562 463 438 382 
3336 715 587 565 477 450 391 
3335 626 515 493 403 377 315 
3332 627 521 500 398 373 312 
3323 642 523 503 402 376 316 

sl4,1980fsl,1980fwl 3511 1100 990 968 876 850 794 

sl5,NEl/4,NEL/4,NEL/4 3425 976 849 825 703 678 621 
s21,660fsl,660fel 3374 797 663 645 542 520 460 
s23,660fsl,1650fel 3461 1090 978 945 850 830 775 

•Z s25,1980fnl,1970fwl 3506 1190 1072 1050 940 922 865 
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GEOPHYSICAL KG DSTA 
(Continued) 

Well Name of vei l Location Kef. Top Top Top Top Top Top 
Identifier Elev. S u . l . C T M F4T 

A26 Texas Amer, Todd Fed 26 s26 /1980fnl,1650fel 3454 1063 950 927 830 810 750 

#2 
T26 Texas Amer, Todd Fed s26,1980fnl,1980fel 3464 1070 955 922 835 814 758 

"26" No. 1 
B26 Texas Amer, Todd Fed. #4 s26,660fnl,1980fel 3458 1060 945 920 825 806 750 
P27 Patoil, Wright-Fed. #1 s27,1980fsl,660fwl 3402 837 705 680 585 560 497 
M29 El Paso Nat. Gas, Mobil s29,1980fsl,1980fel 3374 ? ? ? ? ? ? 

Fed. #1 
132 J.A. Leonard, Coot. State s32,660fnl,660fwl 3358 695 587 570 450 430 360 

No. 1 
H36 C. P. Miller, P. Harrison s36,sw/4 of sw/4 ? 1095 975 950 860 835 780 

State #1 
T23S, R32E 

KD3 O.B. Kiel, Fed. #1 s3,1980fnl,660fel 3727 1584 1445 1420 1235 1213 1155 
M09 McBee, Cont. Fed. #1-9 s9,1980fel,660fsl 3699 1545 1405 1383 1215 1195 1140 
Hll Hill & Meeker, Matthews sll,1980fnl,1980fel 3723 1680 1529 1505 1294 1275 1195 

"11" #1 
T15 J.H. Trigg, Fed. Cont. sl5,1980fnl,1980fel 3722 1640 1500 1473 1263 1243 1178 

1-15 
F18 Skelly, Fed. Sand 18-1 sl8,1980fnl,660fel 3622 ? 1245 1215 1110 1085 1025 
H20 H-lOc s20,381fsl,1978fel 3699 - 1402 1376 1294 1270 1217 
K20 Kirklin, Fed. Estill AF-1 s20,660fsl,1980fel 3696 1512 1392 1368 1285 1262 1210 
G21 C. Hankamer, Gulf-Fed. s21,660fnl,1980fwl 3701 1517 1401 1377 1240 1215 1163 

"A-A" #1 
H24 HL Johnson, Conoco-Fields s24,1650fsl,330fel 3720 1710 1557 1526 1315 1294 1225 

Fed. #1 
C24 Gout., Fields Fed. No. 1 s24,660fsl,660fel 3725 1727 1570 1532 1325 1308 1235 
C25 Gont., Fields No. 2 s25,990fsl,330fwi 3700 1683 1532 1510 1300 1280 1208 
025 H.L. Johnson, Wehrli-Fed. s25,990fnl,2310fwl 3720 1695 1544 1520 1302 1282 1212 

#1 
W26 J. Trigg, Fed. "WL" #3-26 s26,330fsl,330fel 3698 1678 1525 1500 1315 1295 1225 
P26 P.M. Drilling, Fed. Field s26,660fsl,1980fwl 3658 1630 1493 1472 1312 1292 1222 

#1 
F26 P.M. Dri11ing/ Fed. James s26,1980fsl,330fel 3705 1680 1532 1512 1306 1288 1215 

No. 4 
126 J.H. Trigg, No. 4-26 s26,330fsl,1650fel 3713 1667 1520 1496 1312 1296 1225 

Fed. WL 
W28 M. Wilson, Gont. Fed. s28,660fnl,1980fwl 3687 1535 1415 1385 1258 1236 1180 

No.l 
H31 C. Hankaroer, Hankamer s31,660fsl,660fwl 3551 1206 1078 1050 945 923 862 

No. 1 Gont. Fed. 
C33 C. Hankamer, Holder Fed. s33,1980fnl,660fel 3666 1520 1386 1355 1285 1260 1200 

#1 
P34 Pure Oil, Fed. "K" No. 1 s34,1980fsl,330fel 3629 1508 1387 1365 1250 1230 1170 
A35 J.H. Trigg, Fed. WL 1-35 s35,1650fnl,2310fel 3694 1657 1506 1483 1298 1282 1206 
T35 P.M. Drilling, Fed. s35,660fnl,660fel 3675 1675 1527 1507 1308 1290 ? 

James No. 1 
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GBCPHYSICHL IOG DBTA 
(Oxitinued) 

Vlell Nane of well location Ref. Top Top Top Top Top Top 
IdenLi.fi ear Elev. S u.l. C T M F-N 

R35 P.M. Drilling, Fed. s35,660611,1980fel 3669 1655 1512 1490 1300 1282 1210 
Janes No. 2 

D35 P.M. Drilling, Fed. Payne s35,1980fsl,330fwl 3630 1505 1387 1355 1252 1233 1183 
No. 3 

M35 P.M. Drilling, Payne s35,990fnl,2310fwl 3700 1635 1495 1475 1302 1281 1215 
No. 2 

J35 J. Trigg, Fed. "WL" s35,1650fnl,990fel 3691 1653 1498 1475 1293 1275 1205 
No. 2-35 

F35 P.M. Drilling, Payne Fed. s35,1980fnl,660fwl 3663 1567 1448 1425 1282 1263 1200 
No. 4 

P35 P.M. Drilling, Fed. s35,2310fnl,2310fwl 3689 1623 1475 1453 1280 1262 1193 
Payne No. 1 

Q35 P.M. Drilling, Fed. Jarres s35,1980fsl,1980fel 3670 1623 1472 1453 1278 1260 1187 
No. 3 

B36 Pure Oil, Briiminstool s36,1980fsl,1980fel 3689 1680 1517 1493 1296 1280 1210 
Deep Unit #1 

P36 Penroc, Triste State #1 s36,330fnl,330fwl 3694 1670 1526 1496 1295 1276 1207 
G36 D. Fasken, Gulf State #1 s36,1980fnl,660fwl 3664 1673 1517 1495 1297 1278 1206 

T23S, R33E 
C04 CabeenExp., Cont. Fed s4,660fsl,660fel 3636 1657 1507 1485 1260 1240 1160 

#1-P 
106 Hudon, Shell Fed, #1-6 s6,330fsl,330fel 3704 1772 1622 1600 1355 1340 1260 
H07 Hudson, Fed. 7 well #1 s7,660fsl,660fwl 3722 1757 1612 1588 1367 1350 1270 
T17 P.M. Oil, Texaco State sl7,660fsl,660fwl 3715 1773 1615 1590 1367 1350 1268 

No. 1 
S18 Helhing & Podeschan, #1 sl8,660fsl,660fwl 3722 1710 1568 1545 1328 1310 1230 

"A" Shell State 
T18 Tenneco, Skelly State sl8,660fnl,1980fel 3726 ? 1635 1610 1387 1370 1290 

#1 
B19 Cent, I.J. Marshall 19-1 sl9,660fsl,660fwl 3720 1735 1573 1550 1330 1310 1233 
Q 9 Cont., Marshall #19-2 sl9,1980fsl,1910fwl 3703 1720 1568 1541 1320 1303 1225 
M19 Cant., Marshall #3 sl9,660fsl,1980fwl 3711 1732 1571 1550 1327 1310 1230 
A19 Cont., Marshall #4 sl9,1980fsl,625fwl 3713 1710 1553 1530 1313 1296 1222 
A20 Arcr., Quaser, s20,1980fhl,1980fel 3713 1790 1634 1610 1385 1364 1285 

Brinninstcol #1 
C20 Cent., Ievick Fed. #1 s20,660fsl,660fel 3701 1785 1620 1597 1376 1358 1280 
K31 Kirklin, lea State #1 s31,660fnl,660fel ? 1760 1600 1577 1349 1333 1252 
H32 El Cinoo, Hunble State s32,660fnl,1980fel 3683 1770 1606 1582 1360 1343 1268 

1-32 
B35 G. L. Buckles, State s35,660fsl,660fwl 3659 1815 1672 1650 1415 1395 1310 

1-35 
T23S, R34E 

B18 Cant., Bell lake #9 sl8,1980fsl,1980fwl 3533 1469 1330 1310 1084 1066 988 
119 Cant., Bell lake Unit #10 sl9,1980fnl,1980fwl 3555 1605 1455 1425 1200 1182 1095 
N22 Shell, N. Antelope Ridge s22,1980fnl,1980fel 3425 1275 ? ? 1006 984 912 

Unit #1 
S34 Shell, Antelope Ridge s34,1980fsl,1650fwl 3490 1400 ? ? ? ? 944 

Unit 34-1 
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GEOPHYSICAL ICG DKIA 
(Continued) 

Well Name of \rell Location Ref. Top Top Top Top Top Top 
Identifier Elev. S u.l. C T M F-N 

T23S, R35E 
MM. Scihenrerhorn, Malco Fed. sl,2310fsl,330fwl 3494 2020 1900 1885 1740 1725 1655 

No. 1 
E01 Kenwood, Ehrman Fed. #1 sl,660fnl,660fel 3515 2030 1903 1888 1723 1708 1625 

T23S, R36E 
G03 A. Cackle, Siiiclair State s3,660fnl,66Qfel ?' 1663 1577 1570 1446 1437 1393 

#7 
F17 Cant., Farney A-17 No. 3 sl7,1650fnl,990fwl 3468 1950 1837 1824 1635 1625 ? 
S20 Sinclair Oil, Fed. 714 #4 s20,1980fsl,1980fwl 3459 ? ? ? 1683 1672 1593 

T23S, R37E 
HD4 SatiBdan Oil, Hughes A-1 s4,1980fsl,660fwl 3324 1337 1252 1244 1188 1176 1143 

#6 
K06 R. Lowe, King "B" #5 s6,330fnl,330fel 3383 1493 ? ? ? ? 1262 
H09 Skelly Oil, Harrison B-10 s9,1980fsl,1980fwl 3317 1287 1200 1192 1137 1130 1090 
T16 The Texas Co., #3 State sl6,1980fsl,1980fel 3317 1228 1165 1154 1097 1086 1047 

Of N.M. "BZ" NCT-8 
Q24 E.M. Craig, Ohio State #1 s24,660fel,660fsl 3282 1620 1531 1522 1418 1410 1365 
B31 Texaco, E.E. Blinberry s31,1980fsl,660fel 3320 1435 1340 1329 1219 1214 1168 

ANCT 1-2 
T24S, R29E 

C05 Chase Pet. , Valley #1 S5,1650fsl,660fwl 2968 ? ? ? ? ? ? 
E06 El Capitan Oil, Fed. ReM s6,330fsl,2510fel 2984 ? ? ? ? ? ? 

No. 1 
F07 Southern Cal. Pet . , Fed. s7,2310fsl,2310fel ? ? ? ? ? ? ? 

ReM#l 
V07 Tenn. Prod., Valley Land s7/990fsl,330fwl ? ? ? ? ? ? ? 

Ccnp. #2 
R07 Southern Cal. Pet . , Fed. s7,2310fnl,2310fel ? . ? ? ? ? ? ? 

Reid#2 
107 Tenn. Prod., Valley Land s7,1650fsl,1650fwl ? ? ? ? ? ? ? 

#3 
C09 Skelly, Cedar Canyon #1 s9,770fsl,770fel 2969 ? ? ? ? ? ? 
S09 Skelly, Cedar Canyon 9D#1 s9,660fsl,1980fel 2941 ? ? ? ? ? ? 
C10 Skelly, Cedar Canyon sl0,1980fwl,2180fnl 2997 ? ? ? ? ? ? 

#10-1 
P27 Pennzoil, M±>il-Fed. "27" s27,660fsl,660fwl 2924 696 ? ? ? ? 450 

#1 
T24S, R30E 

P18 P. R. Bass, Poker Lake sl8,460fnl,660fel 3179 ? ? ? ? ? ? 
#45 

H23 H-8 s23,2059fnl,1420fel 3433 - 614 589 492 467 400 
B25 Hill & Ifeeker, Bass Fed. s25,660fsl,660fwl 3429 840 675 650 572 552 473 

#1 - 25 
C29 Ford Chapman, Fed. - s29,660fsl,660fel 3266 ? ? ? ? ? ? 

Nettles No. 1 
T24S, R31E 

TO2 Skelly, Todd "2" State #1 s2,1980fnl,1980fwl 3502 1250 1095 1065 935 912 853 
J03 M. Wilson, Jennings Fed. s3,660fsl,660fel 3500 1010 880 852 762 750 676 

No. 1 
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Wall Name of v e i l locat ion Kef. Top Top Top Top Top Top 
Iden t i f i e r Elev. S u . l . C T M F-N 

F03 J .L . tfcClel Ian,Jennings s3,660fnl,660fwl 3432 835 725 696 600 578 ? 
Fed. No. 1 

B04 Sundance, Betty Fed. #1 s4,1659fnl,2310fwl 3414 812 675 648 545 522 453 
H04 H-9c s4,2482fnl,193fwl 3406 - 687 665 565 535 465 
S04 Texaco, M.M. Stewart s4,660fnl,660fel 3436 832 715 688 573 553 485 

Fed. #1 
E04 El Paso Nat. Gas, s4,1980fnl,1980fwl 3430 805 680 658 548 528 455 

Sundance Fed. #1 
D06 Mer. Quasar, Dunes Unit s6,1980fwl,1980fnl 3438 826 720 700 573 550 478 

Fed. #1 
Y07 ambassador, Fed. "Y" #1 s7,660fsl,660fel 3535 960 810 790 692 670 600 
Gil Gulf, Fed. I i t t l e f i e l d sl l ,660fnl ,1980fel 3528 1130 1010 986 850 826 768 

"CT" #1 
W17 W.J. Weaver, Gont. Fed. sl7,660fnl,660fel 3553 1025 873 850 755 730 665 

#1 
R18 C. B. Read, Ritchie Fed. sl8,660fsl ,660fel 3514 915 795 780 667 645 576 

#1 
P20 Pauley, Jennings Fed. #1 s20,660fnl,660fel 3530 965 820 800 690 670 605 
F20 D. Fasken, Poker Lake #40 s20,660fsl,1980fwl 3490 895 750 729 619 597 530 
H21 Hi l l & Maeker, s21,660fnl,660fel- 3535 923 813 792 ? ? 693 

Carper Fed. #1-21 
124 Texas Co., T. Heflin-Fed. s24,660fsl,1980fel 3551 1017 895 872 775 755 695 

#1 
M28 Pan Axer., Poker Lake s28,660fsl,660fel 3502 ? ? ? ? ? 595 

Unit #36 
M35 Texaco, C. D. Unit No. 67 s35,1980fsl,660fwl 3508 1010 855 828 722 702 628 

T24S, R32E 
U01 Union Oil of Cal, Union sl ,660fsl ,1980fel 3620 1562 1433 1410 1269 1252 1183 

Fed. " 1 " #1 
C01 Cabeen Exp., Cent. Fed. sl,1980fsl,660fwl 3623 ? ? ? ? ? ? 

#1-L 
MD2 Calco, Marathon St #1 s2,1990fnl,1990fwl 3632 1500 1371 1348 1255 1239 1185 
002 P.M. Dr i l l ing , Ohio Sta te s2,1980fnl,660fel 3631 1533 1408 1388 1255 1238 1172 

No.l 
H06 C. Hankaraer, Bondurant s6,1980fel,660fnl 3584 1246 1116 1090 965 947 888 

Fed. No. 1 
G10 Gulf, Fed. Hanagan D #1 sl0,1980fsl,1980fel 3628 1394 1270 1248 1161 1138 1088 
CL1 Cent., Wiitberly #2 sl l ,660fnl ,660fel 3615 ? ? ? ? ? ? 
Hll Gulf, Fed. Hanagan D #3 s l l ,1980fsl ,660fel 3637 ? ? ? ? ? ? 
F l l Gulf, Fed. Hanagan D #2 sl l ,1980fsl ,1980fel 3637 ? ? ? ? ? ? 
Wll Cent. , Winberly #1 sll ,1980fnl,1980fel 3640 1502 1378 1352 1227 1210 1157 
Nil C. Hankaraer, Hanagan s l l ,660fs l ,1980fel ? ? ? ? ? ? ? 

Fed. No. 2 
Gil C. Hankaraer, Gulf Hanagan s l l ,660fs l ,660fe l 3637 1504 1372 1352 1264 1247 1192 

#1 
CL2 Cant. , Wiitberly "12" #2 sl2,1980fnl,660fel 3600 1203 1253 1269 ? ? ? 
HL2 C. Hankaraer, Hanagan Fed. sl2,1980fnl,660fwl ? 1495 1370 1347 1220 1201 1130 

No. 3 
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Well 
Identifier 

Name of veil Location Ref. Top Top Top Tcp Top Top 
Elev. S u.l. C T M F-̂ T 

W12 
A13 
W13 
U14 

014 
T14 

P14 
KL5 
P15 
G15 
015 
T22 

G22 

S22 

U22 

N22 

B22 
R22 
E23 

B23 
D33 

C34 

B01 
G06 
H06 
T07 
007 
R07 
107 
F07 

S08 
B13 
T17 
H17 
C20 

J22 

Gont., Winterly 12#1 
Gont., Winterly "A" #1 
Westates, Woolley #1 
Tenneoo, U.S.A. Jennings 
N.M. Well #3 
Tenneoo, #1 USA Jennings 
Tenneoo, U.S.A. Jennings 
N.M. No. 2 
Termeco, Jennings Fed. 4 
Gul£, Fed. Hanagan "B" #1 
Gulf, Fed. Hanagan "B" #2 
Gulf, Fed. Hanagan "B" #3 
Ttenneoo, Hicks-Fed. #1 
Tennessee Gas, U.S. 
Smelting U.S.A. #1 
Tenneco, U.S. Smelting 
U.S.A. #2 
Tenneco, U.S. Smelting 
U.S.A. No. 3 
Tenneco, U.S. Smelting 
USA #4 
Tenneco, U.S. Smelting 
U.S.A. NO. 5 
C. B. Read, Bradley #1 
C. B. Read, Bradley #2 
C. Hankamsr, Ernest Fed. 
#1 
C. B. Read, Bradley #3 
Texaco, C. D. Unit Well 
#72 
Texaco, C. D. Unit #69 

Cont., Bell Lake Unit #7 
Hondo, Gulf State "NW" #1 
Hondo, Gulf N.W. #2 
T.L. Ingram, State "P" #1 
T.L. Ingram, State "0" #1 
G.W. Riley, State #1-7 

sl2,1980fnl,1650fel 3606 
sl3,660fnl,1980fel 3599 
sl3,660fsi,660f el 3586 
sl4,660fnl,1980fel 3624 

sl4,660fnl,1980fwl 3628 
sl4,882fsl,882fwl 3588 

sl4,1980fsl,1650fwl 3591 
sl5,660fsl,1980fel 3622 
sl5,660fsl,720fel 3606 
sl5,1980fsl,660fel 3591 
sl5,660fsl,1980fwl 3602 
s22,660fnl,1980fel 3602 

s22,1980fnl,660fwl 3618 

s22,1980fsl,660fel 3607 

s22,2310fnl,1650fel 3604 

s22,990fsl,330fel 3591 

s22,1980fsl,1980fel 3608 
s22,1980fnl,990fel 3604 
s23,1980fnl,660fwl 3609 

s23,660fnl,660fel 3605 
s33,660fsl,660fel 3510 

T.L. Ingram, State "O" 2 
D. Fasken, Gulf State 
#7-2 
Sunray, N.M. State A.G. 1 
B. Bennett, Holland #1 
Tenneco, State Lowe #1 
R.B. Holt, Holly State #1 
Gont., State "BB" 20 
No. 1 
F.R. Jackson, State #1 

s34,1980fsl,1980fwl 
T24S, R33E 

sl,660fnl,660fel 
s6,660fsl,660fwl 
s6,1980fsl,660fwl 
s7,330fnl,1750fwl 
s7,660fnl,660fwl 
s7,660fsl,660fel 
s7,1980fnl,660fwl 
s7,2310fnl,2310fwl 

s8,660fnl,660fwl 
sl3,1980fnl,660fel 
sl7,660fsl,660fwl 
sl7,660fnl,1980fel 
s20,660fsl,1980fwl 

3625 
3598 
3606 
3636 
3590 
3547 
3603 
3578 

3637 
3598 
3554 
3592 
3540 

? ? ? ? ? ? 
1503 1371 1352 1260 1238 1187 
1453 1327 1309 1218 1199 1142 

1445 1315 1295 1204 1184 1132 
1437 1308 1283 1200 1182 1122 

1456 
1396 
1438 
1428 
1340 
1384 

1323 
1258 
1306 
1298 
1208 
1246 

1301 
1239 
1287 
1275 
1191 
1225 

1210 
1145 
1198 
1180 
1102 
1140 

1190 1130 
1126 1065 
1180 1122 
1158 1110 
1083 1025 
1125 1066 

1312 1188 1165 

1375 1243 1222 

1383 1248 1226 

1362 1223 1201 

1368 1235 1213 
1400 1265 1243 
1415 1284 1261 

1412 1275 1253 
1145 1025 1002 

1072 1053 998 

1132 1114 1060 

1140 1120 1062 

1118 1100 1047 

1122 1106 1052 
1151 1132 1070 
1170 1150 1093 

1168 1148 1088 
910 890 830 

3519 1190 1075 1052 960 940 881 

1806 1632 
1612 1467 
1635 1475 
1647 1490 
1635 1475 
1620 1485 
1595 1465 
1630 1486 

1700 1542 
1785 1613 
1540 1409 
1676 1503 
1495 1357 

1600 
1445 
1452 
1468 
1452 
1462 
1440 
1465 

1382 
1265 
1272 
1290 
1273 
1310 
1276 
1287 

1520 1308 
1600 1347 
1385 1267 
1485 1297 
1335 1228 

1367 1278 
1246 1174 
1255 1187 
1270 1203 
1257 1184 
1292 1225 
1257 1204 
1270 1194 

1291 1215 
1330 1245 
1250 1190 
1282 1205 
1212 1140 

s22,1980fnl,660fwl 3594 1735 1527 1502 1309 1289 1220 
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Wall Name of wall location Ref. Top Top Top lop Top Top 
Identifier Elev. S u.l. C T M F-N 

T27 Teimeco, Sunray State #1 s27,1980fsl,1980fwl 3502 1621 1481 1458 1275 1259 1186 
T29 Tidewater, State "AP" #1 s29,660fsl,1980fel 3525 1492 1332 1314 1224 1206 1146 
C30 Kixklin, Continental s30,330fnl,330fwl 3556 1410 1260 1240 1138 1120 1070 

State #1 
G31 A. Gackle, Cent. State 1 s31,1980fsl,660fel 3524 1392 1250 1228 1141 1122 1063 
K36 Gulf, #1 Lea St. "GX" s36,660fnl&660fel ? 1695 1535 1513 1243 1230 1163 

T24S, R34E 
HOI Hanagan, #1 Gerdlag sl,1980fnl,1980fel 3447 1125 1012 995 ? ? ? 
D04 Shell, Fed., "BE" #1 s4,1650fel,660fnl 3567 1537 1392 1368 1139 1122 1045 
C05 Gont., Bell Lake Unit #14 s5,1650fnl,1650fwl 3619 1690 1540 1517 1282 1263 1185 
B06 Cont., Bell lake Ifoit s6,660fnl,3300fel 3630 1760 1598 1573 1345 1327 1245 

No. 3 
S09 Shell, Hall Fed. #1 s9,660fnl,1980fel 3570 1660 1482 1455 1230 1215 1134 

T24S, R35E 
W05 Gulf, Wilson Fed. Cam #1 ' s5,1980fnl,1980fwl 3488 1085 1025 1005 920 900 835 
A16 Texas, Aztec State No. 1 sl6,1650fnl,1980fel 3378 1186 1062 1040 905 890 820 

T24S, R37E 
F05 Texaco, E. D. Fanning s5,1966fnl,1980fel 3295 ? 1320 1311 1210 1197 1155 

No. 7 
T24S, R38E 

H30 R. Lowe, Hair #2 s30,535fnl,2310fwl 3156 1482 ? ? ? ? 1202 
T25S R28E 

E28 Gulf, Eddy State FD #1-S s28,1980fnl,1980fwl 2997 ? ? ? ? ? ? 
125S, R29E 

B03 J . G. Bennett, Superior s3,.660fnl,660fel 2985 340 182 147 ? ? ? 
Fed. #1-3 

B08 J . G. Bennett, Superior s8,980fnl,660fwl 2921 ? ? ? ? ? ? 
#1-8 

W08 N. H. Willis, Superior s8,660fsl,660fel 2923 ? ? ? ? ? ? 
Fed. #1 

M14 Mfril, Corral Draw Unit sl4,1980fsl,1980fwl 3118 945 ? ? ? ? 670 
#1 

B15 J . G. Bennett, Superior sl5,660fsl,660fwl 3041 775 ? ? ? ? ? 
Fed. 15 No. 1 

W22 Vital, Corral Draw s22,1580fsl,1980fwl 3078 905 ? ? ? ? 680 
Unit #2 

B26 J . G. Bennett, No. 1-26 s26,660fsl,660fel 3043 530 ? ? ? ? 175 
Superior Fed. 

B27 J . G. Bennett, Superior s27,660fsl,660fwl 2990 414 ? ? ? ? 115 
Fed. 1-27 

B29 Bell Pet. , Fed. #1 s29,660fnl,1880fwl 2936 ? ? ? ? ? ? 
B30 Bell, Cities Svc Fed. #1 s30,660fsl,760fel 2945 393 ? ? ? ? 260 

T25S, R30E 
J04 Ritchie e ta l , #1 Hopp Fed s4,660fsl,660fel 3283 1014 ? ? ? ? 888 
P04 Pat Oil, R & B Fed. #1 s4,1980fnl,1980fwl 3273 1096 1041 1029 937 915 848 
KD8 R. Lowe, Poker lake s8,663fsl,667fwl 3210 1255 1094 1078 ? ? 970 

Superior State #1 
R08 F. Pool, Superior State 1 s8,1980fnl,660fel 3210 760 597 560 ? ? 970 
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s8,i980fsi,660fwi 3190 880 848 820 7 ? 699 

s8,660fsi,660fwi 3199 915 ? ? 7 ? 745 

• 7 1053 
7 7 880 
7 7 675 
7 7 608 

Well Name of wall location Ref. Top Top Top Top Top lop 
Identifier Elev. S u.l. C T M F-N 

TO8 R. Lowe, T&P State #1 s8,660511,660fwl 3197 790 ? ? ? ? 678 
S08 R. Lowe, Superior State 1 s8,1980fsl,1980fwl 3210 1100 ? ? ? ? 970 
P08 R. Lowe, Poker Lake 

State #3 
L08 R. Lowe, Poker Lake 

State #1 
P10 Bass, Poker Lake #44 sl0,2030fnl,2180fel 3317 1050 900 878 809 799 780 
M 0 Alamo, Poker Lake Unit sl0,660fsl,645fwl 3282 1235 ? ? ? ? 900 

#5X-1A 
A17 Alamo, Poker Lake Unit sl7,660fsl,660fwl 3219 898 ? ? ? ? 640 

#llA-7 
XL7 R. Lowe, #1-X R&B Fed. sl7,610fnl,610fwl 3210 786 ? ? ? ? 595 

"A" 
ML8 R. Lowe, R&B Fed. #1 sl8,660fnl,660fel 3192 1205 ? ? ? ? 1050 
B18 P. R. Bass, Jennings sl8,660fnl,1980fel 3186 1075 908 886 797 782 725 

Fed. No. 1 
A18 Alamo, Poker Lake #12A-9 sl8,660fsl,1980fel 3207 1542 1375 1360 
P19 Central States, Poker sl9,330fnl,900fel 3209 1100 ? ? 

Lake Unit No. 38 
F20 P. R. Bass, Cant. Fed. s20,660fnl,660fwl 3204 915 ? ? 

#1 
C20 P. R. Bass, Cant. Fed. s20,1980fsl,660fwl 3184 840 ? ? 

#2 
A21 Alamo, Poker Lake Unit s21,660fnl,660fel 3252 1373 1283 1270 1208 1194 1178 

#6-2A 
T25S, R31E 

D02 Texaoo, C. D. Unit No. 65 s2,1980fnl,1980fel 3476 1012 870 842 ? ? 715 
A28 Alamo, Poker Lake Unit s28,660fnl,660fwl 3348 1123 1032 1010 915 890 820 

7-A-3 
C32 J. A. Leonard, Cant. s32,660fnl,660fwl 3358 697 588 560 450 427 360 

State No. 1 
S35 Gold Mstals etal, #1 s35,660fsl,660fwl 3319 1622 ? ? ? ? 1325 

Del. Basin Fed. 
•T25S, R32E 

C03 Texaoo, C. D. Unit No. 49 s3,1650fsl,1980fel 3486 1127 1004 978 882 863 803 
D09 Texaoo, C. D. Unit No. 52 s9,1650fsl,330fel 3461 1104 967 940 848 820 756 
R09 Texaoo, E.F. Ray Nct-2 s9,330fsl,330fel ? 1160 1006 983 875 855 790 

No. 1 
E10 Tenneoo, E. F. Ray U.S.A. slO, 1650fsi, 660fwl 3470 1140 993 972 872 850 793 

41 
C10 Texaoo, C. D. Unit No. 39 sl0,1980fnl,660fwl 3472 1130 993 965 868 847 787 
D10 Texaoo, C. D. Unit No. 40 sl0,660fnl,1980fwl 3478 1127 993 968 872 850 792 
ML0 Texaoo, C. D. Unit No. 60 sl0,2145fnl,2310fel 3464 1118 993 968 868 848 785 
SlO Texaoo, E.F. Ray Fed. sl0,660fsl,1980fwl ? 1120 988 963 865 845 780 

No. 1 
Q10 Texaoo, C. D. Unit #66 sl0,2080fnl,760fwl 3480 1140 999 972 872 853 791 
F10 Texaoo, E.F. Ray-Fed. slO, 1980fsl, 1980fwl ? 1147 1005 980 878 858 793 

No. 2 
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V10 Texaco, E.F. Ray- Fed. sl0,660fsl,1980fel ? 1140 1007 982 880 860 794 
"B" Well NO. 1 

Y10 Texaco, C. D. Unit No. 63 sl0,660fnl,660fwl 3477 1125 990 964 862 840 780 
T10 Tennessee, Ray U.S.A. #1 sl0,660fnl,660fwl 3460 1122 996 973 866 845 782 
R10 Texaco, E.F. Ray Fed. sl0,1980fnl,1980fwl ? 1123 987 962 854 833 774 

"B" No. 2 
Cll Westates, Cbnt. Fed. #1 sll,sw/4 of se/4 3410 1177 1044 1021 923 899 837 
P13 Bstoil, Union Fed. #1 sl3,660fsl,1980fwl 3468 1140 1013 991 905 876 808 
F14 J. O'Neill, Fed. "0" #1 sl4,660fsl,660fel 3445 1103 972 949 848 825 762 
ffl.4 HillSMaaker, Ora Hall sl4,2310fnl,330fwl 3455 1133 982 962 862 840 773 

Fed. 14 #1 
014 J. O'Neill, Fed. "O" #2 sl4,1980fsl,660fel 3454 1132 998 976 875 852 787 
W15 Texaoo, C. D. Unit No. 46 sl5,2130fsl,2130fel ? 1150 995 973 867 846 780 
F15 Texaoo, G.E. Jordan Fed. sl5,1980fnl,660fwl ? 1158 1003 985 875 854 787 

Well No. 1 
J15 Texaoo, G.E. Jordan Fed. sl5,1980fsl,1980fwl ? 1145 992 968 863 843 782 

#2 
G15 Texaao, G.E. Jordan-Fed. sl5,660fnl,660fwl ? 1158 1008 983 878 858 792 

No. 2 
M15 Tennessee, G.E. Jordan sl5,1980fnl,1980fwl 3443 1165 1003 982 875 854 787 

USA #2 
R15 Tennessee, G.E. Jordan #3 sl5,660fnl,1980fwl 3451 1144 993 963 865 843 780 
N15 Tennessee, G.E. Jordan sl5,1980fsl,660fwl 3441 1138 965 942 862 841 776 

USA4 
T15 Texaoo, G. E. Jordan Fed. s]5,:iS8()fnl,1980fel 3447 1137 983 962 855 834 769 

#6 
EL5 Texaco, G. E. Jordan Fed. sl5,660fnl,1980fel ? 1140 990 966 867 845 780 

No. 8 
U15 Term. Gas, #1 USA G.E. sl5,660fsl,660fwl 3427 1137 982 953 848 828 765 

Jordan 
P16 Tenneco, State Msnsanto sl6,1650fsl,2310fwl 3423 1098 938 915 823 805 743 

#6 
Z16 Cent., State Z 16 #1 sl6,1980fnl,1980fel 3444 1128 972 952 844 822 760 
XL6 Shoreline, Cent. State sl6,2080fnl,1650fel 3442 1130 983 961 855 836 768 

#1 
M16 Tennessee, State Mansanto sl6,1980fsl,660fel 3439 1137 980 955 856 833 769 

#1 
EL6 Termesse, Nbnsanto #2 sl6,660fsl,660fel 3433 1125 976 953 852 833 772 
C16 Tenneco, State Monsanto sl6,330fsl,990fwl 3411 1075 918 895 786 765 697 

#7 
A16 Tennessee, State MDnsanto sl6,660fsl,1980fel 3434 1115 960 936 816 795 727 

#3 
N16 Tennessee, State Monsanto sl6,660fsl,1980fwl 3421 1095 927 902 779 758 695 

#4 
L16 Tenneco, State Monsanto sl6,1650fsi, 1650fel 3437 1120 960 942 832 810 745 

#5 
S16 Tenneco, Monsanto State sl6,1660fsl,990fwl 3426 1077 922 898 800 778 715 

#8 
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F16 Tennessee, State Bradley 

#2 
Tennessee, State E. L. 

sl6,660fnl,660fel 3458 1157 984 962 852 828 766 
B16 

Tennessee, State Bradley 
#2 
Tennessee, State E. L. sl6,1980fnl,660fel 1140 983 960 850 827 763 
Bradley #1 

T16 Termeco, State E.L. sl6,2310fnl,2310fwl 3434 1110 961 940 835 813 742 
Bradley #3 

D18 Texaoo, C. D. Unit #64 sl8,660fnl,1650fwl 3431 940 822 803 692 668 607 
S18 Texas Ocnp., J. B. Shaw 

Fed. #1 
sl8,660fnl,1980fel 3438 1015 857 836 727 705 643 

C20 Texaoo, C. D. Unit #42 s20,1650fsl,330fel 3394 1086 932 905 812 790 730 
P21 Tennessee, E.H. Perry 

U.S.A. 2 
s21,660fnl,660fwl 3408 1062 905 877 776 756 692 

H21 Tenneoo, E.H. Perry 
"USA" Wall No. 36 

s21,1980fnl,660fwl 3404 1073 917 894 792 770 707 
T21 Tennessee, E. H. Perry 

USA#1 
s21,660fnl,1980fel 3428 1130 970 945 828 804 730 

E21 Tennessee, #3 E.H Perry s21,1980fnl,1980fel 3422 1125 967 941 826 806 738 
U.S.A. 

E21 Panther City Invest., 
Perry Fed. #1 

s21,660fnl,660fel 3430 1128 973 948 865 845 768 
R21 Panther City Invest., 

Perry Fed. #2 
s21,1980fnl,660fel 3421 1109 943 918 806 782 720 

G21 Panther City Invest., s21,1980fsl,1980fwl 3408 1117 957 930 832 810 746 
Perry Fed. No. 5 

•X21 Panther City Invest., 
Perry Fed. No. 6 

s21,1980fnl,1980fwl o 1106 953 927 813 792 726 
K21 Panther City Invest., 

Perry Fed. No. 7 
s21,660fnl,1980fwl 3414 1097 934 907 803 784 713 

121 Panther City Invest., 
Perry Fed. #27 

s21,2310fsl,990fel 3406 1116 966 943 823 802 737 
B21 Panther City Invest., s21,1980fsl,1980fel 3413 1125 975 947 835 815 752 

Perry Fed. #28 
M21 Panther City Invest., 

Perry Fed. #37 
s21,660fsl,660fwl 3398 1117 958 931 822 800 747 

N21 Panther City Invest., 
Perry Fed. #38 

s21,660fsl,1980fwl 3404 1148 985 962 863 842 775 
V21 P. R. Bass, Perry Fed. 

#43 
Texaoo, C. D. Unit #44 

s21,330fsl,330fel 3382 1112 962 943 835 812 755 
C21 

P. R. Bass, Perry Fed. 
#43 
Texaoo, C. D. Unit #44 s21,990fsl,2310fel 3400 1132 978 952 836 816 756 

D21 Texaoo, C. D. Unit #57 s21,990fsl,990fel 7 1115 967 938 834 811 740 
J21 Panther City Invest., 

Perry Fed. #35 
s21,1980fsl,660fwl 3396 1100 938 916 810 787 726 

E22 Texaoo, G. E. Jordan 
Fed. No. 1 

s22,660fnl,660fwl 3419 1115 959 933 825 800 738 
T22 Texaoo, G. E. Jordan 

Fed. NCT-1 No. 5 
s22,510fnl,1830fwl 3421 1142 977 953 860 825 770 

J22 Texaoo, G. E. Jordan 
Fed. #3 

s22,1980fnl,660fwl •7 
• 1130 966 942 835 812 748 
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GECEHYSICAL ICG DATA 
(Continued) 

Well 
Identifier 

Name of well location Ref. Top Top Top Top Top Top 
Elev. S u.l. C T M F-N TT 

C22 Texaco, C. D. Unit no. 48 
023 J . L. O'Neill , Fed. 

"P" #1 
G25 Texaco, G. E. Jordan 

Fed. No. 4 
C27 Texaco, C. D. Unit no. 61 
D28 Ttermeco, J . D. Sena 

Or. U.S.A. No. 2 
028 Ttermeco, J . D. Sena 

USA No. 1 
C28 Texaco, C. D. Unit No. 45 
U28 Texaco, C. D. Unit No. 47 
X28 Texaco, C. D. Unit no. 51 
W28 Texaco, C. D. Unit No. 54 
V28 Texaco, C. D. Unit No. 50 
N28 Texaco, C. D. Unit No. 56 
Z28 Texaco, C. D. Unit No. 59 
T29 Texaco, C. D. Unit No. 58 
C29 I . W. Iovelady, Conoco 

Fed. #1-29 
S31 R. Smith, Ray Smith #1 
C32 R.C. Graham, Conoco State 

No. 1 
H33 Hiliafeeker, Hall Fed. 

"33" #1 
M33 Hill&Mseker, Jennings 

#33-1 
W33 Westates, Jennings #1 

J01 P. R. Bass, Fed-Mise #1 
H05 Hiliafeeker, Bass Fed. #1 
S08 Santana, A. Bass Fed. #1 
HL1 C. Hankamer, Muse Fed. #1 
J18 S. H. JoMiffe, #1 Bass 

Fed. 
H20 C. Hankamer, Fed. Bass #1 
A21 Aner. Quasar, Vaca Draw 

#1 
B21 G. L. Buckles, Fed. 

Marshall #1 
T22 Texaco, C. D. Unit No. 18 
M23 Hill & Meeker, Mase Fed. 

23 #1 
F24 R. B. Farris, Perry Fed. 

1 
K25 King Resources, Pan Anier 

Fed. #1 
A25 AshmunSHilliard, Fed. 

No. 1-25 

s22,2310fsl,330fwl 
s23,660fnl,1980fel 

s25,660fsl,1980fwl 

s27,330fnl,330fwl 
s28,2310fsl,990fvd 

s28,2310fsl,1650fwl 

s28,660fnl,660fwl 
328,660x111,1980fVl 
s28,660fnl,2310fel 
s28,1980fnl,2310fel 
s28,1980fnl,1980fwl 
s28,660fnl,990fel 
s28,1650fnl,990fel 
s29,1980fnl,330fel 
s29,990fsl,330fel 

s31,1980fnl,660fwl 
s32,1980fnl,1980fwl 

s33,660fsl,660fwl 

s33,2310fnl,2310fwl 

s33,1980fsl,560fel 
T25S, R33E 

sl,660fnl,660fwl 
s5,660fnl,660fel 
s8,1980fsl,660fel 
sll,660fnl,660fwl 
sl8,660fhl,660fwl 
s20,660fnl,1980fel 
s21,660fsl,660fel 

s21,660fnl,660fel 

s22,1650fnl,1650fwl 
s23,660fsl,660fwl 

s24,660fsl,660fwl 

s25,1980fsl,660fwl 

s25,660fsl,660fel 

3411 1117 960 935 832 810 747 
3429 1085 955 930 834 808 748 

3430 1155 993 970 861 838 773 

3391 1130 988 960 845 823 755 
3370 1335 1166 1140 1042 1023 957 

3375 ? 1097 1072 977 958 900 

3382 1175 1018 993 895 875 818 
3392 1170 1008 984 875 856 785 
3398 1140 985 960 870 850 782 
3386 1178 1018 993 895 875 813 
3414 1230 1063 1040 950 930 868 
3388 1118 953 930 822 802 738 
3386 1148 987 960 855 832 768 
3356 1310 1132 1100 1012 988 923 
3366 1485 1347 1315 1224 1202 1142 

3311 1417 1270 1242 1150 1132 1072 
3307 1412 1263 1238 1153 1130 1075 

3332 1440 1277 1250 1142 1116 1055 

3354 1405 1250 1225 1128 1112 1045 

3348 1297 1155 1128 1020 995 935 

3490 1673 1530 1506 1268 1255 1200 
3478 1433 1292 1258 1186 1168 1106 
3456 1428 1285 1259 1140 1120 1065 
3424 1550 1395 1372 1213 1195 1138 
3497 1312 1180 1150 1057 1038 985 

3431 1347 1210 1183 1095 1077 1012 
3392 1335 1209 1184 1092 1075 1006 

• 1374 1232 1207 1117 1098 1042 

3414 1130 973 950 837 816 750 
3353 1410 1250 1227 1130 1114 1060 

3358 1463 1310 1283 1136 1117 1045 

3342 1435 1285 1258 1127 1105 1047 

3332 1395 1237 1210 1125 1108 1045 
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GSffiHYSICAL ICG DATA 
(Ctontinued) 

Well Name of well Location Ref. Top Top Top Top Top Top 
Identifier Elev. S u.l. C T M F-N 

D27 R. A. Dean, H. Dickson #1 s27,660fsl,660fel 3320 1387 1237 1213 1098 1082 1023 
T28 Tidewater, A. R. Bass s28,660fsl,660fel 3353 1315 1170 1143 1053 1038 975 

Fed. #1 
C28 C. Hankamer, Conley Fed. s28,660fnl,660fel 3344 1339 1188 1167 1074 1056 1002 

#1 
T29 Tenneco, W.H. Jennings s29,1980fnl,660fwl 3422 1385 1196 1171 1083 1060 995 

Inc. USA No. 1 
T31 Tennessee, RichardsonS s31,660fsl,660fwl 3386 1096 951 927 824 800 742 

Bass USA 1 
D32 Pure Oil, Red Hills s32,330fsl,2310fel 3332 1192 1067 1042 945 927 875 

Unit #1 
W32 N. H. Wills, Cent. State s32,1980fsl,660fel 3391 1224 1096 1070 971 956 900 

No. 1 
W36 M. M. Wilson, Marathon s36,660fsl,660fwl 3325 1334 1197 1170 1045 1025 965 

State #1 
A36 Ashttttn Hilliard, State s36,660fnl,660fwl 3346 1432 1277 1250 1117 1102 1038 

#1-36 
T25S, R34E 

F19 Ashtrun&Hilliard, Fed. sl9,660fnl,1980fwl 3346 1437 1287 1260 1104 1085 1023 
2-19 No. 5 

C27 Tenneco, Conoco Fed. #1 s27,1980fnl,660fel 3339 1265 1119 1083 925 905 852 
T25S R37E 

S02 Cbnt., State A-2 #2 s2,2310fsi,1650fel 3163 1095 ? ? ? ? 917 
L03 G. L. Buckles, Liberty s3,330fsl,990fwl 3143 1290 ? ? ? ? 1030 

Royalty No. 4 
J14 Johnson & French, Fed. sl4,560fnl,330fel 3123 1068 990 980 920 912 870 

"A" #1 
L14 Atlantic Ref., Langlie sl4,1650fsl,1650fel 3115 1065 992 979 919 913 873 

Fed. #2 
W24 Western Natural Gas, s24,1980fnl,990fwl 3087 973 915 906 838 830 790 

Wiitberly #4 
T26S R30E 

KD4 Aztec, Fed. K.W. No. 1 s4,660fnl,660fwl 3179 ? 1257 1225 1133 1115 1046 
B06 J. G. Bennett, No. 1 s6,660fsl,660fwl 3059 1162 978 948 ? ? 815 

Branson Fed. 
T26S, R32E 

C05 F. Pool, Conoco Bradley s5,660fnl,1980fwl 3282 1685 1567 1542 1460 1445 1388 
#1 

B15 Brown&Krog, Ben Fed. #1 sl5,NE/4 of SE/4 3177 956 798 768 667 650 589 
R19 Cent., Russell Fed. 19 sl9,660fsl,1980fwl 3180 1595 1467 1453 1350 1335 1280 

No. 4 
F25 Cont., Wilder #12 s25,660fsl,660fel 3113 1006 847 830 702 684 623 
E25 Cont., Wilder #10 s25,1980fnl,660fel 3130 1034 874 852 717 698 633 
J25 Cont., Wilder #23 s25,990fnl,990fwl 3133 963 794 770 662 643 583 
125 Cont., Wilder #15 s25,660fnl,1980fwl 3131 967 813 792 672 653 587 
H25 Cent., Wilder #14 s25,1980fnl,660fwl 3124 967 802 780 664 648 590 
A25 Cont., Wilder #6 s25,1980fnl,1980fwl ? 975 816 798 676 656 593 
G25 Cont., Wilder #13 s25,1980fsl,660fel 3122 1020 855 828 708 687 625 
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GEEEHYSICAL KG DKEft. 
(Continued) 

Well 
Identifier 

Name of ve i l location Fef. Ibp Tap Tap Tap Tap Tap 
Elev. S u . l . C T M F-N 

B25 Gont., W.W. Wilder No. 7 
C25 Cont., W.W. Wilder #8 
D25 Cont., W.W. Wilder Fed. 

#9 
K25 Cont., Wilder 25 Fed. 

No. 1 

117 Gulf, Fed. LittlefieM 
EP Optional #1 

P30 Cont., Payne #3 

Y03 Gulf, Gulf Yates Fed. 
#1 

B19 Cont., Bradley 19 #2 
120 M. Wilson, Leonard Fed. 

No. 1 

S05 Cities Service, Sand 
Hills Unit #9-A 

J04 Jal Oil, Farnsworth #6 
H I Stanolind, U.S.A. Leonard 

Oil No. 1 

F07 Forest Oil, Fed. Iowe #1 

s25,1980fsl,1980fel 3122 
s25,1980fnl,1980fel 3131 
s25,660fnl,1980fel 3130 

987 825 805 682 665 600 
994 828 807 687 670 595 
1005 848 824 708 690 623 

s25,330fsl,330fwl 3113 930 765 745 620 600 540 

T26S, R33E 
Sl7,660fsl,660fwl 3264 

s30,1980fsl,660fwl 3122 
T26S, R34E 

s3,660fnl,1980fwl 3414 

sl9,1980fsl,1980fel 3392 
s20,660fnl,660fel 3332 

T26S, R36E 
s5,660fsl,660fwl ? 

T26S, R37E 
s4,990fsl,990fwl ? 
sll,660fsi,660f el 3013 

T26S, R38E 
s7,1980fsl,660fwl 3032 

1095 956 930 826 808 740 

1055 897 876 746 727 659 

1235 1084 1052 926 915 856 

1115 972 943 830 810 744 
1005 862 833 714 699 635 

1203 1168 1152 1117 1102 1054 

1265 1156 1145 1045 1034 983 
1163 ? ? 981 972 932 

1194 1102 1082 ? ? 970 
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APPENDIX H I 

X-Eay Diffraction 



X-Kff DIEERACTECN DATA 

The interpreted x-ray diffraction (XRD) data for samples distributed 
throughout the Fustier from WIPP 19 and H-12 are presented in tables attached 
to this section. The data are only generally semi-quantitative and are limited 
by procedures (SOP for XRD at end of this Appendix) to major evaporite 
minerals. Clays have not been included in this investigation. 

Two features of this XRD study are somewhat unusual. Quartz occurs more 
frequently and more abundantly than expected in purer chemical sediments, and 
dolomite and high magnesium calcite are more ubiguitous than expected. The 
carbonate phases are apparent through petrography, and XRD confirms the Mj 
content. Further petrographic study might be necessary to evaluate the 
significance of carbonate where a dolomite as well as probable high magnesium 
calcite occur. 
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X-RA? nrEERACTICN - H-12 

NO* GXPSUM ANHXEETIE QUARTZ HALITE DOLOMITE CALCITE POLXHALITE OTHER 
1 XX 
5 
8 
10 
12 
13 
15 
19 

X ?tr 

X 
X 

X 
X 
X 
X 
X 
X 
X 

tr 
X 
X 
X 
X 
X 

X 
X 
X 
X 
X 
X 

• 
• 
• 
X 

Mg calcite 
Mg calcite 
Mg calcite 
Mg calcite 
Mg calcite 

? feldspar 
? feldspar 
? feldspar 
? feldspar 
? feldspar 

23 ? tr X 
25 X •fcr tr 
28 X X 
31 X X 
33 XX 
36 X X 
39 X X X X 
41 X X 
42 X X X? 
46 XX 
50 
51 

X 
X 

X 
X 

prob.elec.< 
52 
54 

X 
tr 

X 
X 

? magnesite 
58 tr X X 
59 tr X X 
61 tr X X 
62 X ?tr X magnesiti 
63 X X? ?tr 
64 XX ?tr 
65 XX • 
67 X X • 
68 X X 
71 X X tr? X 7 
73 X tr tr? X X? 
74 tr X 
76 X X 
79 X X X X 
80 X X X 
81 X tr? 
82 X X 

KEY: XX - sole or overwhelming mineral 
X - major 
x - minor 
tr - trace 
? - questionable 
Mg calcite - magnesiumr-rich calcite, generally >20% Mg 
*Sample Number 
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X-RftY DISTRACTION - WIPP 19 

NO* GYPSUM ANHYDRITE QUARTZ HAIZEE DOICMTTE C A i r U E POLXHAIZEE OTHER 

1 X X X 
2 tr X X • Mg calcite unidentified 
4 X X X ? Mg calcite unidentified 
5 tr X X X • unidentified 
6 tr tr X X X 
10 X X X 
11 X X X 
12 X X 
14 X X X 
20 X X 
23 • X 
24 X X? X 
25 tr X 
38 X tr X 
39 X X 
40 X X tr 
41 XX 
42 X tr 
43 X X 
44 X X tr X 
46 X tr X X 
47 •5 

• X X 
49 X X unidentified 
50 XX 
55 X X ?tr ? Feldspars 
57 X tr X X ? Mg calcite 
60 XX 
62 XX tr? x 
63 x X ? t r 

KEY: XX - sole or overwhelming mineral 
X - major 
x - minor 
tr - trace 
? - questionable 
Mg calcite - magnesium-rich calcite, generally >20% Mg 
unidentified - unidentified minor peaks 
*Sample Number 
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GENERAL 

This procedure is developed for use on samples from the Waste Isolation 
Pilot Plant (WIPP) project to determine mineralogy and qualitative to 
semi-quantitative mineral proportions from samples from the Rustler Formation. 
The techniques presented here are collectively based on experience of the 
authors and well-known sources such as Mueller (1967) and more recent 
literature (e.g. Fang and Zevin, 1985). 

OBJECTIVES 
There are two principal objectives for the X-ray diffraction work on 

samples from the Rustler Formation: 
a) provide a basic comparative mineralogy for the Rustler based on 

regular sampling procedure from available core, and 
b) provide specialized mineral identification (e.g. clays or rare mineral 

phases) for further interpretive work. 
The first objective is met through a sampling program from two boreholes (WIPP 
19 and H-12) which provide a general sampling from both near the site center 
and in an area near the depocenter for parts of the Rustler. Samples were 
collected at regular spacings to provide a general representation of the 
mineralogy of the formation. The second objective is met through some initial 
specialized sampling of minerals and features of particular interest and 
through separation and/or concentration of mineral phases of interest from 
these special samples or from regularly spaced samples. 

METHODS 
Sample Preparation 

A sample of the core will be selected for XRD analysis; general samples 
will usually be about 20-100 gms in weight while specialized samples may be as 
small as an individual crystal. The sample will be visually selected to be 
representative of the core specimen or to be a sample consistent with the 
analytical objective. 

The sample will be individually stored in a plastic canister labeled by the 
sample identifier. The sample will be crushed in a mortar and a smaller 
amount, as a subsample, will be ground in an agate mortar with an agate pestle 
to obtain powder of the order of 101 in maximum diameter. A small amount of 
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Si metal or powdered fluorite (CaF2) will be added to provide an internal 
standard peak. General mineralogy samples will be approximately unoriented 
samples obtained by sprinkling powder onto a glass slide with vaseline an the 
surface. 

Specialized samples may be prepared differently, day samples may be 
obtained after concentration of the clay fraction through dissolution of water 
and/or acid soluble portions (Bodine and Fernalld, 1973; Bodine, 1978). Clay 
identification will be made on the basis of three general tests (Carroll, 1970; 
Millot, 1970): 

a) oriented sample 
b) oriented sample treated with ethylene glycol 
c) oriented sample heated to 550°C. 

Oriented samples will be made in triplicate by sedimentation onto glass slide 
from water (with Calgon) suspension or by soaking the sample with acetone on 
the slide. Samples to be treated for ethylene glycol will be moistened and 
placed for 24+ hours in a desiccator with liquid ethylene glycol in the 
bottom. Heated samples will be kept at 550°C for a period of at least 1 
hour, and will be X-rayed within four hours of heating. Samples will be kept 
in a desiccator with desiccant as appropriate during the interval. 

Other special techniques of importance will be documented as carried out. 

X-ray Diffraction 
All XRD work for this project will be done with Cu K^ radiation with a 

Ni filter to eliminate Cu Kg-radiation. The current and voltage will be set 
at 18 mA. and 30 kV, respectively for all runs. Scaling and time factors will 
be established each day, and will be as uniform as is reasonably possible. 
These parameters will be recorded for each 'trace of any sample. 

For general samples, a speed of 2 "/minute for the goniometer and a chart 
speed of l,l/minute will be used. Each sample will be examined through 2-35° 
20. The trace will be compared to an artificial pattern for common 
minerals. Peaks not in this set will be identified by satndard methods of 
comparing peak intensities to patterns within ASTM card files. Peaks not 
identified by this methods will be noted for possible further work. 

Special samples will be characterized through an appropriate range of 26 
and with modified chart and goniometer speeds as appropriate to the type of 
sample. 
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Interpretation 
All identified minerals will be listed and note taken of unidentified or 

unidentifiable peaks. The relative intensities of mineral peaks will be vised 
to assigned general abundance descriptors: major, minor, trace. As 
appropriate, certain mineral combinations, such as gypsum and anhydrite, may be 
assigned semi-quantitative proportions based on comparison of peak heights with 
artificial mixes. Records of these mixes will also be kept for checking. 

Safety 
All operators of XRD equipment will meet Department of Geological Sciences 

training requirements. All operators are required to wear monitoring badges 
for exposure to radiation. These badges are checked periodically by the 
University. 

Quality Assurance 
All operators are experienced in the use of XRD equipment for mineral 

analysis. Holt and Powers will provide supervision of the sample preparation 
and equipment operation periodically to ensure that record-keeping is 
appropriate. 

All samples are marked with unique identifiers. Subsamples and all 
subsequent slides and traces will be immediately marked with identifying sample 
numbers and modifiers (e.g. G or H to denote glycolated or heated, 
respectively) as appropriate. Patterns will be individually marked with 
equipment operating parameters. Traces will be maintained in a file. An 
individual worksheet will be prepared with a summary of important information, 
including mineral identification for each sample (see attached). 
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