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ABSTRACT

This report describes a geohydrologic conceptual model of the northern Dela-
ware Basin to be used in modeling three-dimenslonal, regional ground-water

flow for assessing the performance of the Waste Isolation Pilot Plant (WIPP)
in the Los Meda_os region near Carlsbad, New Mexico. Geochemical and hydro-

logical evidence indicates that flow is transient in the Rustler Formation
and the Capitan aquifer in response to changing geologic, hydrologic, and
climatic conditions. Before the Pleistocene, ground-water flow in the

Rustler Formation was generally eastward, but uneven tilting of the Delaware

Basin lowered the regional base level and formed fractures in the evaporitic

• sequence of rocks approximately parallel to the basin axis. Dissolution

along the fractures, coupled wl.h erosion, formed Nash Draw. Also, 'the drop
in base level resulted in an increase in the carrying power of the Pecos

River, which began incising the Capitan aquifer near Carlsbad, New Mexico.

Erosion and downcuttlng released hydraulic pressure that caused a reversal in

Rustler ground-water flow direction near the WIPP. Flow in the Rustler west
of the WIPP is toward Nash Draw and eventually toward Malaga Bend; flow south

of the WIPP is toward Malaga Bend.

, *Work Performed Under Contract No. 75-8370 For Performance Assessment Divi-
sion (6342), Sandia National Laboratories
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PREFACE

The Performance Assessment team for the Waste Isolation Pilot Plant (WIPP)

comprises staff of the Performance Assessment Division of Sandia National

Laboratories (SNL) and other specialists who generally are contractors to SNL.

This report documents a preliminary geohydrologic conceptual model for the

region near the WIPP and is written by Kenneth F. Brinster, a contractor to

, the Performance Assessment Division. This report has completed SNL peer

review and SNL management review and is an official SNL Sandia (SAND) report.

vii

¢_r ' I11



CONTENTS

EXECUTIVESUMMARY ...............................................................................................................................ES-1

I. INTRODUCTION........................................................................................................................................I-1

Purpose ...............................................................................................................................................I-2
Location ...............................................................................................................................................I-3
Method of Study.................................................................................................................................. I-5

II. REGIONALGEOLOGY...........................................................................................................................I1-1

Geologic History ofthe DelawareBasin.......................................................................................... I1-1
Stratigraphyof the PennsylvanianRocks .......................................................................................11-5

MorrowanSeries............................................................................................................................11-5
DesmoinesianSeries.....................................................................................................................11-5
MissourianSeries...........................................................................................................................11-7
VirgilianSeries ...............................................................................................................................11-7

Stratigraphyof the Permian Rocks ..................................................................................................11-7
WolfcamplanSeries.......................................................................................................................11-7
LeonardlanSeries...........................................................................................................................11-7
GuadaluplanSeries.......................................................................................................................11-8

CapitanLimestone..................................................................................................................11-8
DelawareMountainGroup......................................................................................................11-12

OchoanSeries...............................................................................................................................I1-14
CastileFormation....................................................................................................................I1-17
Salado Formation..................................................................................................................II-17
RustlerFormation...................................................................................................................I1-19
DeweyLakeRedBeds............................................................................................................11-36

Stratigraphyof the Mesozoic Rocks ................................................................................................11-43
Stratigraphyof the Cenozoic Rocks ................................................................................................11-48

III. REGICNAL GEOMORPHOLOGY.........................................................................................................II1-1

Natural Occurrence and Removalof Evaporitesinthe StudyArea............................................. II1-1
Evidenceof Dissolution.................................................................................................................111-2
Mechanismsof Dissolution...........................................................................................................111-4
DissolutionFeatures......................................................................................................................11_-9

Nash Draw...............................................................................................................................111-9
BrecciaChimneys...................................................................................................................111-10

Discussion of the GeologicHistoryof Erosionand Dissolutionin the StudyArea................... 111-13

IV. REGIONAL HYDROLOGY.....................................................................................................................IV-1

. SurfaceWater ......................................................................................................................................IV-1
Precipitation...................................................................................................................................IV-2
Rivers,Lakes,andSprings............................................................................................................IV-2

Ground Water ......................................................................................................................................IV-7
CapitanLimestoneAquifer............................................................................................................IV-8

HydraulicConductivityand Permeability...............................................................................IV-8
Porosity...................................................................................................................................IV-12
PotentiometricSurface...........................................................................................................IV-12
FluidDensity............................................................................................................................IV-12

1
i

1



Contents

Bell Canyon Hydrostratigraphic Unit ............................................................................................IV-15
Hydraulic Conductivity ...........................................................................................................IV-15
Porosity ...................................................................................................................................IV-17
Potentiometric Surface...........................................................................................................IV-17
Rechargeand Discharge........................................................................................................IV-19
Hydraulic Gradient..................................................................................................................IV-19

Castile Formation........................................................................................................................... IV-21
SaladoFormation ..........................................................................................................................IV-22
RustlerFormation ..........................................................................................................................IV-27
Aquitard Units of the RustlerF0rmation .......................................................................................IW27
Rustler-SaladoContact ResiduumHydrostratigraphic Unit ........................................................IV-29

Hydraulic Conductivity ...........................................................................................................IV-31
Porosity ...................................................................................................................................IV-31
Potentiometric Surface...........................................................................................................IV-31
Storativity.................................................................................................................................IV-35
Fluid Density............................................................................................................................IV-35
Rechargeand Discharge........................................................................................................IV-35

Culebra Dolomite (RustlerFormation)Hydrostratigraphic Unit ..................................................IV-41
Hydraulic Conductivity ...........................................................................................................IV-42
Porosity ...................................................................................................................................IV-48
Potentlometric Surface,,.........................................................................................................IV-48
Storativity.................................................................................................................................IV-50
Fluid Density............................................................................................................................IV-50
Rechargeand Discharge........................................................................................................IV-50
MultlpadAquifer Tests in the Culebra Dolomite Member .....................................................IV-55

MagentaDolomite (RustlerFormation) Hydrostratigraphic Unit.................................................IV-6e
Hydraulic Conductivity and PermGability...............................................................................IV-68
Porosity ...................................................................................................................................IV-70
Storativity.................................................................................................................................IV-70
Potentiometric Surface ........................................................................................................... IV-70
Fluid Density............................................................................................................................IV-70
Recharge and Discharge........................................................................................................IV-74

Vertical Flow in the RustlerFormation..........................................................................................IV-74
Supra-RustlerRocks......................................................................................................................IV-82
DeweyLake Red Beds (Supra-Rustler)........................................................................................IV-82
Dockum Group ..............................................................................................................................IV-83
CenozoicRocks .............................................................................................................................IV-84

V. GEOCHEMICALSTUDIES.....................................................................................................................V-1

VI. BOUNDARYCONDITIONS IN THE NORTHERNDELAWAREBASIN ............................................... VI-1

Initial Conditions .................................................................................................................................VI-2
Three-Dimensional Boundary and Initial Conditions .................................................................... VI-4
Estimation and Distribution of Hydrologic Properties ...................................................................VI-10

VII. SUMMARY..............................................................................................................................................VII-1

REFERENCES..............................................................................................................................................R-1

APPENDIXA: Principles of Hydrology .....................................................................................................A-1

APPENDIX B: Geohydrologi¢ Data Bases ..............................................................................................B-1

GLOSSARY .................................................................................................................................................G-1

NOMENCLATURE........................................................................................................................................N-1



Contents

FIGURES

Figure Page

I-1 Location of the Study Area in the Delaware Basin......................................................................... I-4

I-2 Index Map Showing Study Area and Model Boundaries
-_ in the Los Meda_osRegion...................................................................................................... I-6
!

" I-3 Index Map Showing Well Locations Used for Geologlc Information in

i the LosMeda_osRegion.......................................................................................................... I-8

I1-1 Los MedaSosGeologic Column......................................................................................................11-2

11-2 Isopac,_Map of the Capitan Limestone,Showing PossibleSubmarineCanyons.....................................................................................................................................11-6

11-3 Capitan Reefand Associated Shelfward and BaslnwardUnits....................................................... 11-9

11-4 Portionof a Longitudinal Cross Sectionof the Capitan Limestone
along the Northern Edge of the DelawareBasinfrom Ato A',
asShown in Figure 11-2.............................................................................................................I1-11

11-5 BeslnwardUnits of the Delaware MountainGroup ........................................................................11-13

! 11-6 Orientation of SandstoneStringers in the BellCanyon Formation

of the DelawareMountain Group.............................................................................................11-15

i 11-7 GeneralizedStructure Contours on Top of the Lamar Shale

(Informal Unit) of the BellCanyon Formation(Delaware
MountainGroup) in the DelawareBasin........................................................ ................ 11-16

•, 11-8 GeneralizedDistribution of the Castileand SaladoFormations In
- the DelawareBasin,with Emphasison Distributionof Halites................................................ 11-18
al

#, 11-9 Structure Contours on Top of the Salado Formation.....................................................................11-20

• I1-10 General StratigraphicColumn Showingthe FiveMembers of the Rustler
• Formation..................................................................................................................................11-22

l I1-11 Cross Section from Ato A' of Figure I-2, Showing RustlerFormation
Stratigraphy...............................................................................................................................11-23

11-12 Histograms Showing Thicknesses of RustlerFormation and the
Unnamed Lower and Culebra Dolomite Members ...................................................................11-25

=

11-13 GeneralizedGeologic Map of Nash Drawwith OverburdenRemoved..........................................11-26

11-14 Longitudinal Cross Section along Nash Drawfrom A to A' of Figure 11-13................................... 11-27

11-15 Isopach Map of the Unnamed Lower Member...............................................................................11-28

11-16 Distribution of Halite in the RustlerFormation................................................................................11-29

11-17 Structure Contours on Top of the UnnamedLower Member ........................................................ !1-30
_

i



Contents

Figure Page

11-18 IsopachMap of theCulebraDolomiteMember..............................................................................11-32

11-19 StructureContourson Top of the CulebraDolomiteMember.,..................................................... 11-33

11-20 IsopachMapof theTamariskMember...........................................................................................11-34

11-21 HistogramsShowingThicknessesof theTamarisk,MagentaDolomite,and
Forty-ninerMembers............................................................................................................... 11-35

11-22 StructureContourson Top of theTamariskMember.....................................................................11-37

11-23 IsopachMap of the MagentaMember,. 11-38

11-24 StructureContoursonTop of the MagentaMember.....................................................................11-39

11-25 IsopachMap of the Forty-ninerMember 11-40

11-26 StructureContoursonTop of the Forty-ninerMember... 11-41

11-27 IsopachMap of the DeweyLake RedBeds....................................................................................11-42

11-28 StructureContourson Top of the DeweyLake RedBeds............................................................ 11-44

11-29 StructureContourson Top of LowerDockumGroup. 11-45

11-30 IsopachMapof LowerDockumGroupinthe StudyArea............................................................. 11-46

11-31 IsopachMapof theSupra-RustlerRocks....................................................................................... 11-47

II1-1 ColumnarCrossSectionacrossthe WIPP,Showing!.itholcgicCorrelations
of RustlerFormationUnits........................................................................................................111-3

IV..1 PrecipitationContoursInand nearthe StudyArea.................................................................... IV-3

IV-2 SurfaceDrainagein and nearthe StudyArea ................................................................................IV-6

IV-3 Pre-developmentand Post-developmentPotentiometrlcSurfacesfor Permian
HydrostratigraphicUnitsin EddyandLeaCounties,New Mexico......................................... IV-13

IV,4 DiagrammaticMaps DepictingtheEvolutionofGround-waterRegionsinPermian-age
GuadaluplanStratain SoutheasternNew MexicoandWesternTexas.................................. IV-14

IV-5 PotentiometrlcSurfaceof the HydrologicUnitintheUpperPartof the BellCanyon
in theStudyArea.......................................................................................................................IV-18

IV-6 Comparisonsof ModelsProposedfor Ground-waterMovementin theGuadaluplan
Rocksof the DelawareBasin....................................................................................................IV-20

IV-7 Variationin MeasuredPermeabilitywithIncreasingTest-IntervalDepth......................................IV-25

IV-8 ApproximateArealExtentof the "BrineAquifer"intheStudyArea ...............................................IV-30

IV-9 ContourPlotof theLogHydraulicConductivitlesof the Ruster-SaladoContact
Residuuminthe StudyArea .....................................................................................................IV-33

xii

' ' nqg



Contents

Figure Page

IV-10 Adjusted Potentiometrlc Surfaceof the Rustler-SaladoContact Residuumin the
Study Area... IV-34

IV-11 Adjusted Potentiometric Surface of the Rustler-SaladoContact Residuum in the
Study Area (Pecos Riverheads Included) ...............................................................................IV-36

IV-12 Contour Map of Brine Densttyin the Rustler-SaladoContact Residuumin the Study Area......... IV-37

IV-13 Cross Section Illustrating the Relationshipof FlowingWells to
Recharge and DischargeAreas................................................................................................IV-39

IV-14 Location Map of the WIPPTest Wells in the Study Area................................................................IV-43

IV-15 Contour M_p of Log Hydraulic Conductivity of the Culebra Dolomite Member in the
Study Area.................................................................................................................................IV-46

IV-16 Adjusted Potentiometric Surface of the Culebra Dolomite Member in the
Study Area.................................................................................................................................IV-49

IV-17 Adjusted PotentiometricSurface of the Culebra Dolomite Member of the Rustler
Formation in the Study Area (PecosRiver heads Included)...................................................IV-51

IV-18 Contour Map of Brine Density in the Culebra Dolomite Member in the Study Area..................... IV-52

IV-19 Plot Showing Change inTransmlssivityIn ObservationWells
Surrounding H-3........................................................................................................................IV-60

IV-20 Plot Showing Change in Transmissivltyin ObservationWells
Surrounding WIPP-13...............................................................................................................IV-62

IV-21 Drawdown of ObservationWells nearand over the WIPP during the WIPP-13
Pump Test, Showing Homogeneityof the Culebra in that Region......................................... IV-65

IV-22 Contour Plot of Drawdown at End of H-11 MultlpadTest (aliwells)..............................................IV-67

IV-23 Contour Plot of Drawdown at End of H-11 MultipadTest (wellsH-15, H-3b2,
and DOE-1 not Included)..........................................................................................................IV-67

IV-24 Contour Map of Log Hydraulic Conductivitles of the _agenta Dolomite Member in the
Study Area.................................................................................................................................IV-71

IV-25 Adjusted Potentiometric Surfaceof the Magenta Dolomite Member of the Rustler
_. Formationin the StudyArea....................................................................................................IV-72

IV-26 Contour Map of Brine Densityin the MagentaDolomite Member in the Study Area.................... IV-73

IV-27 Comparisons BetweenWells H-l, H-2, H-3 and H-4,Showing Potentialsfor
Vertical Flow in the RustlerFormation ......................................................................................IV-75

ii xiii
=



i

Contents

Figure Page

IV-28 ComparisonsBetweenWellsH-5, H-6,H-7,and H-8,ShowingPotentials
for VerticalFlowinthe RustlerFormation................................................................................IV-76

IV-29 ComparisonsBetweenWellsH-9, H-lO, P-14,and P-15,ShowingPotentials
for VerticalFlowintheRustlerFormation................................................................................W-77

IV-30 ComparisonsBetweenWellsP-17,WIPP-25,WIPP-26,andWIPP-27,ShowingPotentials
forVertical Flowinthe RustlerFormation................................................................................IV-78

IV-31 ComparisonsBetweenWellsWIPP-28,WIPP-29,andWIPP-30,ShowingPotentials
for V_rticalFlow in the RustlerFormation................................................................................IV-79

V-1 HydrochemicalFaciesintheCulebraDolomite............................................................................ V-4

VI-1 RegionalGround-waterFlowin the Rustler-SaladoContactat theBaseof the
RustlerFormation......................................................................................................................VI-6

VI-2 RegionalGround-waterFlow in the CulebraDolomiteMemberofthe Rustler
Formation..................................................................................................................................VI-7

VI..3 RegionalGround-waterFlowinthe MagentaDolomiteMemberofthe Rustler
Formation..................................................................................................................................VI-8

#

Ji
I xiv



Contents

TABLES

Taole Page

I1-1 MajorStratiglaphicand Time Divisions,SoutheasternNew Mexico............................................. 11-4

11-2 Thicknesses(m) of the RustlerFormationandEachMember....................................................... 11-21

II1-1 Summaryof DissolutionMechanismsinthe LosMedaEosRegion.............................................. 111-5

IV-1 StreamDischargeat GagingStationsbetweenCadsbadandMalagaBend,
New Mexico..............................................................................................................................IV-5

IV-2 Minimumand MaximumAnnualGround-waterDischargeto the PecosRIver............................. tV-8

IV-3 HydraulicCharacteristicsof the CapltanAquifer.......................................................................... IV-9

IV-4 Summaryof BellCanyonTest Results............................................................................................IV-16

IV-5 Summaryof HydraulicConducttvitlesand FormationPressuresInterpret_ fromthe
Testingof theBoreholesIntheWaste-HandlingShaft.............................................................IV-26

IV-6 Summaryof HydraulicParametersof the Rustler-SaladoContactResiduum
from SelectedTest Holesin the StudyArea ............................................................................IV-32

i IV-7 Culebra Dolomite Geohydrologtc Data Base.................................................................................. IV-44

r

IV-8 Summary of Multlp_dWell Responsesfor H-3 MultipadTest........................................................IV-56

IV-9 Summary of Multlpad Well Responses for WIPP-13 Muitipad Test ............................................... IV-57

IV-lO Summary of MultipadWnlI Responsesfor H,,_,1 _iultipad 'Test......................................................!V-58
i _

IV-11 Results of Correlations of Pun_p Test Results ................................................................................. IV_4
==

IV-12 Magenta DolomitGGeohydrologicData Base................................................................................IV-69
=

=i=

. IV-13 Comparison of Me,hods for E)etermlnlng Vertical Flow Potential in the Rustler
Formation ................................................................................................................................... IV-81

=

V-1 RecentGeochemicalStudiesin theStudyArea............................................................................. V-2

-=-

!

!

XV

=, . m" " _ |J .......... _' " _'



EXECUTIVE SUMMARY

f

This report summarizes the geohydrology of the Los Meda_os region east of

Carlsbad, New Mexico, for the purpose of developing a preliminary

geohydrological conceptual mode] of the northern Delaware Basin to determine

potential contami'nant-transport pathways in t'nehydrostratigraphic units for

8 the purpose of assessing the performance of the Waste Isolation Pilot Plant

(WIPP). This report presents regional geologic and hydrologic data in

m preliminary form for the Bell Canyon Formation, Capitan aquifer, Castile

Formation, Salado Formation, Rustler Formation hydrostratlgraphic units, Dewey

Lake Red Beds, Dockum Group, Cenozoic rocks, and alluvium, lt also

formulates, for the first time, a possible explanation of the origin of the

i present Los Meda_os regional ground-water flow and then shows how the
conceptual model can be used to establish regional boundary conditions and

initial conditions for modeling three-dimensional regional ground-water flow.

The Los MedaNos region is in tbe north-central part of the Delaware Basin in

the southern Pecos Valley section of the Great Plains Physiographic Province,

which lies between the high plains of West Texas and the Guadalupe Mountains

= in southeastern New Mexico. The Study Area covers an area 34 km by 40 km and

i extends from the Pecos River in southern eastward into Lea
Eddy County County

and southward from just inside the Delaware Basin edge to about 20 km north of

the New Mexico-Texas state line and consists of Nash Draw in the west and The

i Dunes in the east.

The ].owest hydrostratigraphic units and oldest units to crop out in the

northern Delaware Basin are the Capitan Limestone (reef unit) and the Bell

Canyon Formation (basinal unit). Irl southeastern New Mexico, the Capitan is

exposed in an uplifted portion forming the Guadalupe Mountains southwest of

Carlsbad and is overlapped by younger rocks northeast and east of Carlsbad.
=

The massive Capitan ranges in thickness from 76 to 230 m and averages about

120 m. Hydraulic conductivity ranges from 8 x 10 -6 to 9 x 10.5 m/s and

averages about 2 x 10 .5 m/s. Effective porosity, which is enhanced by

dissolution and fracturing of the limestone, is about 0.08. Ground water

flows from the Guadalupe recharge area northward around the periphery of the

Delaware Basin, eastward into the back reef rocks (shelf aquifer), and then

into Texas. Ground-water flow direction is influenced locally by the Pecos

River and by large withdrawals as a result of drilling activity. Fluid

density ranges from 1.000 to 1.115 g/cm 3.

=
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ExecutiveSummary

The Bell Canyon, which crops out southwest of Carlsbad just north of the New

Mexico-Texas state line, is the fore-reef equivalent of the Capitan Limestone

and interfingers with the Capitan at the basin margins. The upper part of the

Bell Canyon is composed of informally named sandstone and shale members, which

are, in ascending order, the Hays sandstone, Olds sandstone, Ford shale,

Ramsey sandstone, and the Lamar limestone. The upper siltstones and shales

contain elongated sandstone stringers that were deposited by density currents

moving from the reef basinward along the bottom. Ground water occurs in the

upper portion of this unit. The vertical potential of the fresh_water

equivalent heads of this unit is upward, which has led to the speculation that

the Bell Canyon waters have been, in the past, involved with dissolution of

the Castile Formation, causing collapse features that can be seen at the

surface. However, some workers believe the Castile does not have the

extensive fracture network necessary to provide pathways upwerd to the halites

and back down to th= Bell CaLlyon. The Bell Canyon will not be included in the

numerical modeling because of the poor hydraulic connection to the upper

hydrostratigraphic units and because the upward vertical potential i_ not

sufficient to push water saturated with respect to halite into the upper

hydrostratigraphic units.

Near the end of Bell Canyon deposition, circulation within the Delaware Basin

became more constricted, resulting in a thick sequence of organic layers

alternating with siltstone laminations that change in character upward from

organically layered calcite to calcite-layered anhydrite. This thick sequence

fo_:_s the lower Castile Formation, which then grades upward into the

anhydrite-layered halite of the upper Castile Formation and the thick halite

of the Salado Formation. The Salado is of particular interest because it is

the host rock for the WIPP.

The Castile and Salado Formations are present everywhere in the Study Area but

are dissolved and eroded away southwest of the Study Area in Texas. In New

Mexico, north of the WIPP, the Castile is about 360 m thick and thickens

southward across the WIPP, where it is about 470 m thick. At the southern

edge of the Study Area, the Castile is about 500 m thick. Throughout the

Study Area, the Salado is about 600 m of thick, bedded salt rhythmically

interbedded with anhydrite, polyhalite, and some glauberite and thin

mudstones. The structure of the Salado consists of a series of low anticlines

and shallow synclines with axes dipping southeastward. In the northeastern

part of the Study Area the Salado surface dips steeply northeastward. Unlike

the Castile, the Salado Formation overlaps the reef structure, with some

thinning over the reef, and is present outside of the basin, extending

eastward and northward for many kilometers into West Texas and the Texas

Panhandle.

i
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Conservative estimates of the hydraulic conductivity of the Castile yield a

range of about one nanodarcy (I.0 x 10-14 m/s) to about 0.I microdarcy (I.0 x

10 "12 m/s). Porosity of the anhydrite is about 0.001.

In the Study Area, where the Salado is intact, ground-water circulation is

minimal because, as is the nature of the highly plastic salt deposits, the

Salado lacks primary _oroslty and open fractures. Permeability of the Salado

is very low but measurable, averaging about 0.05 microdarcies and ranging from

9 nanodarcies to 25 microdarcies throughout the formation. ThE Salado has an

estimated effective porosity of 0.001. Formation pressure varies from

hydrostatic to near lithostatic and, although the formation may be saturated,

the low effective porosity allows for very little ground-wate_ movement.

The Salado Formation is conformably overlain by the Rustler Formation, which

is _he youngest unit of the Ochoan evaporite series. The composition of the

Rustler Formation is about 40 percent anhydrite, 30 percent halite, 20 percent

siltstone and sandstone, and I0 percent anhydritic dolomite. The Rustler

consists of five member_, which are, in ascending order, the unnamed lower

member, the Culebra Dolomite Member, the Tamarisk Member, the Magenta Dolomite

Member, and the Forty-niner Member. Ground-water occurrence in the Rustler is

mostly restricted to the Rustler-Sa!ado residuum at the base of the unnamed

lower member and the dolomite units, with some flow in a thin siltstone in the

unnamed lower member and in a thin claystone of the Forty-niner.

Data from the intervening units--the unnamed lower member, the Tamarisk Member

and the Forty-niner Member--are restricted to wells H-14 and H-16. These

aquitard units are considered isotropic and homogeneous, with a very low

permeability throughout the Study Area. The estimated hydraulic

conductivities of the three units are, in ascending order, I x i0-I0 m/s,

I x 10 "12 m/s, and I x 10 .9 m/s. The Tamarisk was too impermeable to test,

and the value of 10 "12 m/s is an estimate. The porosity of the aquitards is

about 0.3.

The Rustler-Salado residuum, or "brine aquifer," occurs above the halite of

the Salado Formation at the Rustler contact as a post-Rustler-Formation

dissolution residue in and near Nash Draw and as a post-Salado/pre-Rustler

dissolution residue in the WIPP vicinity. The residuum has a range of

thickness from 3 m to 30 m and a mean thickness of about 8 m. More recent

information shows a range of 2.4 m in test hole P-14 to 33 m in test hole

WIPP-29. Hydraulic conductivity ranges from about 10"12 to 10.6 m/s. The

hydraulic conductivities for Nash Draw are higher by several orders of

magnitude than the values east of the draw and range from 10 .8 to I_ -6 m/s.

Eastward, the range is from 10 "12 to 10.9 m/s. Near Malaga Be1_d, the
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hydraulic conductivity is around 6 x 10.4 m/s. Effective porosity estimates

for the brine aquifer range from 0.15 to 0.33, with an average effective

porosity of 0.2. Fluid density of the water in the residuum ranges from 1.048

to 1.24 g/cm 3.

More is known about the hydrologic properties of the Culebra Dolomite Member

than any other unit in the study area. The thickness of'the Culebra near the

WIPP ranges in thickness from 4.8 m to I!.0 m. The hydrau!ic conductivities

range from I0 "I0 m/s to 10 .4 m/s. Porosity of the Culebra ranges from 0.07 to

0.30 and averages about 0.16. The quality of Culebra Dolomite waters is

marginal, and use is restricted to stock watering. Fluid density of the

Culebra water ranges from 1.007 to 1.171 g/cm3.

The hydraulic conductivity of the Magenta Dolomite Member ranges from ]0"I0 to

10 .5 m/s. No porosity measurements have been done on the Magenta, but a

porosity of 0.20 is estimated for the dolomite, which is slightly high for

intact dolomite but may be close to an average porosity of dolomite that has

undergone some fracturing and/or dissolution. Water density varies from 1.004

to 1.171 gm/cm 3.

The hydraulic conductivity of the Supra-Rustler rocks, assuming saturation, is

assumed to be !0 "II m/s, similar to the hydraulic conductivity of the Forty-

niner Member. The estimated porosity falls in the range of fine-grained

sandstone: 20 percent. Water density is assumed to be similar to that of the

Magenta waters.

Geochemical and hydrological evidence indicates that ground-water flow in the

Los MedaNos region through the Rustler Formation and Capitan aquifer may be

under transient conditions, not under steady-state conditions, in response to

changing geology, hydrology, and climate. Before the Pleistocene, the grou_d-

water flow direction in the Capitan aquifer was eastward around the periphery

of the basin, and basinal flow was eastward through the Rustler Formation and

Bell Canyon Formation and then ultimately into Texas. Uneven tilting of the

Delaware Basin formed fractures in the brittle evaporitic rocks parallel to

the basin axis, al_d, combined with the lowering of the regional base level, an

episode of dissolution and erosion began forming Nash Draw. Coincident with

the tectonic activity, precipitation increased in the region that, in turn,

increased recharge to the Capitan in the G_adalupe Mountains area. The

vertical potential of the Capitan near what is now the Eddy-Lea county line

forced water upward into fractured rocks, dissolving the evaporites over the

reef and forming conduits (breccia chimneys) that are still evident over the

Capitan along the axis of Nash Draw.
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The drop in base level and increase in precipitation increased the carrying

power of the Pecos River, which began incising the Capitan Limestone near

Carlsbad. The down cutting of the Pecos River into the Capitan, coupled with

the Nash Draw dissolution/erosion, released the eastward regional hydraulic

pressure in the basinal units and the northern part of the Capitan. Breccia

chimney formation above the Capitan along the Nash Draw axls ceased, and

ground water in the Rustler Formation in the north-central Delaware Basin east

of Nash Draw changed direction and began to flow toward the draw and

ultimately to the Pecos River.

The hydraulic head of the Capitan aquifer exerts pressure vertically upward on

the northern rim of the Delaware Basin under the almost impermeable Salado

Formation. The Salado prevents Capitan water from moving upward except where

the Salado anhydrites and halites have undergone weakening caused by

deformation from extension fracturing or by compression. The Salado exhibits

thinning above the Capitan in areas where surface depression features are now

forming (San Simon Swale and San Simon Sink) and in areas where deep

dissolution features have filled with Cenozoic sediments (from Winkler County,

Texas, into southern Lea County, New Mexico). In some of the breccia

chimneys, which are up to 300 m in diameter, fluids undersaturated with

respect to halite may have removed ali or almost ali of the halite.

In the lower part of Nash Draw near the Pecos River, the Rustler Formation

ground water is under water-table conditions. In this region, the Rustler is

represented by the unnamed lower member, which has been affected by

dissolution of the upper Salado and by a high degree of dissolution of its own

evaporites. The Culebra Dolomite Member, where present in lower Nash Draw,

has also been affected by the dissolution of the upper Salado and the unnamed

lower member. Ali the dissolution has resulted in a poorly consolidated unit,

with horizontal flow toward the Pecos River. Below the river, flow is

vertical toward the river.

In the upper part of Nash Draw, the Rustler ground water _s only partially

confined, and ground-water flow is southwest down the axis of the draw toward

the Pecos River. Along the rim of Nash Dra_, fl_w from the Magenta Dolomite

is downward through the poorly consolidated, karstic Tamarisk Member into the

Culebra and then toward the water-teble aquifer near the Pecos River.

East of Nash Draw, the Rustler hydrostratigraphic units are completely

confirmed, and very little ground water flows vertically through the low-

permeability aquitard units. Flow in _he confined Magenta Dolomite Member is

west toward Nash Draw, and as previously mentioned, then" downward into and

perhaps through the Tamarisk Member, either directly into Nash Draw where the

Tamarisk is present or into the Culebra.
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Flow in the confined Culebra Dolomite Member is apparently south-southwest

across the WIPP ar,d then toward the water-table aquifer in lower Nash Draw.

In some areas, particularly south of the WIPP where the ground-water gradient

is low and where the Culebra dips gently east, ground-water flow direction may

be affected by the variable density of the Culebra waters.

Ground water, when found in the units above the Rustler Formation, is under

water-table conditions over the WIPP, but whether the cnndition prevails east

of the WIPP or where the change would occur is uncertain.

Future modeling studies will determine the sensitivity of the regional system

to variable density effects, the sensitivity of regional ground-water flow to

Capitan pressure to determine under what conditions flow in the upper

hydrostratigraphic units will be affected Ln the vicinity of the WIPP, and the

sensitivity to leakage from units above the Rustler Formation (and within the

R_,stler) on the Rustler hydrostratigraphic units.
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I. INTRODUCTION

The Waste Isolation Pilot: Plant (WIPP) near Carlsbad, New Mexico, is planned

as the first mined geologic repository for transuramlc (TRU) wastes generated

by defense programs of the United States Department of Energy (DOE). The

purpose of the WIPP is to demonstrate that a safe facility for handling,

storage, and disposal of TRU Waste is feasible. The WIPP Project will assess

compliance with the requirements of the United States Environmental Protection

Agency's (EPA) Standard, Environmental Radiation Protection Standards for the

Management and Disposal of Spent Nuclear Fuel, High-Level and Transur,_nic

Radioactive Wastes (40 CFR Part 19!). Assessing compliance with the long-term

performance criteria of Subpart B,of the Standard is a cornerstone for

successfully implementing a DOE TRU-waste disposal system.
I

Subpart B of the Standard defines "performance assessment" as an analysis that

identifies the processes and events that might affect the disposal system,

examines the effects of these processes and events on the performance of the

disposal system, and estimates the cumulative releases of radionuclides,

considering the associated uncertainties, caused by all significant processes

and events (U.S. EPA, 1975). Modeling of regional and local ground-water flow

is the basis for calculating radionuclide transport, an integral part of

assessing the performance of the disposal system. Site characterization

defines the local conceptual model and the present flow fields, synthesizes

observational data into flow and material-property fie].ds that help explain

and reproduce the data, and establishes confidence in the understanding of the

geology, hydrology, and geochemistry of the WIPP. Performance assessment will

use this conceptual model and the present flow field as initial conditions

from which slmulacions of the system are run far into the future (i0,000

years) to perform the consequence and uncertainty analyses required by the

Standard (SNL, 1990).

The objective of regional hydrologic modeling is to establish and maintain a

credible conceptual model that simulates the hydrology of the region for the

preliminary and final consequence analyses. The objective of local hydrologic

modeling is to establish and maintain a credible ground-water flow model of

the local hydrology for preliminary and final consequence analyses (SNL,

1990).

The evaporite deposits in southeastern New Mexico were chosen as a potential

repository for TRU wastes because the bedded salt has several characteristics

that make it a suitable geologic medium for storage of radioactive waste. The

Salado Formation fulfills the basic criteria for a repository as listed below

(from Powers and others, 1978):
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Geologic Criteria: The geology (topography, lithology, thickness, and
structure) shall provide suitable assurances that the repository shall not

be breached by natural phenomena as long as the waste is hazardous to man.

Hydrologic Criteria: The hydrology of the site shall not allow a possible
breach of the repository by dissolution of the evaporites, thereby

releasing waste that poses a threat to man.

Tectonic Criteria: The site shall be suitably stable, and no geologic

activity shall occur to breach the repository as long as the stored waste
is hazardous to man.

Physicc-chemical Criteria: The geologic medium must not react with the
waste material and must not pose a threat to man.

Purpose

The primary objectives of this report are the following'

To compile a regional geologic and hydrologic data base for the Los

Medaf_os region, where the WIPP is located. Previous studies in the area
have concentrated on specific aspects of geology and hydrology; this

report combines the efforts of many workers into a single report.

To present a regional conceptual geohydrological model for the Los Meda_os

region so that Computer simulations in three dimensions of ground-water
flow and transport can be developed.

These activities will help in the evaluation of performance of the WIPP. A

clear understanding of a ground-water flow system requires a knowledge of the

geology of the region to be studied, the location and state of the ground

." water within the system, the nature of the boundaries of the region containing

the ground water, the behavior of the system under natural or unstressed

conditions, and the behavior of the system under stressed conditions. This

report examines the relationship of the confined and unconfined ground-water

systems in the vicinity of the WIPP, the nature and occurrence of recharge to

the system, the relationship of the unsaturated zones and perched zones,

• anomalous water-level rises in some of the observation wells, regional ground-

. water flow, and the relationship of the Capitan aquifer and the Bell Canyon

Formation to regional flow. The geohydrology of the Bell Canyon is briefly

_ discussed as part of the regional flow system but ,_ill not be included in the

regional modeling. The Bell Canyon is of interest because it may have an

upward gradient sufficient to move water undersaturated with respect to halite

upward into the Culebra Dolomite Member of the Rustler Formation. The Capitan

aquifer is discussed because it is the primary source of ground water in

southeastern New Mexico and has had an influence on flow in the Los Medaf%os

region. Data are taken from published reports and are used to develop the
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overall conceptual model. This report complements Lappin (1988) and reviews

the geologic history, stratigraphy, basic concepts of geohydrology _, and

geohydrology of the Los Meda_os region.

This report will partly satisfy issue 1.3 of the Preliminary Plan for the

Disposal System (Bertram-Howery and Hunter, 1989), which is the behavior

characterization and performance modeling of the controlled area.

Performance assessment as applied here has three parts:

a) Identifying and screening scenarios that may have an effect on the

repository;

b) Selecting or developing computer codes for simulating the scenarios
selected, which involves I) collecting and compiling data into a

conceptual physical model of the region, 2) developing probabilistic and
statistical techniques for determining parameter uncertainty and

sensitivity, and 3) developing methods of linking the various codes in
order to analyze performance; and

c) Assessing compliance with regulatory standards.

The preliminary identification of suitable scenarios has been completed

(Guzowski, 1990). This report will be used to give direction to the

development of a computer model of the Los Meda_os region, and the scenarios

will be incorporated into the model to determine the radionuclide releases

associated with each scenario.

Location

The Los Meda_os Regional-Model Study Area (hereafter called the Study Area) is

located in the north-central part of the Delaware Basin in the southern Pecos

Valley section of the Great Plains Physiographic Province. This area lies

between the high plains of West Texas and the Guadalupe Mountains in

southeastern New Mexico (Figure I-I). The Study Area covers approximately

1600 km2 and extends from the Pecos River in southern Eddy County eastward

into Lea County and southward from just inside the Delaware Basin edge to

about 20 km north of the New Mexico-Texas state line.

The Study Area, which is located on the northern edge of the Chihuahuan

Desert, has an arid to semiarid climate because of the low rainfall (about 0.3

m/yr) (Hunter, 1985). The area has hot summers and mild winters.

The Study Area consists of two geomorphologica] parts, both of which are

distinctly different geologically and hydrologically. The western part is

1-3



ChapterI: Introduction

o_
106° 104° _ '_ K 102°

., ii!.......::!iii i
, !!ii!:

, helf!:i1

_ eld_ zona/:,.:::::::::;I
' nel_.A. ,r.q.h:iii::i,:;i_

Sout'h'ernSh'ei'i'!ii::!::ii::']

3°° __;;i::i:l_;ii!_i!i::::_

._:!:::.

104°

Hobbs
[_1

_" ea i
=

L-]
:Eunice

I

; Ne__wMexi_.___._co
Texas =kler

Culberson
Lovin Kermlt

m

I Pecos Barstow iI Crane

, Reeves / I

10,,
",, Fort

/ Stockton

- Pecos

103o_ i___-..J0 50 mi \

I _ J i l,, I _J
I I I I I I

- 0 50km

.

TRI-6342-251-0

Figure I-1. Location of the Study Area In the Delaware Basin (modified from Richey and others, 1985),

-.li

Ii I-4
II



,=, Location
Ii,

, ,

dominated by Nash Draw, a broad, shallow topogzaphic depression with no

external surface drainage (Figure 1-2). Nash Draw extends nearly 35 km from

the Pecos River east of Malaga, New Mexico, almost due north to the Maroon

Cliffs area and is bounded'on the east by Livingston Ridge and on the west by

Quahada Ridge. The eastern part of _the Study Area is a region of gently

rolling hills sloping upward to the northeast across the WIPP from Livingston

Ridge on the eastern boundary of Nash:Draw to a low ridge called "The Divide."

The elevation of the Study Area ranges from 900 m at Malaga Bend to II00 m

near the Eddy-Lea county line.

f

Method of St,_dy
L

The data presented in this su.rvey are compiled from many sources. Since the

Geological Characterization Report :(GCR) (Powers and others, 1978) for the

WIPP was published, many reports bare been released concerning the geology and

hydrology of the WIPP and WIPP vicinity. To date, most of the data collected

in the WIPP vicinity are concerned with the Culebra Dolomite Member of the

Rustler Formation because it is the most hydraulically conductive

hydrostratigraphic unit that provides likely potential pathways fo_ material

released from a breached repository to reach the accessible environment 5 km

from the WIPP. Performance assessment requires that ali potential

hydrostratigraphic units be considered, including the Delaware Mountain Group

and deeper units, the Capitan aquifer, the Rustler-Salado contact residuum,

the Culebra Dolomite and Magenta Dolomite Members of the Rustler Formation,

the Dewey Lake Red Beds, the Lower Dockum Group (Santa Rosa Sandstone), and

the alluvial aquifers.
i

m

Hydrologic and geologic data were compiled from Sandia National Laboratories

(SNL) Hydrology Program reports, U.S. Geological Survey (USGS) reports, SNL

contractor reports, private consultant reports for various government

agencies, driller's logs, and well logs. A discussion of terms used in this

report is presented in Appendix A. The data are presented in tables and

figures and in Appendix B of this report.

Hydrologic data pertaining to the Rustler Formation hydrostratigraphic units

at and near the WIPP were obtained from tests on wells and groups of wells.

The designation H is used for hydro-pad wells (groups of 3 or more wells

completed in the Rustler Formation). An alphabetical de.ignation of a, b, or

c (such as H-2a) denotes the horizon of completion, starting from Magenta (a),

qulebra (b), or the Rustler-Salado contact residuum (c). The WIPP (for

example, WIPP-25) designation is for wells in or near Nash Draw that were used

for dissolution and subsidence investigations. P-wells (P-14) are potash

4 resource evaluation wells that have been reworked for WIPP investigations.
I
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Figure I-2. Index Map Showing Study Area and ModelBoundariesInthe Los Medafos Region (modified
from LaVenueand others, 1988).
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Other wells from which data were obtained are from previous investigations in

the area, such as AEC-7, AEC-8, and ERDH-IO, which were used for Bell Canyon

Formation testing, and from wells used for domestic or ranching purposes.

Contour maps show hydrologic properties such as hydraulic conductivity and

water levels. The isopleths of hydraulic conductivities are the logarithms of

the value; the water levels are converted to fresh-water values and contoured.

Structure (formation surface) contour maps and isopachous (thickness) maps

present geologic data. As an expediency, the maps are computer generated

using _iurfer® from Golden Software, Inc. (1987). 1 Computer-generated maps are

adequate for most of the data presentation, but in some cases, such as in

areas with a low density of data points, the contour generation results in

uneven (sawtooth) contours or in _."bull's-eye" pattern. Special algorithms

in the contour package smooth these contours. This smoothing affects the

hydrologic parameter maps more than it affects the computer-generated contour

maps. For instance, the water-density maps are generated from data around the

WIPP, but as the contours are extrapolated toward the Study Area boundary, the

lines become erratic. Gradients in this report are presented as decimal

fractions with units of m/m.

Geologic data are from ?NL reports (Bachman, 1987; Borns, 1983, 1985, 1987a,b;

Borns and Shaffer, 1985; Borns and others, 1983), USGS reports (Richey, 1987,

1989; Mercer, 1983; Mercer and Orr and others, 1977, 1979), and driller's

logs. Hydrologic data are from SNL and USGS reports (Beauheim and others,

1983a,b; Beauheim, 1986, 1987a,b,c; Mercer, 1987; Mercer and others, 1987;

Stormont and others, 1987; Peterson and others, 1987; Saulnier and others,

1987; Saulnier and Avis, 1988; Haug and others, 1987; LaVenue and others,

, 1988; Lappin, 1988; Richey and others, 1987; Mercer, 1983), Rock and water

properties are from Haug and others (1987) and LaVenue and others (1988).

Geomorphology, physiography, and stratigraphy of the region in the vicinity of

the WIPP have been thoroughly discussed in many reports (Powers and others,

19178; Mercer, 1983; Bachman, 1973, 1974, 1980, 1984, and 1987; Snyder, 1985;

and Lappin, 1988). The reader is referred to these reports for a more

detailed discussion of these subjects. Hydrologic data for the Culebra

Dolomite Member were obtained from USCS and SNL reports for wells shown in

Figure 1-2. Figure I-3 shows the density of wells used for geologic data.

The data are presented in Tables B-I through B-6 of Appendix B.

i The use of a brand name in this report is for identification only and does

not imply endorsement of specific products by Sandia National Laboratories.
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II. REGIONAL GEOLOGY

A dominant geologic feature in southeastern New Mexico and western Texas is

the Permian Basin, which is comprised of a sequence of rocks that have a

classic limestone to sandstone facies relationship, that is, a gradual change

is represented in the rocks. The following brief description of the formation

of the Permian Basin and, s_sequently, the Midland and Delaware Basins, is

taken from Powers and others, (1978), Cheeseman (].978), Williamson (1978),

Hiss (1975), Hills (1984), Harms and Williamson (1988), and Ward and others,

(1986). The reader is also referred to the Los MedaNos Geologic Column

(Figure II-I) for the following disc-_sion.

Geologic Historyof the Delaware Bas!n

The Delaware Basin extends from just north of Carlsbad, New Mexico, into Texas

west of Fort Stockton (Figure I-i). The elongated, confined depression, one-

fourth of which is in New Mexico, covers an area of over 33,000 km 2 and is

filled to depths as great as 7300 m with Phanerozoic rocks (Hills, 1984).

The precursor of the Permian Basin, the Tobasa Basin, began forming as a

broad, low depression in Ordovician time when transgressing seas began

accumulating clastic and carbonate sediments. After a long period of

accumulation and subsidence, the basin began separating into the Delaware and

Midland Basins when the area now called the Central Platform uplifted during

Pennsylvanian time.

During the Early Permian, the subsiding basin, which was delineated by a reef

complex, began subsiding at a faster rate, and clastics to the south and reef

deposits to the north formed the Wolfcampian rocks (Cheeseman, 1978).

Leonardian-time rock units consisting of thick shelf and marginal dolomites

(San Andreas Dolomite and Victorio Peak Dolomite, respectively) and a thick

basinal limestone (Bone Spring Limestone) comprise the basal units for the

shelfward Artesia Group; the marginal reef units and the clastic basinal

Delaware Mountain Group of Guadalupian time (Figure II-I) form the Capitan

Reef and Delaware Basin.

Ochoan time is represented by the Castile Formation, which is confined to the

basin by the reef" the Salado Formation, which extends over the reef margin

and shelf rocks; the Rustler Formation; and the Dewey Lake Red Beds. A period

of erosion and deposition, now apparent in the present-day Study Area,

occurred at the end of Ochoan time, which corresponds to the end of Permian

time. The only Triassic rocks present are of the Dn_kum Group. The
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Chapterlh RegionalGeology

Jurassic is not represented in this area and obe Cretaceous is almost

completely missing. The Tertiary is represented only by the Ogallala
Formation. The Quaternary is represented by the GatufiaFormation, the

informally named Mescalero caliche, and dune sands. The stratigraphic units
and the relative times that the rock units were formed are given in Table II-

I. Figure II-i, a geologic column at the WIPP, illustrates the major

stratigraphic divisions, relative ages, and !ithologies of the units.
)p

TABLEI1-1. MAJORSTRATIGRAPHICANDTIMEDIVISIONS,SOUTHEASTERNNEWMEXICO

Era System Series Formation Age Estimate
(yr)

Quaternary Holocene Windblown sand
P!eistocene MescaleroCaliche - 500,000

Gatu5aFormation -600,000 +
Cenozoic

Pliocene
OgallalaFormation 5 million

Tertiary Miocene
25 mlllion

Oligocene Absen; Southeastern
Eocene New Mexico
Paleocene

65 million
Cretaceous Upper (Late) Absent Southeastern

New Mexico
Lower (Early) Detritus preserved

144million
Mesozoic Jurassic AbsentSoutheastern

New Mexico
2('}8million

Triassic Upper (Late) Dockum Group
Lower Absent Southeastern

New Mexico
245 mlli}on

Ochoan Dewey LakeRed Beds
RustlerFormation
Salado Formation
Castile Formation

I
Paleozoic F'ermian

Guadalupian Capitan Limestone
and BellCanyon
Formation

Leonardian . Bone Springs
Wolfcampian Wolfcamp

275 million

Source: Mod'_fiedfrom Bachman,1987
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GeologicHistoryof the DelawareBasln

Minimal tectonic activity has occurred in the region except for a slow

eastward tilting in the eastern part of the basin caused by faulting that

began in late Pennsylvanian time and continued through the Permian (Hayes,

1964; Williamson, 1978; Hills. 1984). Late-Tertiary faulting formed the

Guadalupe and Delaware Mountains along the westeln edge of the basin.

Evidence of volcanic activity in the area consists of a lamprophyre dike of

medium-gray to graylsh-black, fine-grained porphyritic material. The dike is

northeast trending and occurs 16 km northwest of the WIPP a_ its closest point

(Figure 2-5 in Powers and others, 1978). Figure II-2 in this report shows the

trace of the dike.

Stratigraphyof thePennsylvanianRocks

The oldest rocks iu the Delaware Basin discussed in this report are of

Pennsylvanian age (Figure II-i). Pennsylvanian rocks are of particular

interest to performance assessment because they are a potential source of

natural gas or fluids that may be under sufficient pressure to reach the

£epository level (see "Formation Pressure" in Appendix A). The total

thickness of these Pennsylvanian rocks ranges from 500 to 800 m in southern

Lea County (Nicholson and Clebsch, 1961). In the northern Delaware Basin, the

Pennsylvanian rocks are about 760 m thick.

MORRO'NAN SERIES

The basal Morrowan Series, deposited in a transgressive, fluvial-deltaic

environment, possesses variations in cementation and depositional patterns

that create stratigraphic traps for hydrocarbons (James, 1985). The Morrowan

Series consists of about 350 m of fine- to coarse-grained conglomeratic

sandstone. Also present is a dark shale that grades into a limey sequence

near the top.

The Morrow Formation grades conformably into the Atoka Formation, which

consists primarily of about Ii0 m of limestone alternating with shale

(Figure II-1) (Nicholsou and Clebsch, 1961; Powers and others, 1978; Hills,

1984; James, 1985).

DES_OINESIAN SERIES

The Strawn Formation represents the Upper Pennsylvanian rocks in the basin

(Figure II-I). The Strawn Formation consists of about 70 m of dark brown,

cherty limestones (James, 1985; Hills, 1984) with some sandstone beds (Powers

and others, 1978).

11-5

!
dm __



ChapterI1: P,u_,fonalGeology

R28E R30E ,I, R32E ,_ R34E R36E

Laguna Submarine Canyol
West ' Middle

Quahada 'East 8
Submarine C--

_- Can'

:::3.
O

(.3 cn
>., ,

LIJ

I
New Mexico-Texas State Line

R_'7E R29E I R31E _ RSSE RS5E

0 2 4 6 m, Explanation

o 5 lo km Trace of Lamprophyre Dike

TRI-6342-245-0

Figure11-2. Isopach Map of the Capitan Limestone,Showing Possible SubmarineCanyons (Hiss, 1975).
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Stratigraphyof the PennsylvanianRooks
DesmolneslanSeries

MISSOURIAN SERIES

These rocks consist of about 400 m of dark shales and limestones, sandstone,

and,some chert (Powers and others, 1978).

VIRGILIAN SERIES

In the Delaware Basin, this series consists of about_ 300 m of brown to tan,

fine-grained sandstone, black to brow_ shale, and light-colored sandstone

(Powers anu others, 1978).

Stratigraphyof the Permian Rocks

Lithologic delineation of the Upper Pennsylvanian rocks from the Permian rocks

is difficult because of differential rates of deposition on the Pennsylvanian

surface and differential rates of subsidence throughout the Permian Basin. In

the Delaware Basin, the boundary is determined by an interpretation based on

fusulinids (Hayes, 1964; Powers and others, 1978). Table II-i gives the

bounding ages of the systems from the Permian to the present.

The Permian rocks are divided into the following series: Wolfcampian,

Leonardian, Guadalupian, and Ochoan. In New Mexico, Wolfcampian, Leonardian,

and early Guadalupian rocks are described from drillho]e cores, while late

Guadalupian and Ochoan rocks are described from outcrops. Descriptions of

outcrops in Texas (Hayes, 1964) provide additional data on ali Permian rocks.

WOLFCAMPIAN SERIES

In the northern part of the Delaware Basin, the Early Permian, Wolfcampian

rocks unconformably overlie the Pennsylvanian rocks. The rocks consist

primarily of limestones and dolomites with some thick shales and are unlike

the stratigraphically equivalent rocks in the Glass Mountains, which are

mainly limestone (Hayes, 1964; Powers and others, 1978; Hills, 1984). West of

the Study Area between the Pecos River and Guadalupe Mountains, the

Wolfcampian Series is about 550 m thick in the subsurface and consists of

gray, black, and brown shale with some interbeds of fine-crystalline, brownish

limestone (Hayes, 1964; Nicholson and Clebsch, 1961).

LEONARDIAN SERIES

Continued deposition of fine-grained, clastic sediments in the middle Permian

formed the Leonardian rocks. These porous and permeable sandstones are

interflngered with less permeable and porous, thin black limestones, and the

11-7
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series is as much as 900 m thick in the central basin (Hayes, 1964; Nicho!son

and Clebsch, 1961; Hills, 1984; Powers and others, 1978).

GUADALUPIAN SERIES

The oldest rocks of interest in the development of a geohydrologic conceptual

model for the Delaware Basin are the upper units of the Cuadalupian Delaware

Mountain Group and its time equivalents: the Capitan Limestone and the

Artesia Group (Figure 11-3). Leonardian Series and older rocks will be

considered as sources of fluid under pressure only if further examination of

well data shows that deep reservoirs are important (see Chapter VI).

| The Capitan Reef and the associated rocks represent a classical example ofm

| facies change. Ward and others (1986) divided the complex into seven parts.

Beginning from the basin and going shelfward, the facies are the following'

Deep water basin (Delaware Mountain Group)

Reef talus (Capitan Reef)

Reef (Capitan Reef)

Carbonate sand flats (Artesia Group)
Carbonate barrier islands (Artesia Group)

i Lagoonal structures (Artesia Group)Coastal playas and sabkhas (supratidal salt flats) (Artesia Group)
!

i The development of the current conceptual model will include only the first

three facies listed above. The shelf facies are outside the scope of this
m

!
= report but are presumed to have some influence on the hydrology of the Capitan

¢ Reef. Although aquifers are present in the Artesia Group, the contact of the

units with the Capitan Reef is gradational (Hiss, 1975).

= Capitan Limestone

The Guadalupian Capitan Reef is an arcuate structure that almost completely

surrounds the Delaware Basin. In New Mexico, the reef is exposed in an
-

* uplifted portion that forms the Guadalupe Mountains southwest of Carlsbad and_

is overlapped by Ochoan evaporites northeast and east of Carlsbad. The

Capit@n limestone disconformably overlies the Goat Seep Dolomite and is

equivalent to the basinal Bell Canyon Formation described below. The top of

the limestone is eroded in the Guadalupe Mountains but remains intact where it

is covered. Hayes (1964) divided the reef into two parts, a massive member

and a breccia member, that correspond to the reef and the talus facies,

respectively. He interpreted the massive member to be biogenic in origin but

only sparsely fossiliferous because of dissolution and recrystallization. The

massive member ranges in thickness from 76 to 230 m and averages about 120 m

i
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ChapterI1:RegionalGeology

thick. The reef in outcrop is a light-gray, massive limestone overlying

steeply dipping fore-reef talus of bedded, blocky limestone rubble (Ward and

others, 1986). The matrix porosity in the reef is low because of biogenic

cementation, but where dissolution and fracturing have occurred, permeability

is greatly enhanced. This is also true for the upper talus facies, but in the

lower part of the talus, dolomitization, silicification, and compaction have

decreased porosity and permeability (Ward and others, 1986; Hayes, 1964; Hiss,

1975; Hills, 1984). The relationship of porosity and permeability to the

hydrology are discussed further in "Principles of Hydrology" (Appendix A).

The carbonate breccia of the talus front grades basinward into the sandstone

of the Bell Canyon Formation by interfingering. The youngest limestone at the

reef front may grade into the Castile Formation (Hayes, 1964). Hayes

estimates that the maximum vertical thickness of the breccia acros: the

inclined beds, without regard to dip, may be as much as 534 m, averaging about

381 m. He puts the total thickness of the Capitan Limestone at about 610 m.

In Eddy County, the Capitan averages about 450 m thick and ranges from 50 to

720 m, and in Lea County, 21 km northeast of Carlsbad in T20S, R29E, the unit

has an average thickness of about 400 m, with a range from 50 to 640 m (Hiss,

1975). At ali locations, the Capitan Limestone progrades (builds) basinward.

Isopach maps, structure contour maps, and cross sections of the Capitan

Limestone show depressions across the surface and a scalloped pattern along

the basinward edge. Maps and a longitudinal cross section of the Capitan

Limestone (Figures 11-2 and II-4) from Hiss (1975) illustrate these

characteristics. Figure 11-2 shows that the Capitan thickness undulates and

creates the scalloped appearance along the basinward edge. Figure 11-4, a

longitudinal cross section parallel to the reef edge, shows that the surface

of the reef undulates up and down. These surface depressions in the reef were

formed when storm-generated density currents (gravity-induced currents caused

by density difference in fluids) flushed sediment from the evaporitic back-

reef lagoons and, using the silt- and sand-laden water, abraded channels into

the reef (Hiss, 1975; Williamson, 1978). Williamsonts postulation (1978) is

that some low-density turbidity currents (currents with material in

suspension) were responsible, but the features associated with these currents

are not evident. Harms and Williamsones (1988) conclusion is that dense shelf

water spilling through the channels in the carbonate banks and flowing down

the reef face and out into the basin formed the channels. The dense flows cut

channels, and less dense flows spread out over the basin floor, covering the

bottom with fine-grained materials. This deposition resulted in facies

changes within the basin that show vertical variation in sediment grain size

and texture (see also "Bell Canyon Hydrostratigraphic Unit" in Chapter IV).

II-I0
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Stratigraphy of the Permian Rooks
Guadaluplan Series
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The reef canyons in the Capitan aquifer are important hydrologically because

the transmissivities of the channel fill are _is:_ than those of the reef

carbonates, thus restricting ground-water flow. The following description of

the Bell Canyon Formation of the Delaware Mountain Group and Appendix A

further discuss the relationship and importance of the sandstone channels to

regional ground-water flow.

Delaware Moun_in Group

The Guadalupian Delaware Mountain Group consists of three siliciclastic units.

In ascending order they are the Brushy Canyon, Cherry Canyon, and Bell Canyon

Formations. The Bell Canyon is almost completely restricted within the basin,

but the Cherry Canyon has been noted north and west of the reef (Hiss, 1975).

The Brushy Canyon Formation consists of a basal unit of about 50 m of dark

gray to black shale and shaly sandstone interbedded with limestone and

sandstone and is overlain by about 300 m of resistant, lenticular, coarse-

grained sandstone beds. The Brushy Canyon overlaps the Bone Spring limestone

and has no time equivalent in the basin and margin (Hayes, 1964). The Brushy

Canyon is conformably overlain by the Cherry Canyon Formation, which consists

of about 300 m of fine-grained sandstone with some limestone members. The

Brushy Canyon and Cherry Canyon do not crop out in the Study Area but are

exposed just south of the Guadalupe Mountains in Texas. The only outcrops of

the Delaware Mountain Group in New Mexico are Bell Canyon rocks to the

southwest of Carlsbad, just north cf the New Mexico-Texas state line (Hayes,

1964).

The Bell Canyon Formation conformably overlies the Cherry Canyon Formation and

is about 210 m thick in outcrop to about 260 m thick in the subsurface (Hayes,

1964). The Bell Canyon consists of thinly bedded, fine-grained sandstones and

coarse-grained siltstones with less than five percent gray to black limestone,

dolomites, and conglomerates, and virtually no clay (Williamson, 1978; Mercer,

1983; Harms and Williamson, 1988). The upper part of the Bell Canyon in the

WIPP area was divided into six informal units based on the _¢tudies of cores

from test holes ERDA-10, AEC-7, and AEC-8 (Figure 11-5) (Mercer, 1983). The

Ramsey sandstone is the thickest sandstone unit in the upper Bell Canyon

Formation and has had the greatest amount of data recorded because of its

importance as an oil and gas producer in some parts of the basin. The Ramsey

is separated from the younger Castile Formation by the thin (I0 m) Lamar

limestone and the very thin (3 m) Trap shale. A marker bed called the Ford

shale separates the Ramsey from older units (Olds and Hays sandstones).

As previously mentioned, the Bell Canyon Formation is time equivalent to the

Capitan Reef. The unit interfingers with the reef and dips out into the deep
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Chapter I1:Regional Geology

basin. Evidence for the deep depositional environment is the presertce of

deep-water sponges (Cys, 1978).

Nearly all sandstones in the Bell Canyon Formation are restricted to long,

sinuous channels, with siltstones comprising the interchannel material

(Williamson, 1978; Harms and Williamson, 1988). The channel sands are the

remnants of the density currents and possible turbidity currents discussed in

a previous section on the Capitan Limestone. A regional isolith map shows the

general southwest direction of the density flows in Eddy and Lea Counties, New

Mexico (Figure II-6). Not shown are the broad distal portions of the channels

that form as the cur1',_nts reach the basin center. The overall structure of

the Bell Canyon Formation (Figure II-7) shows a steady structural gradient

dipping easterly (about one degree) through Eddy County. The formation occurs

at a depth of about 1200 m in the vicinity of the WIPP.

OCHOAN SERIES

The Ochoan Series is the last series of Permian age in the Study Area. The

Ochoan consists of, in ascending order, the Castile Formation, the Salado

Formation, the Rustler Formation, and the Dewey Lake Red Beds. The Castile

and Salado Formations are mostly anhydrite and halite; the Rustler Formation

is a mixture of shales (claystone, mudstone, and siltstone), anhydrite,

halite, and dolomite; and the Dewey Lake Red Beds consist of sandstones,

siltstones, and shales. Ali units are present over the WIPP, but west of the

WIPP from Nash Draw to the Guadalupe Mountains, some or nearly ali of the

formations may have been removed by erosion. At Nash Draw, the Dewey Lake Red

Beds and part of the Rustler Formation have been removed by erosion. West of

the draw at Quahada Ridge, the Dewey Lake Red Beds may or may not be present.

To the southwest only the Castile Formation is present, and near the Texas-New

Mexico state line, the Castile Formation is missing, and Bell Canyon rocks

crop out.

Near the end of the Bell Canyon deposition, circulation within the Delaware

Basin became more constricted, resulting in a sequence of organic layers

alternating with siltstone laminations that changes in character upward from

organically layered calcite to calcite-layered anhydrite. This thick sequence

forms the lower Castile Formation, which then grades into the anhydrite-

layered halite of the upper Castile Formation and the thick halite of the

Salado Formation (Anderson and others, 1972). Speculation by Anderson and

others (1972) is that the laminations persist to a "basal limestone breccia,

probably of the Rustler Formation, that rests on the lower part of the Salado

Formation." A sequence of 260,000 varves was measured and had a composite

thickness of 447 m. The varves are correlative over a distance of 113 km

across the Delaware Basin (Anderson and others, 1972).

i
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Stratigraphy of the Permian Rocks
Ochoan Series
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StratigraphyofthePermianRooks
OchoanSeries

Castile Formation

The Castile Formation conformably overlies the Bell Canyon Formation and

consists of seven lithologic members, which include four anhydrite members

intercalated with three halite members. In the 'vicinity of the WIPP, there
|
i

are three anhydrite and two halite layers. The Capltan Limestone reef

. completely contains the Castile Formation in the Delaware Basin, and the
|

! formation is not present beneath the reef or in the back reef. The formation

is present everywhere in the Study Area but is eroded away southwest of the

! Study Area in the western lobe of the Delaware Basin (Figure 11-8). In Loving

County, Texas, where the section is complete, the Castile Formation is 640 m

| thick. In New Mexico north of the WIPP, the Castile Formation is about 360 m

| thick and thickens southward across the WIPP, where it is about 470 m thick.

At the southern edge of the Study Area, the Castile Formation is about 500 m
_

thick.

The Bell Canyon-Castile contact is of particular interest because of the

change of environments from deep basinal to evaporitic. A study by Cys (1978)

of a core from a well Just south of the Texas-New Mexico state line showed the

change as transitional but rapid. In the span of one meter, the rocks change

i from laminated siltstone and shale to siltstone and limestone to anhydrite and
limestone. Cys's conclusion (].978)was that the fauna present indicate

deposition in deep rather than shallow water. The constriction of channels

that had previously allowed free circulation in the basin probably caused the

depositional environment to change from open marine to evaporitic.

Sedimentation and reef growth rather than diastrophism probably caused the

constriction of the channels in the southern segment of the reef (Adams,

1944).

j Exploratory coring of the WIPP at ERDA-6 indicated that flowage of the halite

in the Castile Formation occurred locally during mid-Cenozoic time and formed

anticlines parallel to the strike of the underlying Bell Canyon Formation

(Anderson and Powers, 1978).

Salado Formation

As originally defined, the Castile Formation included a halite-rich upper

_ section and an anhydrite-rich lower section (Richardson, 1904, cited in

Mercer, 1983). The Castile Formation was later divided into two formations;

the lower anhydrite was called the Castile Formation, and the upper halite

section was called the Salado Formation (Lang, 1938). The upper unit is of

particular interest because it is the host rock for the WIPP. Bachman's

conclusion (1984) was that the Salado Formation in the northern Delaware Basin

i conformably overlies and interfingers with the Castile Formation, whereas some
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Stratigraphyofthe Permian Rooks
Ochoan Series

earlier workers had concluded that the contact was an angular unconformity

(Adams, 1944).

The Salado Formation is present throughout the Study Area but is absent west

of the Study Area (Figure 11-8). Because the Salado Formation is extremely

soluble, there are no intact Salado Formation outcrops. Dissolution breccias

consisting mostly of gypsum and clay are ali that remain. Throughout the

Study Area, the Salado is about 600 in thick and consists of salt rhythmically

interbedded with ar_ydrlte, polyhalite, some glauberite, and some thin

mudstones (Jones, 1975; Borns, 1985; Mercer, 1983, 1987). The Salado

Formation is divided, using borehole data, into three informal members by

economic importance, even though the lithologies are similar (Jones, 1974).

The following are the three members as described by Jones (1978):

The lower member I. 296 to 354 m of mostly halite with lesser amounts of

anhydrite, polyhalite, and glauberite, and has some layers of fine

clastic sediments. The rock colors grade upward from light gray at the
bottom of the unit to red. This unit will be the host rock for the

repository.

The middle member, the McNutt Potash Zone, is 106 to ].26 m of a reddish-

orange and brown halite with deposits of sylvite and langbeinite from

which potassi_ salts are mined. The unit is bounded at the bottom by a

thin anhydrite layer and at the top by a thin, silty sandstone unit=

called, the Vaca Triste Sandstone.

I The unit is 136 to 161 m of reddish-orange to brown halite
upper

interbedded with polyhalite, anhydrite, and sandstone.
|

A structure map of the surface of the Salado Formation constructed using the

data in Appendix B shows a series of low anticlines and shallow synclines with4

axes dipping southeastward (Figure II-9). In the northeastern part of the

, Study Area, the Salado Formation surface dips steeply northeastward. In the
i
@ western part of the Study Area, the Salado Formation has an irregular surface

caused by dissolution. Unlike the Castile Formation, the Salado Formation=

overlaps the Capitan Reef and is present outside of the reef area, extending

eastward into West Texas and northward into the Texas Panhandle.

Rustler Formation

The Salado Formation is conformably overlain by the Rustler Formation, which

is the youngest unit of the Ochoan evaporite series. The Rustler Formation is
=

of particular interest because it includes hydrostratigraphic units that may

provide potential pathways for radionuclides to the accessible environment.
l
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Stratigraphyof thePermianRooks
OchoanSeries

The Rustler Formation is composed of about 40 percent anhydrite (or gypsum),

30 percent halite, 20 percent siltstone and sandstone, and I0 percent

anhydritic dolomite (Lambert, 1983). Vine's division (1963) of the Rustler

Formation delineated four formally named members and a lower unnamed member

(Figure II-i0) on the basis of lithologies of units that crop out west of the

WIPP along the eastern edge of Nash Draw. The five units described by Vine

(1963) and Mercer (1983) are, in ascending order, as follows:

Unnamed lower member

Culebra Dolomite Member

Tamarisk Member

Magenta Dolomite Member

Forty-niner Member

A cross section from the Pecos River northeast of Loving, New Mexico, across

Nash Draw to the east-northeast shows that the Rustler Formation is relatively

flat under Nash Draw but then dips to the east until approximately over the

repository (south of H-6), where it begins to rise (Figure II-II). The

Rustler has a fairly uniform thickness, but the Dewey Lake Red Beds increase

in thickness eastward. The presence of younger units is also noted as the

section goes eastward. The low area to the left of WIPP-29 is just north of

Laguna Grande de la Sal (Figure 1-2).

The Rustler Formation in the Study Area ranges in thickness from 8.5 m where

dissolution and erosion have occurred, to 216 m thick east of the WIPP and has

a mean thickness of 109.4 m (Table 11-2). The dolomitic members range from 3

to 1.3.7 m, and the non-dolomitic members range from about 3 to 162 m.

Table 11-2 shows a small standard deviation for the members, especially the

Culebra and Magenta Dolomites, which indicates small spread or variability.

(If the numbers are spread out, the standard deviation tends to be large.)

The Rustler Formation has a normally distributed composite-thickness range

TABLE 11-2.THICKNESSES (m) OF THE RUSTLER FORMATION AND EACH MEMBER

Name Number Standard
of Wells MIn Max Mean Deviation

Rustler Formation 545 8,5 216.4 109,4 25,4

Forty-niner Member 513 5,5 35.1 19.8 3.3
Magenta Dolomite Member 513 3.0 11,2 6.5 1.2
Tamarisk Member 513 7.6 84.4 39.5 15.0

-= Culebra Dolomite Member 513 3.0 13.7 7.5 1.4

Unnamed lower member 513 2.8 162.1 39.1 11,7
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Forty-niner Member

Magenta Dolomite Member

c Explanation
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Figure I1-10. General Stratlgraphlc Column Showing the Five Members of the Rustler Formation
(Mercer, 1983),
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(Figure ll-12a), Knowing that a Sample distribution is normally distributed

allows a more exact probability distribution function for a variable, which is

useful in performance assessment modeling (see Chapter VI). Also, comparison

of the composite thickness of the Rustler to the Rustler thickness in

individual wells may be usefu_ in determining the areal distribution of halite

or degree of dissolution. Ali the Rustler Formation members are present over

the WIPP.

Dissolution of the evaporites in the nondolomitic members caused collapse

features in Nash Draw, resulting in exposures of Dewey Lake Red Beds and of

the upper four Rustler Formation members. Figure II-13 is a generalized

geologic map of the Nash Draw area with the overburden Stripped away. The map

was drawn from well data and a geologic map of the Nash Draw Quadrangle by

Vine (1963). Figure II-14 is a cross section parallel to the axis of the draw

with the surface topography included, which gives a sense of the layered

aspect of the rocks.

The unnamed lower member has a mean thickness of about 40 m and is about 36 m

thick at the WIPP (Table II-2). A histogram of the frequency of thickness

shows a normal distribution with a cluster around 40 m (Figure ll-12b). An

isopach map of the unit shows a fairly uniform thickness across the Study

Area, with a slight thickening to the east (Figure II-15). This thickening

can also be seen in a cross section of the Study Area (Figure II-ll). The

unnamed lower member is composed mostly of fine-grained, silty sandstones and

siltstones interbedded with anhydrite (gypsum at Nash Draw) in the western

part of the Study Area but becomes thicker with increasing amounts of halite

in the eastern part of the Study Area (Vine, 1963; Mercer, 1983).

The presence of the halite is somewhat co,_relative to a decrease in hydraulic

conductivity of the member in the eastern part of the Study Area and is

" discussed in Appendix A Halite in the unnamed lower member extends farthesti

westward over the WIPP but is absent north and south of the WIPP at a
i

topographic low, the so-called "Nash Draw Reentrant" (Figure II-16) (Beauheim,

1987b). Halite is present in the other two clastic units above the lower

member but does not extend as far west over the WIPP (Snyder, 1985).
Q
=

A structure contour map of the unnamed lower member, which is very close to

the surface in the southwestern part of the Study Area (Figure II-17), is

similar to the Salado Formation structure map (Figure II-9). The southeast-

plunging anticline north of the WIPP shown on the Salado Formation structure

contour map is also present in the unnamed unit.

=

A dissolution residuum at the base of the unnamed lower member resulted from

i dissolution of the upper Salado Formation or the upper Salado and lower
|
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unnamed member. In the vicinity of Nash Draw, the residuum is an

unstructured, distinctive gray residue of gypsum, clay, and sandstone that

grades eastward and intertongues with the clayey halite of the unnamed lower

member. The dissolution was demonstrated by Mercer (1983) to have been post-

Rustler on the basis of the brecciatlon present. In the vicinity of the WIPP,

the residuum was observed in the shafts and shows evidence of channeling and

filling, fossils, and bioturbation. This would indicate the dissolution

occurred before Rustler deposition by water that was fresher than the lagoonal

water that formed the Salado (Holt and Powers, 1988). This residuum ranges in

thickness from 3 m to about 20 m and averages about 8 m in the vicinity of

Nash Draw (Mercer, 1983).

The Culebra Dolomite Member of the Rustler Formation is microcrystalline

grayish dolomite or dolomitic limestone with solution cavities (Vine, 1963)

containing some gypsum and anhydrite filling (Holt and Powers, 1988). The

Culebra Dolomite, where present, ranges in thickness from 3 to 13.7 m and has

a mean thickness of about 7.5 m (Table 11-2). A histogram of the frequency of

thickness in the Culebra Dolomite shows a normal distribution with a cluster

around 8 m (Figure II-12c). An isopach map of the Culebra Dolomite

(Figure 11-18) shows a nearly uniform thickness throughout the Study Area.

The Culebra Dolomite dips gently to the southeast with a gradient of 0.01

(about 0.50) south of the WIPP and relatively steeply to the northeast with a

gradient of 0.03 (about 1.70) north of the WIPP (Figure II-19). In the

western and southwestern parts of the Study Area, the Culebra Dolomite

thickness is erratic because of extensive weathering and removal of

evaporites. Outcrops of the Culebra Dolomite occur in the southern part of

Nash Draw north of Laguna Grande de la Sal and along the Pecos River.

A structure contour map of the top of the Culebra Dolomite Member shows a

shallow syncline at the northeast corner of the WIPP, with an associated

anticline farther to the northeast (Figure 11-19). Southwest of the WIPP

between wells H-8 and H-9 is a small anticline with an amplitude of about

40 m.

The Tamarisk Member, where present, ranges in thickness from 8 to 84 m in

southeast New Mexico, with a mean thickness of 39.5 m in the Study Area, and

is about 36 m thick at the WIPP (Table 11-2). The Tamarisk Member consists of

mostly anhydrite interbedded with thin layers of claystone and siltstone.

Halite is also present just east of the WIPP (Figure 11-16) where the Rustler

is intact. The member crops out along the southwestern side of Nash Draw. An

isopach map (Figure 11-20) of the member reveals a thickening in the east-

central, southeastern, and southwestern parts of the Study Area and to the

west of Nash Draw. A histogram (Figure ll-21a) of the frequency of thickness

shows a cluster below the mean; a calculation of the mean shows a large
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Figure 11-18. Isopach Map of the CulebraDolomite Member.
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-- Figure11-20.IsopachMapoftheTamariskMember.
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standard deviation, which indicates a large variability in thickness that

could be the result of extensive dissolution of the Tamarisk evaporites near

Nash Draw. East of the WIPP, the Tamarisk increases in thickness, which

corresponds to the presence of halite (Figure 5 in Mercer, 1983). The

structure contour map of the surface of the Tamarisk Member (Figure 11-22) is

consistent with the unnamed lower member and Culebra Dolomite Member structure

contour maps (Figures ll-z7 and II-19), which show a series of associated

parallel anticlines and synclines in the northeast portion of the Study Area

with axes oriented northwest to southeast.

The Magenta Dolomite Member of the Rustler Formation is a very fine-grained,

greenish-gray dolomite with reddish-purple layers and ranges in thickness from

3 to ii m, with a mean thickness of 6 m (Table 11-2). The Magenta Dolomite is

about 6.5 m thick at the WIPP. A histogram indicates a small variability in

thickness (Figure ll-21b), with a normal distribution of the available data.

An isopach map (Figure 11-23) of the WIPP area reveals a slight thickening in

the central part of the Study Area and a thinning to the southeast and east.

The Magenta Dolomite crops out along most of southern Nash Draw and has

structural features similar to those of the underlying units (Figure 11-24).

The uppermost member of the Rustler Formation, the Forty-niner Member,

consists of anhydrite interbedded with a layer of siltstone, with halite

present in the eastern part of the Study Area. The unit ranges in thickness

from 5.5 to 35 m and has a mean thickness of 20 m (Figure II-21c). At the

WIPP, the unit is about 20 m thick. An isopach map (Figure 11-25) of the unit

indicates a relatively uniform thickening east of the WIPP across the Study

Area. The structure is consistent with the lower units (Figure 11-26).

Dewey Lake Red Beds

Present in the Study Area are several rock units younger than the Ochoan

Rustler Formation. These units may not be of hydrologic importance because

they are not extensive aquifers, and some units are unsaturated throughout

most of the Study Area. Overlying the Rustler Formation are the youngest

Ochoan rocks, the Dewey Lake Red Beds. Although the contact has been

described as an unconformity with a slight discordance (Jones, 1975), the more

common interpretation is that the rocks lie conformably on the Rustler

Formation (Bachman, 1987; Vine, 1963). The Dewey Lake Red Beds (Pierce Canyon

Red Beds of Vine, 1963) consist of alternating layers of reddish-brown, fine-

grained sandstones and siltstones cemented with calcite and gypsum. Bedding

may be structureless, or cross-bedding, ripple marks, and mud cracks may be

present. In the Study Area, the Dewey Lake Red Beds are absent in Nash Draw

but range up to about 60 m thick west of Nash Draw and to over 200 m thick

east of the WIPP (Figure 11-27). Also, east of the WIPP the unit has a nearly
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Figure11-22.StructureContourson TopoftheTamariskMember.
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. Figure 11-23.Isopach Map of the MagentaMember.
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Figure11-24,StructureContourson Topofthe MagentaMember.
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" Figure 11-25. Isopach Map of the Forty-niner Member,
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Figure 11-26, Structure Contours on Top of the Forty-niner Member,
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uniform thickness (about 150 m). Structure contours of the surface of the

Dewey Lake Red Beds show it to be relatively flat except to the northeast and

southeast, where the unit dips sharply (Figure 11-28).

Stratigraphy of the Mesozoic Rocks

The Dewey Lake Red Beds are unconformably overlain by Mesozoic rocks of the

Triassic called, in this report, the undifferentiated Dockum Group (Figure II-

29). In a paper describing geological conditions during Dockum time, McGowan

and others (1979) showed how the arid conditions of the late Permian gradually

gave way to more humid conditions in early Triassic time. Braided stream

deposits, alluvial fans, deltas, and lake deposits present in the lower Dockum

rocks of southeastern New Mexico and West Texas record this change. The

Triassic rocks in southeastern New Mexico have been identified as the Chinle

Formation and the Santa Rosa Formation (Mercer, 1983), which are names

extended from the Four Corners area in northwestern New Mexico (Chinle

Formation) and the Santa Rosa area in east central New Mexico. As pointed out

by Bachman (1980), this terminology is probably not correct because of

"intricate facies changes and interfingering of lithologic" units over the

area. The Dockum Group crops out in the Study Area in the Maroon Cliffs area

where Clayton Basin joins Nash Draw and in the Laguna Plata area northeast of

the draw (Figure 1-2) (Bachman, 1980; Vine, 1963; and a personal communication

with G. O. Bachman in 1989). Figure 11-30 is an isopach map of the lower

Dockum Group constructed by subtracting the total thickness of the Dewey Lake

Red Beds, the Cenozoic rocks, and alluvium from the total thickness of the

post-Rustler rocks (Figure 11-31). Where present, the lower Dockum is

reported to range from 23 m at Nash Draw to more than 460 m in Lea County, New

Mexico (Bac'hman, 1980; McGowan and others, 1979). A comparison of the lower

Dockum with the Dewey Lake Red Beds (Bachman, 1980, Table 2) showed that

whereas the Dewey Lake is made of well-sorted, well-rounded, fine-grained,

evenly bedded quartz sand, the lower DGckmn is composed of poorly sorted,

angular, coarse-grained to conglomeratic, tl_ickly bedded material

interfingering with shales.

: A major unconformity exists between the Triassic lower Dockum and the Cenozoic

rocks in the Study Area. No rocks represent Jurassic or Cretaceous time east

of the Pecos River. Either the rocks were never deposited or were eroded

before Cenozoic rocks were deposited. Some Cretaceous outliers were reported

west of the Pecos River, and some Cretaceous detritus were noted in sinks in

the Castile Formation near Whitets City in Eddy County (Bachman, 1980).

"l
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Figure11-28.StructureContourson Top of the DeweyLakeRed Beds.
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Figure11-29, StructureContourson TopofLowerDockumGroup(modifiedfromCooperand
Glanzman,1971).

II -45



Chapter II: RegionalGeology

0 2 4 6 km III Western Boundary of Santa Rosa
I ,_ , _, _, Sandstone Formation

0 1 2 3 4 mi --60-- IsopachContour
+ Township/Range Intersection

Contour Interval = 20 m

TRI-6342-307-1

Figure 11-30,Isopach Map of LowerDockum Group in the Study Area.
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Stratigraphy of the Cenozoic Rocks

As previously mentioned, a long depositional hiatus occurred from Triassic

time to the Late Tertiary. Overlying the Mesozoic rocks in Eddy and Lea

Counties are the Upper Tertiary, Quaternary, and Holocene units. The Miocene-

Pliocene Ogallala Formation represents the Tertiary, the Gatufia Formation and

the informally named Mescalero caliche represent the Quaternary, and soilsi

represent the Holocene.

The Miocene-Pliocene Ogallala Formation is only represented west of San Simon

Swale at The Divide (Figure I-2) and is very thin. The unit is composed of

well-sorted, wind-blown sand derived from the Rocky Mountains and is capped by

a caliche layer correlative to the Mescalero caliche (Bachman, 1980, 1984).

The middle-Plelstocene Gatu_a Formation consists of sandstone, siltstone, and

conglomerate and occurs as a discontinuous floodplain deposit in channels and

depressions (Bachman, 1980, 1984; Mercer, 1983). East of Nash Draw, a

600,000-year-old volcanic ash derived from the Yellowstone region caps the

GatuNa Formation (Bachman, 1984).

Th_ informally named Mescalero caliche is a well-cemented, calcareous paleosol

formed about 510,000 years ago and is overlain by the sandy, argillaceous

Berino paleosol, which began to form about 350,000 years ago (Mercer, 1983;

Bachman, 1984).

Recent deposits of alluvium are restricted to the area near the Pecos River

north of Malaga Bend, in San Simon Swale, and as fill in a solution depression

south of the Study Area. Localized accumulations of alluvium and stabilized

dunes are also present over most of the area.

Where present, the Supra-Rustler units range in thickness from 4 m in the

western part of the Study Area to 536 m at the eastern margin of the Study

Area. An isopach map of the units shows that the rocks thicken to the east,

forming a uniform wedge of overburden in the Study Area (Figure 11-31). The

surface map of the area, taken from a topographic map, shows a fairly gentle

rise to the east (see Figure 1-2).



III. REGIONAL GEOMORPHOLOGY

In the Study Area, regional karst topography is of particular geomorphological

significance. The term karst is usually applied to regions where dissolution

of dolomite and/or limestone resulted in collapse of the surface, forming a

unique copography. In the Study Area, however, the term is applied to

features formed by dissolution of evaporites such as halite and anhydrite as

well as carbonates. The formation of the karst topography in Eddy and Lea

Counties is thoroughly discussed by Bachman (1973, 1974, 1980, 1981, 1984,

1985, and 1987). This regional study considers only karst features of

regional magnitude such as Nash Draw, San Simon Sink, breccia chimneys, and

large dissolution depressions.

NaturalOccurrence and Removal of
Evaporitesin the StudyArea

This examination and discussion is presented to familiarize the reader with

previous work and to present these studies in the context of performance

assessment. The geomorphological features seen in southeastern New Mexico

were formed by large amounts of water moving through a system of soluble

rocks. Studying the occurrence of evaporites and the cause, rate, and extent

of evaporite dissolution is necessary for evaluating the integrity of the

geologic media in which the repository is constructed and in the rocks above

and below the repository horizon. Removal by dissolution of material under a

competent unit may result in fracturing, depending on the properties of the

unit and rate of removal. A brittle rock may settle slowly and not fracture;

that is, it behaves as a ductile unit. If the unit is l_t down at a rate that

results in fracturing, the hydrologic properties of the previously competent

rock are profoundly affected by changing its porosity, permeability, and

hydraulic conductivity. Rock units that are dissolved are not completely

removed; an insoluble residue remains that also has properties unlike the

original rock.

Occurrence and dissolution of Ochoan evaporites has been extensively examined

and discussed by Anderson and others (1972, 1978), Anderson (1978, 1981),

Lambert (1983), Bachman (1980, 1981, 1984, and 1987), Gustavson and others

(1980), Snyder (1985), Snyder and Gard (1982), Lowenstein (1987), Holt and

Powers (1988), and Lappin (1988). A summary of this body of work follows, and

the reader should refer to the studies mentioned for elaboration.

i
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EVIDENCE OF DISSOLUTION

Evidence of dissolution in southeastern New Mexico can be demonstrated along

several lines. Salts are highly concentrated in the Pecos River near Malaga

Bend due to the influx of dissolved material from lower Nash Draw. The

high concentration of dissolved salts in the Pecos River indicates dissolutiou

of evaporites is occurring (Hunter, 1985; Bachman, 1987). Although what

precise fraction of dissolved solids in the Pecos River is due to dissolution

of rocks and what fraction is due to man's activities (potash mining and brine

pits from hydrocarbon exploration) is not known, most dissolved solids in the

river result from dissolution of rocks at the top of the underlying evaporite

section.

Dissolution residues are found in drill cores and outcrops and are represented

by gypsum, siltstones, and clay in stratigraphic intervals that are normally

evaporites. In some cases, abrupt thinning or absences of rock units due to

missing evaporlte sequences can be seen in logs of closely spaced wells.

Wells over the Capitan Reef north of Nash Draw and east of the WIPP show

thinning of the Salado Formation (Adams, 1944; Maley and Huffington, 1953;

Hiss, 1975; and Anderson, 1978).
|

Along Nash Draw at WIPP-32, where the Rustler Formation evaporites are

exposed, the more dissolution-resistant dolomites of the Magenta Dolomite and

Culebra Dolomite Members are separated by only a few meters (<i0 m) of

material due to dissolution of the Tamarisk Member, which is normally about

30 m thick. Snyder (1985) summarized dissolution in the Rustler Formation'

As one progresses westward across the WIPP site there is both a

progressive dissolution of halite and a gradual hydration of

anhydrite to gypsum [Figure III-I]. Seemingly, halite from the
uppermost member, the Forty-niner, is removed first, followed by
removal of halite from the middle Tamarisk Member, and then

finally from the unnamed lower member. The intervening dolomite

members are not directly affected by these processes, but as
halite is removed from below each of them, the dolomites settle

and fracture and transmit ground water more readily. At some

stage in the removal of halite, possibly when the dissolution

reaches a point where the anhydrites settle and crack allowing

ground water to flow through them, the anhydrites begin hydrating

to gypsum. This process tends to thicken the formation even

though halite is being removed. The mutual interaction between

these two processes results in an erratic thickening and thinning
of the Rustler Formation as seen on the [Rustler Formation]

isopach maps.

This dissolution results from subterranean movement of water because the

missing material has not been replaced by surficial material.
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MECHANISMS OF DISSOLUTION

As ground water moves through the saturated zone, it reacts with the rocks it

contacts and begins dissolving them. Dissolution occurs until the water

reaches equilibrium or until no soluble rocks remain.

If conditions are such that the saturated water is carried away, unsaturated

water moves in and continues dissolving the rocks, In areas such as southeast

New Mexico, where the rocks are highly soluble, dissolution occurs rapidly in

the halite and less rapidly in the somewhat less soluble gypsum and anhydrite,

Four models have been proposed for mechanisms of dissolution: brine density

flow, "solution and fill," phreatic, and stratabound (Bachman, 1980, 1981,

1985, and 1987; Lambert, 1983; Anderson and others, 1972; and Anderson 1978,

1981).

For a dissolution model to operate, five factors must be present: a trigger,

a path, continuity, a source, and a sink (Lambert, 1983). The trigger for

dissolution is an event that changes the relationships among geologic

structure, stratigraphy, and hydrology that previously protected an evaporite

unit. A path (permeable zone) is needed and must be maintained for

unsaturated fluid to contact the perturbed unit and carry away the saturated

fluid. The perturbed unit must have some extent (continuity in any

direction), or dissolution will soon terminate. Dissolution requires a

continuous source of unsaturated fluid and a piace for the saturated fluid to

go (sink). A discussion of the five dissolution factors for the proposed

models follows.

Ali four dissolution models have been postulated to occur in the Study Area

(Table III-i). Solution and fill occurs when fresh water (source) permeates

fractures in evaporites (trigger), dissolves the material (path), and carries

the solution away (sink). The resulting large voids cause a collapse of the

overburden, forming a sinkhole. Subsequent degradation by erosion and

slL_ping of the sinkhole walls creates debris that then fills the hole.

Coalescing sinkholes and slumping walls helped to form Nash Draw.

Phreatic dissolution occurs in brittle rocks such as limestones in the vadose

or phreatic zone when water (source) enters fractures (trigger), moves along

the fractures (path), and is carried off in old dissolution Channels (sink)

(Lambert, 1983). Carlsbad Caverns and San Simon Sink are examples of this

type of dissolution. According to Vine (1963), Hills A and C (Figure I-6) are

domal karst features formed by catastrophic sinkholes filling with Gatu_a
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Formation sediments, with the surrounding evaporites sL_sequently dissolving

away, leaving a dome. According to Lambert (1983), these features are

analogous to San Simon Sink and Carlsbad Caverns.

How surface water (source) (if, indeed, the source is surface water) gets into

conduits such as a bedding plane (path) and moves downgradient to the Bell

Canyon Formation (sink) is not well understood. Lambert (1983) cencludes that

this model is flawed because the Bell Canyon waters are not adequately saline

or of the right composition to account for the large amount of dissolution in

the overlying evaporites. Lambert also bases his conclusion on evidence I_hat

the ground water in the Bell Canyon may be stagnant (see also "Recharge and

Discharge" of the "Bell Canyon Hydrostratigraphic Unit" in Chapter IV). This

latter conclusion does not account for the direct evidence of ground-water

movement in the Bell Canyon (Davies, 1984).

Hubbert (1953) showed that the gravitational theory of oil entrapment in which

oil or gas in rock_ moves vertically from regions of high energy to low energy

and becomes entrapped in structures such as anticlines is only a special case

of l_ydrocarbon entrapment and is associated with hydrostatic conditions.

Hubbert then showed that water under hydrodynamic conditions, flowing

nonvertically, will cause oil and gas to occur in traps that do not

necessarily coi_icide and may even be so divergent that the oil trap may not be

capable of holding gas ahd the gas trap may not be capable of holding oil.

These accumulations occur in monoclines and structural features such as those

in the Bell Canyon, thus indicating hydrodynamic conditions and the

possibility of a potential sink.

Brine density flow might be the triggering or sink agent for the fourth model,

stratabound dissolution. Tilting of the Delaware Basin exposed the evaporites

by erosion and triggered the mechanism. Meteoric (rain) water then moved

along the fractures in anhydrite (path) and dissolved halite, which collapsed,

increasing permeability. Lambert has difficulty proving a sink for

stratabound dissolution, but he proposes that the solution moved downgradient

through the rocks with newly enhanced permeability to an area of low hydraulic

potential such as a filled depression, the Balmorhea-Loving Trough, or

possibly San Simon Swale. These subsidence features may have up to 600 m of

Cenozoic fill and may be efficient sinks for the disposal of brine (Malty and

Huffington, 1953; Lambert, 1983).

Brine density flow was proposed as a mechanism to explain dissolution residues

in the Castile Formation that were found in drill cores in the western part of

the Delaware Basin and correlated to appropriate stratigraphic horizons in the

eastern Delaware Basin. Some workers feel that the presence of these

dissolution residues indicates that some, if not all, of the salt beds
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extended to the western margin of the basin (Anderson, 1978; Anderson and

others, 1972, 1978).

Anderson (1978) estimates that 50 percent of the original Delaware Basin

halite has been dissolved and concludes that, if surface or near surface salt

were removed by surface or near-surface dr_inage, the amount of halite removedi

would decrease linearly with depth. This relationship may not be the case.

The lower Salado Formation in the central basin, Anderson (1978) estimates,

has only 30 percent of its original volume, which is attributed to a d_!_ep

dissolution wedge moving along a somewhat more permeable layer formed between

the Castile and Salado Formations during a hiatus in deposition after Castile

time. Anderson's (1978) model involves the following steps:

Uplifting and tilting of the Delaware Basin,

Exposure and erosion of basinal units at the western edge,

Movement of ground water down dip and hydrocarbons up dip, then into

fractured anhydrite,

Replacement of anhydrite fracture walls with biogenlc calcite derived

from bacterial cultures,

Movement of ground water through large fractures coming into contact with

halite,

Dissolution of halite, forming large chambers in lower salt, and

Collapse of the rocks over the chambers.

This mode], then, requires the movement of undersaturated water (source) to

the halite along bedding planes (path) and removal of saturated water through

permeable rocks identified as the upper Delaware Mountain Group (sink) in some

cases, or as the Capitan aquifer. The source of water in the western part of

the basin is meteoric and in the eastern part of the basin is the Capiuan

aquifer.

Dissolution of halite in the central basin resulted in a large depression in

the Poker Lake-Big Sink area of southern Eddy County. Bachman (1980)

disagreed with part of the Anderson hypothesis in that the Bell Canyon in the

upper Delaware Mountain Group is not transmissive enough to quickly remove ali

the brine that would be generated by the brine density flow mechanism.

Bachman (in Chaturvedi, 1980) contends that blanket dissolution as proposed in

the Anderson model has not been observed, that dissolution on the western edge

occurred when the Castile Formation was near sea level before Cretaceous ti_e,

and that the absence of halite in the Castile was not due to deep-seated

dissolution but that halite was never present because the occurrence of halite
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is a facies relationship. This absence also means that the interformational

breccias at the western edge of the basin are probably not correlative to

halite in the eastern basin.

Davies (1983, 1984, 1987) thoroughly discusses dissolution in southeast New

Mexico and concludes that no single mechanism can account for what has been

observed in the basin. North of the WIPP, in the SE_ of T22N, R31E, the lower

Salado Formation thins, causing what seemingly is a depression in the lower

Salado o_" pper Castile. Gr_ ,wold (1977) postulated that the anomalously

thinned lte (referred to as the FC-92 depression) may have been the result

of a breccia pipe, dissolution of limestone in the upper Bell Canyon

Formation, or dissolution of halite in the Salado or Castile Formation.

Powers and others (1978) did not include the data that shows the anomaly and

concluded that it was "not significant to WIPP."

Davies (1983) confirmed the presence of the anomaly and found the following:

Physical analyses of salt deformation processes suggest that this

structural depression formed as the result of ductile subsidence

in response to the localized removal of salt at some lower

horizon. Processes capable of removing salt include dissolution

of lower Castile salt, dissolution of lower Salado salt, and

depletion of Castile salt by gravity driven flow. Deep boreholes
in the northern WIPP area and elsewhere in the basin reveal

geologic features that are characteristic of each of these

processes. Consideration of complex structures in these areas

leads to the conclusion that there are potentially significant

interrelationships between individual processes and that more

than one process may be active in a given area. For example,

lower Castile salt dissolution may play a criticJ_l role in

triggering the gravity foundering process by creating local

increases in the deviatoric stress at the quasi-stable

Anhydrite II and III density inversions and by causing the influx

of a small amount of intergranular saturated brine, thereby

decreasing the strength of the saJt. Another example of process

interrelationships is the potentially important role of lower

Castile salt dissolution and gravity foundering in creating

vertical and horizo=ital hydrologic pathways, thereby facilitating
lower Salado dissolution.

At the Salado depression in the northern WIPP site, there is
insufficient data in the Castile and lower Salado to de].ineate

which processes have been active and what process

interrelationships exist. Therefore, either additio_"'J

subsurface data should be gathered in the lower Saladc _nd

Castile, or safety analy,_es of the WIPP facility sbo_d

p-_nllcitlv encompass all possible processes, or both.

-_ The so called "disturbed zone" (Borns and others, 1983) was examined more

closely after Davies' (1983) proposal, and a drill hole was sited within the

=
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depression. The depression was confirmed, but "contrary to several

hypotheses, halite layers were thicker in the lower part of the Saiado, not

thinner as a result of any removal of halite." However, in the C_:_tile, the

upper anhydrite was found to be "anomalously thick" and "strongly deformed,"

and the halite was "significantly thinner than usually encountered" (Mercer

and others, 1987). The depression was interpreted to be the result of

gravity-driven Castile deformation, not deep-seated dissolution, because no

dissolution residue or breccia was found in the core.

DISSOLUTION FEATURES _,

Examination of dissolution features in evaporites in the Delaware Basin is

important with respect to performance assessment of the WIPP. This section

discusses the formation of Nash Draw, dissolution depressions, and breccia

chimneys (also termed breccia pipes) in the vicinity of the WIPP.

The effect of deep-seated dissolution at or near the WIPP has been examined by

, Anderson (1978), Anderson and Kirkland (1980), Snyder and Gard (1982), Davies

" (1983, 1984, 1989), and Spiegler (1982). This section gives a brief review of

their work and discusses the possible effects of breccia chimneys on ground-

| water flow in the Study Area.

Nash Draw

Nash Draw is the largest surface expression of evaporite dissolution in

southeast New Mexico. lt is a large, open feature of coalesced solution
cavities formed by dissolution of evaporites in the shallow subsurface. As

the surface subsides, the walls of the dissolution cavities cave in, forming a
I_

| debris-filled "valley." The process is known as solution and fill and is
= discussed in the next section of this chapter, "Discussion of the Geologic
!
, History of Erosion and Dissolution in the Study Area. Vine's (1963)
I

description of Nash Draw is as follows'

Topography and surface structure conform in some areas with the

configuration of the underlying solution surface at the top of the

massive salt in the Salado Formation; however, locally there is an

inverse correspondence. Many circular karst features i/I0 to 1/2 mile

[150 m - 800 m in diameter] are in the area. Some of these features
are structural domes, but they contain a core of tilted or brecciated
rock.

.

A much larger but not as obvious feature is south of Nash Draw just beyond the

Study Area. This feature is a relic consisting of a series of coalesced,

lens-shaped solution troughs formed by an ancestral Pecos River (Bachman,

1984) (Figure 1-2). Up to 550 m of debris from sedimentary rocks, ranging in

age from Triassic to Holocene, fill the trough (Hiss, 1975). The series of
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troughs extending from Balmorhea, Texas, northward to just south of Loving,

New Mexico, had been collectively termed the Balmorhea-Pecos-Loving Trough *by

Hiss (1975) but was later shortened to Balmorhea-Loving Trough (Bachman,

1984). A second trough extends from Belding, Texas, northward to San Simon

Swale and is parallel with and coincidental to the Capitan Reef (Figure 1-2).

The next section of this chapter discusses the origin of these features and of

_ash Draw. Other geomorpholog!c features (also in Figure 1-2) large enough to

note are the following:

San Simon Sink east of the WIPP, which covers about 1.3 km 2 and is

surrounded by San Simon Swale, which covers an area of about 300 km2.
Either deep dissolution (Anderson, 1978, 1981) or the collapse of a

phreatic cavity in the Capitan Limestone formed the swale (Lambert,
1983);

Poker Lake_ a sink west of Malaga Bend in the southwestern part of the

Study Area;

Big Sink, which was probably formed by the collapsed leading edge of an

eastward advancing dissolution front (Anderson, 1981); and

d Wink Sink, a sink probably formed by dissolution around a plugged and
. abandoned well by ground water from the Capitan aquifer,

Breccia Chimneys

Breccia chimneys in the WIPP vicinity (called Domes in Figure 1-2) were

originally of interest because formation of these features ove_ or in

proximity to a repository may be detrimental. Generally, the features are not

].ikely to form in the WIPP vicinity due to the WIPP's distance from a good

source of fluids (Capitan aquifer). Breccia pipes, though, may have some

effect on ground-water flow in the Rustler Formation. 1_ether a perturbation

, to ground-water flow of the magnitude that would be likely from the
i
; catastrophic formation of a breccia chimney 300 m across would affect Rustler

= flow over the repository and, also, whether breccia chimneys may affect

regional recharge and discharge has not yet been determined.

m Breccia chimneys were first recognized as being unique positive

geomorphological features by Vine (1960, 1963). The features were described

as dome-like, composed of brecciated sedimentary rocks, and draped by a

caliche layer that dips away from the center of the dome. The features are

cylindrical (up to 245 m in diameter) and extend nearly vertically through one

or more formations (Vine, 1960; Bachman, 1980). Gustavson and others (1980)

discuss chimneys in the Anadarko and Palo Duro Basins in the Texas Panhandle

region on the Texas-Oklahoma border. The chimneys in the Anadarko Basin are

i_ upper _^--_ ..... _ _ ,_ p_n_hly formed irlthe Late Cretaceous because

the chimneys are filled with breccia from Late Cretaceous rocks. In the Palo =

j :
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Duro Basin, Gustavson and others located many breccia chimneys in Late Permian

exposures. The chimneys are filled with Triassic, Tertiary, and Quaternary

sediments and range up to 300 m in diameter. The chimneys occur in areas of

paleodissolution or where dissolution is presently taking piace.

Hill A has been described in detail by Vine (1960), Bachman (1980), and Snyder

and Gard (1982). lt is a low hill located about 30 km east of Carlsbad, New

Mexico (Sec. 35, T20S, R30E). The hill is about 12 to 1.5 m high and is 370 m

in diameter. A shallow basin with an intermittent lake draining to the west

has been eroded in the center. The basin is surrounded by Dewey Lake Red

Beds, Dockum Group, and Mescalero caliche, in ascending order, that dip about

15 degrees away from the center.

The brecciated core is about 245 in in diameter and is surrounded by a circular"

or "ring" fault that leaves the Permian and Triassic rocks inside the ring

higher than the corresponding units outside the fault. The core consists of

lithified debris up to 4 or 5 m in diameter that has undergone repeated

dissolution and recementation. Drillhole WIPP-31 penetrated the chimney to

258 m and did not encounter any Salado Formation halite, although hydrocarbon

wells outside the periphery of the chimney penetrated over 300 m of salt. The

Triassic and Permian rocks near the surface dip away from the chimney because

near-surface dissolution of Rustler Formation salt and the upper Salado by an

eastward-migrating dissolution wedge has lowered the rocks surrounding the

pipe (which were already devoid of halite). Because the once flat-lying

Mescalero caliche, which began forming about 510,000 years ago, is now dipping

away from the center of the hill, the eastward-moving dissolution wedge can be

dated. Bachman (1980) dates the wedge movement past the hill at less than

400,000 years ago. Snyder and Gard (1982) outline the following order of

formation of the chimney:

I. Deposition of rocks as young as Triassic Dockum Group.

2. Cavity formation in the Capitan Limestone by circulating ground

water.

3. Collapse of the Yates and Tansill Formations into cavity.

4. Support by the Fletcher Anhydrite that kept further upward collapse

from occurring for some time.

5. Eventual collapse of the Fletcher and downdropping of Salado and

younger units. This stage probably consisted of some massive and

some fragmental downdropping.

l
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6. Continual dissolution of Salado and Rustler halites in the pipe,

possibly from downward-moving water. Mud and small rock fragments in

the pipe continually carried or dropped downward during this stage.

7. Formation of Mescalero caliche across nearly horizontal surface.

8. Removal of ali Rustler halite and some upper halite from the Salado

from around the pipe by a dissolution front, causing near-surface

beds to dip away from pipe.

Hill B is similar to Hill A but does not have the ring fracture system

(Bachman, 1980). Hill C is 3 km southeast of Hill A. lt rises about 30 m

above the surrounding terrain and is 350 m across. Geologically, it resembles

Hill A in that it is draped by Mescalero caliche overlying Gatufia and

brecciated Triassic rocks (Snyder and Gard, 1982).

A unique opportunity for subsurface study of a chimney occurred in 1975 when

mining operations encountered the Hill C r:himney 366 m below ground surface.

Davies (1984) did a thorough study of the underground exposure of the chimney

at Hill C. This study showed that this chimney was probably formed by a slow

incremental process of downward displacement of between 103 to 168 m, based on

a large block of anhydrite that could only have come from marker beds 103 or

109 in the Salado Formation, whereas fragments of dolomite from the Magenta

Dolomite and Culebra Dolomite Members of the Rustler Formation were found 274

to 366 m below their normal horizon. Drillhole WIPP-16 in Hill C shrews

possible displacement of up to 210 m, indicating nonuniform movement within

the chimney.

4
Further evidence of noncatastrophic formation of Hill C's chimney is the lack

: of Jumbled rocks as was encountered in WIPP-31 at Hill A. WIPP-16 penetrated

the rocks in recognizable stratigraphic order but about 189 m below normal

(Snyder and Gard 1982).
I

In WIPP-31, ali halite of the Rustler Formation and most halite of the Salado

Formation is missing. In WIPP-16, halite is missing only from the Forty-niner

- and Tamarisk Members but was cored from below the Culebra Dolomite Member
i

- (Snyder and Gard, 1982). Examination of clasts and matrix indicates movement,

however of fluids though the chimney during or followi_ig su|_sidence Davies, . •=

(1984) analyzed matrix clays using X-ray diffraction and showed a higher ratio

of clay to halite in the breccia than in the average Salado halite, thus

indicating dissolution of halite. Halite clasts have rounded edges, and

- halite has recrystallized in fractures, indicating fluid has moved through the

breccia since subsidence. Another indicator of fluid movement in the chimney

is the presence of oil from the Yates Formation in small quantities at: crystal

boundaries in the matrix clays and in the transition zone adjacent to the

i chimney. The oil is seen in both WIPP-16 and WIPP-31 as well as in the mine

I i 1-12 p
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drifts near Hill C's chimney (Davies 1984; Snyder and Gard, 1982). Davies

(1984) concludes that, because most of the halite clasts have not undergone

recrystallization and because of the large amount of soluble clasts still

present, the fluid mov'In.g through the rocks was either close to saturation,

with respect to h_.'.iti_and. sulfates or was not of sufficient quantity. Some
/

evidence indicai_s i_at movement has occurred in Hill C's chimney since

Mescalero time, whidh mly be due to structural readjustment or to mining
/

(Davies 1984).

Snyder and Gard (1982) estimated that, at time of formation of the breccia

pipe, the Dockum Group and Dewey Lake Red Beds had a composite thickness of

more than twice the present day thickness (about 145 m in nearby wells).

Also, core from drillhole WIPP-16 contained no voids and had a filling

consisting of clay- and silt-size material, presumably from surface material

washing into the chimney and from disintegrating collapse material.

There is other evidence that water may have at one time been moving upward

from lower units, and Nicholson and Clebsch (1961) cite the Laguna Plata,

Gatu_a, Toston, and Tonton about 20 km north of the WIPP; Bell Lake about

30 km southwest of the WIPP; and other depressions that have gypsum dunes,

indicating the hydraulic head in pre-Tertiary rocks was much higher than it is

today.

Other potential pathways for fluid movement are degraded and abandoned deep

wells. Wink Sink in Texas near the New Mexico border is located above the

Capitan aquifer and is manifested at the surface by a 25-m-deep sinkhole that

is circular in shape and has a diameter of II0 m. The sink is believed to be

the result of dissolution of salt at a depth of from 400 m to 670 m by

I circulation of ground water from the Capitan that was facilitated by the

= presence of a plugged and abandoned well (Davies, 1984).

q

Discussionofthe GeologicHistoryofErosion

± and Dissolution In the Study A_ea
-- =

_ An understanding of geologic processes such as erosion and dissolution

requires an understanding of stratigraphy, lithologic rel_,tionships, how

hydrologic pressures control dissolution rates, and how structural nressures

- control subsidence, A geologic history of the dissolution in the Study Area

has bee_ summarized by Bachman (1984) as follows"

The region of southeastern New Mexico was uplifted at the close

of Permian time. lt was above sea level throughout Triassic and

Jurassic times. During the Early Cretaceous the region was again

i below sea level .... At the close of Cretaceous the entire region

-i 111-13
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was lifted above the sea level again .... [T]he region has been

above sea level for a minimum of 154 million years and below sea

level for less than 71 million years since the end of the

Permian.

Although dissolution can occur when units are below base level, erosion and

dissolution of stratigraphic units in the Study Area occurred principally

while the units were above base level. During Triassic time, when the Study

Area was above sea level, climatic conditions were relatively more humid than

during the arid Permian time. Easterly flowing streams from the highlands

(Sacramento Mountains) west of Eddy County carried sediments into the Delaware

Bar,in and deposited a wedge of Triassic sediment that thickens toward the

basin depocenter'east of the Study Area. The western edge of the sediment

wedge is almost coincidental to the present-day Pecos River (McGowan and

others, 1979), Permian-Triassic rock relationships in the western part of the

basin indicate that the upper Rustler Formation was eroded before or during

the Triassic deposition. Bachman's (1984) observation was that ancient

evidence of dissolution (>60 mya) is not as obvious as the karst features

formed during Cenozoic and Holocene times and pointed out the following:

[T]he association of other rock types [Permian, Triassic, and Jurassic]

with Cretaceous deposits indicates the depth of erosion before Cretaceous

time. These rock associations indicate the following stratigraphic

relationship along the western edge of the Delaware Basin in New Mexico:

I. Rocks above the Culebra Dolomite were partially removed

in the vicinity of the modern Pecos River before

Cretaceous time.

2. _l_e Salado Formation was removed completely in a belt

along the western margin of the basin in New Mexico
before Cretaceous time allowing the Culebra Formation to

rest on the Castile Formation.



IV. REGIONAL HYDROLOGY

Data requirements for solving the three-dimensional flow equations presented

in Appendix A are separated into two main groups: surface water and ground

water. Sources and sinks (recharge and discharge) for each group are

considered and discussed together. The "Surface Water" section of this

chapter discusses the relationship of the Pecos River, Surprise Spring, and

the Laguna Grande de la Sal to the hydrology of the Study Area.

In the "Ground Water" section, the Bell Canyon Formation, the Capitan

Limestone/Rustler-Salado contact residuum, and the Culebra Dolomite and

Magenta Dolomite Members of the Rustler Formation are presented as separate

transmissive hydrologic units. The Castile Formation is discussed because of

its potential as a high-pressure brine source in a scenario that examines the

breaching of high-pressure fluid pockets by exploratory drilling in the

vicinity of the WIPP. The Salado Formation is discussed as the host rock for

the repository. The unnamed lower member, Tamarisk Member, and Forty-niner

Member of the Rustler Formation are discussed as aquitards. The units above

the Rustler Formation are treated as playing a role in recharge events. To

summarize, this chapter discusses gro_d-water movement in the northern

i Delaware Basin.

Suace Water
h discussion of the hydrology of the Study Area requires understanding the

; interrelationships of the complex surface-/ground-water system as it exists in
|

an arid environment. Constructing a water budget of the _cudy Area does this
=

, best. Basic data requirements of this phase of the Los Medafios model

| development are the following"

Inflow and outflow rates of the Pecos River, its tributaries, and the

lakes in the model area;

i Precipitation rates;
=

Withdrawal rates (consumption) from both the surface waters and ground

waters;

Surface and subsurface storage; and

Inflow rates from upper ground-water basins and outflow rates to lower

ground-water bas ins.

i
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ChapterIV: RegionalHydrology

A water budget for the Study Area was developed by Hunter (1985), and the

salient points pertinent to a ground-water model have been included here.

Hunterts study presents the principles used to determine recharge and

discharge and are not reiterated in this report.

PRECIPITATION

The average annual rainfall over the Study Area is about 0.3 m (12-in contour

in Figure IV-l). In the Study Area, most of the precipitation becomes runoff

or evaporates. In southeastern New Mexico, the evaporation from a Class A pan

is 2.8 m/yr (Powers and others, 1978), with 1.85 m/yr from May to October. Of

the small amount of precipitation that does infiltrate, about 90 percent

undergoes evapotranspiration. Of the remaining I0 percent, any water going

through the topsoil must then percolate through a tight Mescalero caliche

layer that is ubiquitous throughout the Study Area except in Nash Draw.

Recharge to the regional system from rainfall is considered negligible in this

study but warrants attention for performance-assessment purposes.

Geohydrology Associates, Inc. (1978a, 1978b) reported a range of recharge from

8 to 23 mm/yr.

RIVERS, LAKES, AND SPRINGS

The Pecos River drainage system is the primary surface water feature in

southeastern New Mexico. The river, which is part of the Rio Grande Basin,

flows southeastward in New Mexico, approximately parallel to the axis of the

Delaware Basin in Eddy County, and drains into the Rio Grande in West Texas.

In the vicinity of the WIPP, the drainage system consists of small ephemeral

streams and draws in addition to the Pecos River and drains an area of about

50,000 km 2. The Pecos River, which is about 20 km from the southwest boundary

of the WIPP, flows diagonally across the southwest corner of the Study Area at

the lowest elevation of the Study Area.

Understanding the evolution of the role of the Pecos River drainage system is

fundamental to the conceptual model of ground-water flow in the Study Area.

The following is a description of the Ancestral Pecos River (Bachman, 1984,

terminology).

The Ancestral Pecos River drained the area south of Carlsbad from the late

Tertiary to the early Pleistocene, following a course that was about 20 km

east of its present course south of Loving, New Mexico, and was responsible

for the karst features in southeastern Eddy County (Bachman, 1984).

The stream was of higher energy than today as evidenced by the size and amount

of material in the stream and the distance that the materisl was carried. The

_i IV- 2
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Figure IV-l, PrecipitationContours (Ininches) in and near the Study Area (Hunter,1985).
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sediment includes medium-to-coarse (up to 7 cm), well-sorted, light-gray and

reddish-brown sand and pebbles derived from the Capitan and Sacramento

Mountains 160 _n to the northwest of Carlsbad. The accumulated sediments may

be up to 6.5 m thick (Ba_hman 1984, 1987; Maley and Huffington, 1953, plate

I),

The sediments accumulated in sinks formed by Pecos River water, which is

unsaturated with respect to halite, t]J,,Edissolved the underlying evaporites.

The water percolated to the top of a relatively impermeable anhydrite at the

top of the Castile Formation and ,loved downward in the fractured western edge

of the basin, where it perched and moved laterally. The Castile Formation

halites (I, II, and III) below the protective anhydrite are intact, but the

Salado Formation halite above the Castile Formation is dissolved down to

Marker Bed 137, thus lowering overlying strata (Bachman, 1984). Maley and

Huffington (1953) point out, "In genera], in areas of maximum salt thickness,

the Rustler [F]ormation is structurally high and thickness of fill is at a

minimum. Conversely, areas of minimum salt thickness are overlain by

structurally low Rustler and the thickest deposits of fill." Maley and

Huffington also point out that structural lows may be caused by tectonism but

believe the lows are the result of dissolution of evaporites. Wells

correlated from west to east across southern Eddy County into Lea County show

that evaporites are absent in the central part of the Ancestral Pecos River

drainage system but are present east of the trough in Lea County (Figure 7 in

Bachman, 1984; see also the discussion of the work by Anderson and others,

1978, a_:d Anderson, 1978, in the previous section.)

In the middle Pleistocene, the Ancestral Pecos River eroded headward across

the Capitan Reef near Carlsbad and pirated a stream that flowed eastward into

Texas. SL_sequently, the stream migrated westward, where it is now entrenched

in karst features such as sinks and collapsed caves that form abnormally

straight reaches (along fractures), pseudo-oxbows, and pseudo-cutoff meanders

as seen at Malaga Bend (Bachman, 1984, 1987).

Elevation of Pleistocene sediments indicates that the river gradient during

Mescalero time when the caliche was formed is about the same as today (i

m/km). The caliche can be llsed as a marker, and although it was not formed as

a horizontal plane, it can be used to ascertain the relative position of the

ancient sediments. The caliche layer in the ancient sediments in the Carlsbad

area is about 40 m below the callche layer in the Phantom Banks sediments,

which is downgradient, indicating that subsidence has occurred from Carlsbad

to Pierce Canyon near Malaga Bend (Bachman, 1984). Bachman believes the

entrenchment of the Pecos River precludes further extensive dissolution of

evaporites in the Pierce Canyon area, presumably because the r_ver is at a

lower elevation than the floor of the canyon,

IV-4
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Data (Table IV-l) from four USGS gaging stations (Figure IV-2) south of

Carlsbad show the average discharge and the extremes for the period of record,

The Pecos is a gaining stream between Carlsbad and Malaga Bend, Gains from

municipal discharge, return flow from irrigation, and water from potash spoil

ponds were coupled with diversion losses and evaporative losses that resulted

in a calculated gain in 1980 of 0.24 m3/s between stations 4052 and 4065 and a

calculated gain of 0.12 m3/s between stations 4065 and 4070 (Hunter, 1985).

The gains south of Carlsbad were attributed mostly to ground water discharging

to the river (Hunter, 1985).

TABLE IV-1, STREAM DISCHARGE AT GAGING STATIONS BETWEEN CARLSBAD AND MALAGA
BEND, NEW MEXICO

Location Average

and Period of Discharge Extremes

Station No, Record (m3/s) (m3/s)

4040 Below Avalon Dam 0,86 0-2550

(1951-1984)

4052 Below Dark Canyon 1,32 0-800

(1970 to 1984)

4055 Black River above 0,37 0,02-2110
Malaga Bend (1948
to 1984)

4065 Pecos River near 4,75 0,01-3398

Malaga Bend (1C_38
to 1984)

4070 Pecos River at Pierce 3.68 0,02-1841

Canyon (1939 to 1941
and 1952 to i984)

4075 Pecos River 0.2 mi 4.62 0,01-3144
downstream from Red

Bluff Draw (1938-1984)

Source: USGS, 1985
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Figure IV-2. Surface Drainage In and near the Study Area (Hunter, 1985).
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The minimum and maximum ground-water discharge to the Pecos River in and near

the Study Area from Just north of Carlsbad at Lake Avalon to south of Malaga

Bend is given in Table IV-2. The maximum and minimum gains to the Pecos River

in the Study Area for 1982 are 0.9 and 0.09 m3/s, which yields an uncertainty

of an order of magnitude. Both the east and west sides of the river are

considered to contribute equally to ground water. The average net gain for

the reach from station 4052 to station 4075 is 3.35 m3/s or 0.04 m3/s/km

(Hunter, 1985).

North of Malaga Bend and west of the southwestern corner of the WIPP in Nash

Draw are several broad shallow lakes that cover an area of about 16 km 2, The

largest lake, Laguna Grande de la Sal, has existed for years, but since 1942,

smaller, intermittent lakes in closed depre_:sions north of Laguna Grande de la

Sal have formed as a result of potash mining, effluence, and oil-well brine

discharge in the area (Hunter, 1985). In addition to the effluence, which has

also caused Laguna Grande de la Sal to grow, the lakes formed from the

collection of precipitation, surface drainage, and ground-water discharge from

springs and seeps. After examination of hydraulic-head data from the Culebra

Dolomite and the Rustler-Salado contact residuum, and after chemical analyses

of the lake water, the Culebra Dolomite waters, and the Rl._stler-Salado contact

residuum waters, Mercer's (1983) determination was that no direct contact

exists between the lakes and the lower units of the Rustler. An additional

conclusion was that the ground-water source for the lake was the Tamarisk

Member of the Rustler Formation. Hunter's (1985) estimate was that the rate

of discharge from the ground water to the lakes in the area is 0.67 m3/s.

Some workers have concluded that very little, if any, of the water from these

lakes makes it to the Pecos River (Robinson and Lang, 1938; L_mbert, 1983).

The only spring of importance in the Study Area is Surprise Spring at the

northern edge of Laguna Grande de la Sal. In 1942, the spring discharged at a

rate of less than 0.01 m3/s, but this rate has since declined (Lambert, 1987;

Hunter, 1985). Lambert's (1987) study concurred with Mercer's (1983), which

stated that no hydraulic connection exists between the underlying Culebra

Dolomite and the spring and that Surprise Spring is discharging from the

Tamarisk Member. Although Quaternary spring deposits have formed from

evaporation of ground water _hat drained from the surface through fractures in

Rustler Formation gypsum and emerged along the boundary of Nash Draw, no

springs are active at this time (Bachman, 1981).

Ground Water

This section discusses the occurrence and movement of ground water in the

vicinity of the WIPP and hydrologic properties of the hydrostratigraphic

units. The properties necessary to develop a conceptual geohydrologic model
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TABLE IV-2. MINIMUM AND MAXIMUM ANNUAL GROUND-WATER DISCHARGE TO THE PECOS
RIVER

Minimum Maximum
Discharge Discharge Length of Reach

Pairsof Stations (m3/s) (m3/s) (km)

4040-4052 0 0.29 11.6

4052-4065 0.02 0.24 43.3

4065-4070 0.01 0.12 10,5
J=

ai

4070-4075 0.03 0.27 14.5
.

i
]

li Source: Modified from Hunter, 1985
i

= will be discussed for each hydrostratigraphic unit, and each unit will be

presented in ascending order from the deepest to the surface.

CAPITAN LIMESTONE AQUIFER

=

i The Capitan Limestone aquifer is a part of the Permlan-age Guadalupian aquifer
= system in southeastern New Mexico that consists of the shelf aquifer (San

| Andreas Limestone), the Capitan Reef aquifer, and the basinal aquifer

i (Delaware Mountain Group). Hydrologically, the shelf system is poorly
connected to the reef system. The hydraulic conductivity of the shelf is

- about the same as for the Capitan but several orders of magnitude lower for

the basinal aquifer (Hiss, 1973, 1975, 1980). Although the shelf system is

important hydrologically in the region, it will not be considered separately

but rather as a part of th_ Capitan. The Bell Canyon will be considered

separately from the Capitan aquifer.
i

Hydraulic Conductivity and Permeability

The Capitan aquifer is a very productive unit in southeast New Mexico and is

= used as a water supply for the city of Carlsbad, New Mexico, but hydrologic

= data are scarce. Aquifer tests on six Capitan aquifer wells yielded

calculated hydraulic conductivities ranging from 8 x 10 .6 to 9 x 10-5 m/s

(Table IV-3). An average hydraulic conductivity for the Capitan aquifer east

of Carlsbad is 1.7 x i0 "5 m/s. Hydraulic conductivity of the reef at the

submarine canyons is about an order of magnitude lower than at the intercanyon

nodes (Hiss, 1975) because of the fine materials that collected in the low

areas. The igneous dike, noted earlier in "Geologic History of the Delaware

Basin" in Chapter II, does not have any apparent effect on the hydraulic

conductivity of the Capitan because wells on either side of the dike show that

i ground-water flow is not restricted (Hiss, 1975).

I
IV-8



- IV-9

, lr _ i1_ .... PR ' '"



IV-lO

[]



"-- IV-li

=



ChapterIV: RegionalHydrology

Porosity

Dissolution and redeposition of the limestone by circulating ground water has

changed the porosity of the Capitan aquifer. The average effective porosity

of limestone in Eddy and Lea Counties ranges from 0.04 to 0.Ii and averages

about 0.08, with some locally very high-porosity zones such as at Carlsbad

Caverns and in poorly cemented algal limey grainstones on the fore-reef edg_

(Hiss, 1975).

Potentiometric Surface

Two figures presented in Hiss (1980) show a pre-development potentiometric

surface and a post-development potentiometric surface for the shelf, reef, and

basin aquifers in Eddy and Lea Counties (Figure IV-3). During the latter part

of the Cenozoic Era, several factors influenced flo_,_ in the region and also

disrupted the potentiometric surface.

The five factors described by Hiss (1980) are tectonics; geomorphology;

transmissivities in these aquifers; change in recharge rates; and exploitation

of ground water and petroleum. As shown by Hiss (1980), flow in the region

after uplift of the Guadalupe and Glass Mountains and before development of

the Pecos River was to the east-southeast under a low regional gradient

(Figure IV-4a). Recharge occurred in the uplands, and ground water in the

aquifer moved northeast from the Guadalupes around the reef and joined with

northward-flowlng water from the Glass Mountains. The water then moved

eastward out of the reef into Texas via the San Andreas Limestone, eventually

discharging to streams draining to the Gulf of Mexico. A second big change

came when the headward-eroding Pecos River finally incised the Capitan aquifer

and became a discharge point for the Capitan (Figure IV-4b). Flow east of the

incision reversed direction so that flow was toward the river. Recharge from

the Glass Mountains continued northward into New Mexico and discharged

eastward into Texas. A third important influence on flow in the Capitan is

the withdrawal for the past 60 years of ground water and petroleum in the

region east of the Pecos River (Figure IV-4c). The amount of flow into the

Pecos River from the Capitan east of the incision has decreased substantially

as has flow eastward into Texas (Hiss, 1980).

Ruid DenIlty

The average specific gravity of the Capitan aquifer water is about 1.04, with

ranges from 1.000 to 1.115. The high values (1.115) in southeastern New

Mexico are near the Eddy-Lea county line in Sec. 31, TI9S, R31E and near the

Texas-New Mexico border. The waters get progressively more saline east of

Carlsbad (Hiss, 1973). The regions of high salinJty indicate active
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dissolution of salt, and, in areas where the Castile and Salado Formations are

anomalously thin, the Capitan aquifer water is now less saline (Hiss, 1975).

Also, increased salinity may be the result of ground-water flow from the Bell

Canyon (see "Recharge and Discharge" in the following section).

BELL CANYON HYDROSTRATIGRAPHIC UNIT

=

The deepest hydrostratigraphic unit below the evaporite sequence of interest

to performance assessment in the Study Area is the Bell Canyon Formation at

the top of the Delaware Mountain Group. Two reasons for the interest are
listed by Lappin (1988)'

The Bell Canyon may a source for overlyingbe fluids that could dissolve

Castile and Salado Formations evaporites.

The direction of fluid flow from the permeable zones in the Bell Canyon

must be determined in case a drill stem that penetrates the WIPP may also

penetrate the channel sands.

Horizontal hydraulic conductivity of the siltstones and shales controls flow

into and out of the Bell Canyon. The upper part of this hydrostratigraphic

m unit, as mentioned in Chapter II, consists of tightly cemented siltstones and

i shales surrounding clean, poorly cemented sandstone stringers that are of

special interest because of the fluids (oil, gas, or water) they may contain(Williamson, 19'78).

i Hydraulic Conductivity

q

As reported by Hiss (!975), an average hydraulic conductivity of 0.0049 m/d

(6 x 10 -8 m/s) is based on about 4,500 core samples taken from wells indicated

d as "Delaware Mountain wells" in Eddy and Lea Counties in New Mexico and Ward

i and Winkler Counties in Texas. His report also gave values of hydraulic

_ conductivity from other workers that ranged from i x 10-7 to 2 x iO-7 m/s.
3

=

Data compiled from Bell Canyon wells in I00 oil fields in the Delaware Basin

indicate an overall range of permeabilities of 0.i md to 197 md, with a

geometric mean of 7.7 md; permeabilities range from 18 md to 45 md in the

northern part of the Delaware Basin, with no preferred direction of

permeability (Williamson, 1978). (I md is approximately equal to a hydraulic

conductivity of 10 -8 m/s; therefore, 7.7 md is about 8 x 10 -8 m/s, which is

close to Hiss's average.)
..'

Table IV-4 presents the test results from two wells that penetrate the Bell

Canyon in the vicinity of the WIPP. The hydraulic eonductivities (K) for the
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TABLE IV-4. SUMMARY OF BELL CANYON TEST RESULTS

Deptll t_ k K K Pext
Zone (ft) Test (rod) (ft/day) (m/s) (psla)b

DOE.2o

Rar_.ey 4138-4180d FBUe 8,4 x 10-2 1,9x 10.4 6,7 x 10-10
SBUf 8,8 x 10-2 2,0 x 10-4 7.0 x 10"10

Slug 9,4 x 10-2 2,1 x 10-4 7.4 x 10-10
Olds 4177-4218g FBU 0,10 2,3 x 104 8.1 x 10-10

SBU 9,8 x 10-2 2,2 x 104 7,8 x 10"10

Slug 0,11 2,5x 104 8,8x 10"10

Hays 4220-4325h FBU 2,4 5,6 x 10-3 2.0 x 10̀ 3
SBU 2,3 5,3x 10̀ 3 1,9x 10-8

Slug 2,4 5,5x 10-3 1,9 x 10.8

C..ablnBaby-11

Hays 4178.0-4298.6 DST-4178/FBU 0,57 1,3 x 10-3 4,6 x 10-9 1894J
/SFLk 1,7 3,9 x 10-3 1,4x 10-8 NA
/SBU 0,71 1,7x 10-3 6,0 x 10.9 1891J
/SLUG 0,94 2.2 x 10-3 7,8 x 10-9 NA

Olds 4138.5-4170,9 DST.4138/FBU 2,2 x 10-2 4,5 x 10-5 1,6x 10-10 1945I
/SFL 6,7 x 10.2 1,4x 104 4,9 x 10-10 NA
/SBU 3.5 x 10-2 7,2 x 10-5 2,5 x 10"10 19211
/SLUG 8,2 x 10.2 1.7x 10-4 6,0 x 10"10 NA

Ramsey 4100.5-4132.9 DST.4100/FBU 2,3 x 10-2 4,7x 10-5 1.7x 10-10 1927m
/SFL 8,2 x 10.2 1,7x 10-4 6,0 x 10-10 NA

/SBU 2,9 x 10-2 6,0 x 10-5 2,1 x 10"10 1903m
/SLUG 8,7 x 10-2 1,8 x 10-4 6,4 x 10-10 NA

Larnar 4044.2.4097,4 DST.4044/FBU 6.0 x 10-4 1.0x 106 3.5 x 10-12 1897n

a Ali depthsare relativeto kellybushing
b psig=psla - 10,6 psi
o Beauheim,1986
d Effectivethickness4144-4172ft

e Rrst buUd-upperiod
f Secondbuild-upperiod
g Effectivethickness4187.4217 ft
h Effectivethickness4255-4325ft

i Beauheimand others,1983b

J Pressuresmeasured at depth4165,4 feet
k Secc.ndflow period
I Pressuresmeasuredat depth4125.9 feet
m Pressuresmeasuredat depth 4087.9feet
n Pressuresmeasuredat depth 4031.6feet
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three upper, more permeable layers range from 2 x I0 "I0 m/s in the Ramsey to 2

x 10 .8 m/s in the Hays. The uppermost Lamar shale has a hydraulic

collductivity that is less than the "sands" by more than an order of magnitude.

The Ramsey and Olds members (the so-called "upper sand") in Cabin Baby-i and

DOE-2 wells were absent, and siltstone replaced the channel sands; that is,

the wells were probably drilled between the channels (Lappin, 1988).

Earlier tests on three other holes in the vicinity of the WIPP (AEC-7. AEC-8,

and ERDA-10) (Mercer and Orr, 1979) yielded hydraulic conductivity and

transmissivity data (Mercer, 1983) several orders of magnitude differc,,t than

the Cabin Baby-I and DOE-2 results (Table IV-4). _ The discrepancy exists

because the tested units are incorrectly identified and because the data from

the tests were probably not interpreted correctly (personal communication with

R. L. Beauheim of Sandia National Laboratories in 1988). Any comparisons

should be made with care until the data from the AEC-7, AEC-8, and ERDA-10

drill-stem tests have been reevazuated.

Porosity

Porosity ranges from 13.1 to 28.2 percent, with a mean of 21.9 percent, were

reported by Williamson (1978) for i00 oil fields analyzed. An average of 15.6

percent for the 4,500 "Delaware Mountain wells" was reported by Hiss (1975),

and ranges of porosity of 17.9 to 21.0 percent were reported by Hogan and

Sipes (in Hiss, 1975). Williamson (1978) stated that no correlation existed

between permeability and porosity, which probably results from authigenic

clays (clays generated im situ) in the sands. A comparison of Bell Canyon

Formation permeabiliaies versus porosities from oil well data from Eddy and

Lea Counties showed a poor correlation.

PotentiometricSu_ace

In some previous studies, workers (Hiss, 1975; Mercer and Orr, 1979) reported

the sandstones as probably being continuous, but Mercer and Orr (1979)

- indicated that two sandstone stringers in well AEC-8 that are 5 m apart with

water of similar density had a head difference of about 17 m. This head

discrepancy seems to indicate that the two sands are not hydraulically

connected, but later water level measurements in 1983 show a head difference

of less than 5 m (Richey, 1987).

A composite potentiometric map of the upper Bell Canyon units was constructed

by Mercer (1983) using corrected head data from HSss (1975) and data collected

between 1975 and 1983 (Figure IV-5). Because the data may be from separate

channel sands, interpretation of the data as a single hydraulically connected

unit should be made cautiously.

i IV-17
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Recharge and Discharge

Using potentiometric maps, Hiss (1975) determined that ground water flows from

the Bell Canyon into the Capitan Reef. Mercer's (1983) potentiometric map

(Figure IV-5) implies that recharge into the Bell Canyon by precipitation

occurs near the western margin of the Delaware Basin where surface exposures

of the formation exist and that discharge occurs to the east into the reef.

Lambert (1983) examined the chemistry of the Bell Canyon hygrostratigraphic

unit and the Capitan aquifer waters and reached these conclusions"

Recharge or discharge involvement of the Bell Canyon with the Capitan

aquifer does not occur.

Flow is not connected in the Bell Canyon.

Active recharge of theBell Canyon by meteoric water does not occur.

These conclusions require a model of ground-water flow that differs from thoseg

of Hiss (1975) and Mercer (1983). Figure IV-6 illustrates the differences

between Hiss's (1975) and Lambert's (1983) models. Hiss's model (Figure IV-

6a) implies ground-water movement from the Bell Canyon Formation into theCapitan. Lambert's model (Figure IV-6b) shows that ground-water flow into the

j Capitan is from the shelfward sid_ only and that no flow comes from the Bell

i Canyon (a basin aquifer). Thus, Lambert concludes that no ground-water flow

system exists in the Bell Canyon because of poor horizontal connection and

that it is a stagnant system. However, as pointed out in Chapter III, direct

q evidence for ground-water movement indicates that the Bell Canyon is not

necessarily stagnant. Oil trapped in Bell Canyon rocks where permeability andJ

porosity changes occur indicates hydrodynamic conditions, not static
l

conditions. Therefore, because ground-water flow does exist in the Bell
I

Canyon, Hiss's model holds, and flow is into the Capitan.
=

= Hydraulic Gradlem

Assuming the possibility of horizontal connections, the horizontal hydraulic

- gradient for the Bell Canyon ranges from 0.05 (3 °) to 0.07 (4 °) eastward along

= the structural dip (Williamson_ 1978; Mercer, 1983). Calculation of the head

gradient from Mercer's (1983) potentiometric surface map (Figure IV-5) gives a

slightly smaller gradient of 0.004 (2.3°).

- The vertical fluid potential difference of Bell Canyon Formation water and

Culebra Dolomite Member water is of particular interest. If a deep drill hole

breached the WIPP repository and hydraulically connected the two units with

" the repository, the direction of fluid flow must be known. The original

i IV-19
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examination of the fresh-water equivalent heads of the Bell Canyon and the

Culebra Dolomite Member (1020 and 920 m [3,335 and 3,008 ft] respectively)

(U.S. DOE, 1980) indicates an upward hydraulic gradient if the Bell Canyon and

Culebra Dolomite were connected by a borehole. Lappin (1988) examined recent

Bell Canyon aquifer test results from test wells DOE-2 and Cabin Baby-I and

made some basic assumptions about the interconnected units. The first

assumption was that, if a connection were to occur, Bell Canyon water would be

much denser than the Culebra Dolomite water. Bell Canyon water at AEC-7 was

reported to have a density of 1.2 g/cm 3 (Christensen and Peterson, lq81),

meaning that Bell Canyon water standing in an open hole would not reach the

Culebra Dolomite. The second assumption was that drilling would cause the

fluids in the hole to have equal densities because of local dissolution of

i halite in the Salado Formation. The third assumption was that fluid

potentials would affect the Salado FormatloIi. The fourth, and last,

assumption was that entrainment of waste from a possible breach of a

repository panel could cause possible density changes. All things considered,

. if the Bell Canyon is connected to the Culebra Dolomite by an open weil,

vertical flow will be downward from the Culebra Dolomite to the Bell Canyon

(Lappin, 1988), and the fresh-water heads do not provide a meaningful measure

of vertical flow potential. Because of the poor hydraulic connection to the

upper hydrostratigraphic units, the Bell Canyon will not be considered as part

of the regional flow system.

| CASTILE FORMATION

i The Castile Formation is of interest because of its proximity to the Bell

Canyon Formation and because of the occurrence of isolated pressurized brine

reservoirs that some workers, particularly Anderson (1978), consider a source

of water that may cause extensive dissolution of the Castile and Salado
Formations.

g

=

i Hydrologic data from the Castile Formation are scarce. Data for the Castile

Formation are from the "brine reservoirs" in fractured anhydrite that the DOE

encountered in exploratory drilling at ERDA-6 and WIPP-12 and at 13 of about

• i00 exploratory petroleum wells (U.S. DOE, 1982) and from drill stem tests

(DSTs) in the Castile from test holes AEC-7, AEC-8, and ERDA-10 (Mercer,

1983).

Hydrologic and geochemical data indicate that the brine pockets are

hydraulically isolated and contain stagnant pockets of fluid (Lambert and

Mercer, 1978; Lappin, 1988). The origin of the fluids within the Castile

Formation is probably interstitial entrapment of connate water after

deposition, conversion by dehydration of the original gypsum to anhydrite

(Poplelak and others, ].983), and/or movement by meteoric waters from the

m
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Capitan aquifer into the fractured anhydrltes (Lappin, 1988). Water with high

amounts of dissolved solids also occurs in the fractured, weathered portions

of the Castile Formation at the western margins of the Delaware Basin far

outside of the Study Area. In the Study Area, the Castile Formation is

considered to be intact with no regional flow system.

Primary effective porosity (porosity of interconnected voids in the

unfractured matrix through which fluid can flow) was measured on cores of

anhydrite from WIPP-12 and ERDA-6 and ranged from 0.002 at a depth of 916 m

(2,995 ft) at WIPP-12 to 0.016 at a depth of 792 m (2,590 ft) at ERDA-6;

geophysical logs yielded secondary porosity (fracture porosity) measurements,

and calculations gave a range of 0.001 to 0.01 (Popielak and others, 1983).

Hydraulic conductivities of the Castile Formation obtained from DSTs of the

Castile Formation are less than the sensitivity of the testing apparatus

(Mercer and Orr, 1977; Mercer, 1983; Mercer, 1987). A conservative estimate

by Mercer (1983) of the hydraulic conductivity of the Castile Formation based

on the sensitivity of the testing instruments would be about one nanodare/

(i.0 x 10 "14 m/s). Mercer's (1987) estimate was less than 0.I microdarcy (i.0

x 10 "12 m/s).

SALADO FORMATION

As in the Castile Formation, ground-water occurrence in the Salado Formation

is restricted to areas in the Delaware Basin where extensive dissolution of

the halite has occurred and only a breccia remains. In the Study Area, where

the Salado Formation is intact, circulation of ground water is minimal or non-

existent because, as is the nature of the highly plastic salt deposits,

primary porosity and open fractures are lacking (Mercer, 1983). Mercer's

(1987) analysis is as follows:

Investigations to date of the Salado Formation at the WIPP site do not

indicate an active, circulating, ground-water system. Small pockets of

nitrogen-rich gas and brine under pressure have been encountered,

however, during drilling operations and in nearby potash mining

activities. An active ground-water system is defined here as one that

is now active and one in that ground water moves along a flow system (be

it along fractures or through an interconnected intergranular porosity

under a hydraulic gradient) from areas of recharge to areas of
discharge. That system is a dynamic and not a static one. Even though

the salt may have a regional hydrostatic pressure gradient, as evidenced

by testing or may be saturated with fluid, the limiting low permeability

probably would result in an imperceptible rate of fluid movement in

conventional hydrologic considerations. The permeability of the

competent halite is so low that the halite can be considered to provide

isolation of the waste during the required llfe of the facility (i0,000

IV-22

i
1,



GroundWater
SaladoFormation

years) provided the very low permeability is not disrupted by a breach

of the facility, This does not, however, preclude the possibility for

local fluid movement in response to deformation or a response to WIPP

facility excavation or borehole stress concentration relief. Also, if

there were continuous interconnection between the cavities of nitrogen-

rich gas or brine, this interconnection could provide a potential

pathway for radionuclides to migrate should the WIPP facility be
breached.

Permeability of the Salado F_rmation is very low but measurable (Mercer, 1983,

1987). The average permeability of rock salt at lithostatic pressure stated

by Powers'and others ('978) is 0.05 microdarcies. DSTs in seven wells in the

Salado Formation by Mercer (1987) and in the walls of the WIP_ by Stormont and

others (1987) also indicate measurable permeabilities in this formation.

Tables of the DSTs reported by Meccer and others (1987) and Mercer (1987) show

a range of permeability from 9 nanodarcies Lo 25 microdarcies throughout the

Salado Fo_matlon. nii testing assumed a porosity of 0.001.

The DSTs were s_mnarized by Mercer (1987) as follows'

[lit appears that the bulk permeability of most of the test intervals in

the Salado Formation is l_ss than 0.i microdarcy, the sensitivity limit

of the test system. Other drill-stem tests in the Salado would indicate

that the bulk permeability of the competent halite may approach 25
microdarcies.

, The well head pressures of wells completed in the Salado Formation vary, but

in some wells the hydraulic heads are higher than the hydraulic heads in

, aquifers in the overlying Rustler Formation. No measurable buildup of

pressure was found at the surface at wells DOE-2 and AEC-7 as was found at

some potash wells and Cabin Baby-l, WIPP-12, and WIPP-13 (Mercer, 1987).

Cabin Baby-l, WIPP-12, and WIPP-13 had extrapolated surface pressures between

lithostatic and hydrostatic pressures that were, however, rapidly depleted,

with very little fluid produced.

The above-mentioned, surface-based attempts of DSTs on the Salado interval to

determine hydraulic properties were examined by Beauheim and Saulnier (in

prep.) and were found unreliable. Their evaluation is summarized as follows'

In Wells AEC-7 and AEC-8, no interpretable results were obtained because no

flows were observed, although pressures increased in tests that were only

one hour or less in length_

In examination of ten ERDA-9 tests of the Salado interval, no fl,,ww_s

observed during the DST, no buildup data were fitted to type cur:es, =nd

time matches were used incorrectly to estimate permeabilities.

q
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Estimates of Cabin Baby-I were determined to be poorly defendable upper

bounds because recovery responses for earlier tests (pre-1983) were

superimposed on 1983 DSTs,

Interpretation of two DSTs from DOE-2 overestimated permeabilitles because

of a poor fit to type curves.

WIPP-12 tests were not designed to determinepermeabilities.

Beauheim and Saulnier concluded that surface-based tests are unreliable or

inconclusive at best because of the extended period required to test a unit of

such low permeability as exists in the Salado Formation.

The WIPP repository itself provides an environment for in situ testing of the

halite of the Salado Formation. Gas-flow measurements in the wall of the

repository gave a calculated permeability of 1 to i0 nanodarcies (Stormont and

others, 1987). Higher permeabilities (in the microdarcy range) are the result

of disturbance of the salt, and the lower measurements are probably more

indicative of the undisturbed salt and anhydrites. Figure IV-7, from Peterson

and others (1985), illustrates that gas permeability may be inversely related

to test-interval depth and could also be related to presence of brine in

pores. The permeability range is from nanodarcies to microdarcies. All

testing assumed a porosity of 0.001. Borns and Stormont (1988) calculated the

free water content around the WIPP excavations to be from 0.5 percent to 1.0

percent by weight (approximately I percent to 2 percent by volume) to between

2.0 percent to 3.0 percent by weight (approximately 4 percent to 6 percent by

volume) at several meters depth.

The depth of disturbance has not been determined. Flow tests were conducted

in the halite with gas; brine was then injected, and the halite was forested

with gas (Peterson and others, 1987). The gas was initially injected at a

pressure of 2.1 MPa, and the permeability was calculated. The halite was then

injected with brine. After the brine injection, an attempt to inject gas at

about 3.5 MPa failed, but brine began to flow into the borehole. In a

personal communication with J. C. Stormont of Sandia National Laboratories in

1988, he concluded that the halite had become unsaturated before the gas flow

test was conducted and that measurements of the dlsturbed-rock permeability

were made. The brine injection then resaturated the halite, reconnected the

enlarged disturbed pores, and aided brine flow from the undisturbed halite to

the borehole. Stormont also suggested that future coring shoul@ be done with

overcoring to preserve fracturing in order to determine the extent o$ the

halite disturbance.

Pulse injection tests using a multipacker test tool were conducted in the

Salado Formation at the 259.1-m (850-ft) and 402.3-m (1320-ft) intervals of
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Figure IV-7. Variation in MeasuredGasPermeabilitywith IncreasingTest-intervalDepth (Petersonand
others, 1985).
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the waste-handling shaft above the WIPP repository and have yielded more

reliable results. Table IV-5 is a summary from Saulnier and Avis (1988).

Hydraulic cond_ctivities ranged from 3 x 10 "14 m/s to I x 10-13 m/s

(p_rmeabilities of 3 x 10-21 m2 to I x 10-20 m2).

Bredehoeft (1988) assumed Darcian flow in the salt to estimate brine inflow

based on the following observations'

Fifty-four boreholes in the floor and ceiling of the repository produce
fluids.

Salt efflorescences occur throughout the mine.

Experimental heater holes produce fluids.

Complete boreholes in the evaporites produce brine.

Permeability is measurable in the Salado Formation (about I0
nano _arc ies).

Hfs conclusions were that the Salado Formation is nut "dry" but is a=

-= saturated, permeable medium and that once the repository is closed, brine will

flow into the repository at a rate of 0.01 _/day/m of tunnel. Nowak and

i others (1988), using properties similar to properties used by Bredehoeft,

i TABLE IV-5. SUMMARY OF HYDRAULIC CONDUCTIVITIES AND FORMATION PRESSURES
INTERPRETED FROM THE TESTING OF THE BOREHOLES IN THE WASTE-HANDLING
SHAFT

-. Depth Apparent
!

Interval Hydraulic Formation
!= Test from Con0uctlvity _ Pressure

Borehole Lithology Zone Shaft Wall Test Period (in/s) (psig) (PA)
i-_ (ft)

W850W Halite 1 18,6-26,0 07-30/08-03/87 1.0 E-13 40 2.76 x 105
2 12.3-15,9 08/2-3/87 1.0 E-13 40 2,76 x 105

-_ 3 5.4-9,5 07-31/08-3/87 Not Analyz::_le

=. W850SE Halite 1 23.2-36.0 08/19-24/67 3._ E-14 50 3.45 x 105

2 16.8-20.5 08/21-24/87 3.0 E-14 45 3.10 x 105
3 10.0-14.1 08/22-24/87 2.0 E-14 90 6.21 x 105

W1320E Polyhalite/ 1 18.6-41.8 08/11-17/87 2.0 E-I,_ 550 3.79x 106
Anhydrite/ 2 12.3-15.9 08/14-17/87 3.0 E-14 450 3.10 x 106

Halite 3 5.4-9.5 08/15-17/87 3.0 E-14 100 6.90 x 105

Source: Saulnler and Avis, 1988
=

|
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calculated a brine accumulation in the range of 4 to 43 m3 (141 to 1,518 ft3)

per I00 yr. Nowak and others set an upper bound at a rate of 0.013 2/day/m of

tunnel, similar to Bredehoeft's calcu].ation.

In summary, the Castile and Salado Formations have very low permeabilities and

effective porosities. Measured permeabilities vary from the nanodarcy range

to 25 microdarcies (now believed to be invalid), and porosities are on the

order of 0.001 to slightly higher. Salado Formation pressure varies from less

than or almost hydrostatic in the vicinity of the WIPP to about ii MPa

(lithostatic is about 14.8 MPa at repository level). Although the formations

may be saturated, the low effective porosity allows for very little ground-

water movement. Although the degree of saturation is not known, forperformance assessment calculations the Salado Formation is assumed to be

completely saturated, with brine that has a density of about 1.22 g/2.

RUSTLER FORMATION

Ground-water flow in the Rustler Formation is restricted mostly to the

Rustler-Salado contact residuum and the Culebra Dolomite and Magenta Dolomite

Members. Appropriately, the discussion of the hydrology in the Rustler

Formation is restricted to these three hydrostratigraphic units. The

i intervening units considered as the aquitards are the unnamed lower member,the Tamarisk Member, and the Forty-niner Member (even though at some

I locations, a thin claystone in the Forty-niner has a transmissivity as high as

i that of the Magenta [Beauheim, 1987b]). Data from these units are restrictedto wells H-14 and H-16.

@

Three scales of testing have been performed in WIPP characterization studies:

Near-field tests such as slug tests and bailer tests where a measured
I

- amount of water is injected or withdrawn and the rate of recovery isJ

measured, yielding a transmissivity value for a small effective radius
(meters scale).

_

11ydropad tests where one well on a hydropad is pumped and the other wells

on that hydropad are used to observe drawdown and recovery rates, yielding
values on a scale of several tens of meters.

Multipad tests where a well on one hydropad is pumped and the drawdown and

recovery rates are observed up to hundreds and, in some cases, thousands of

meters away.

AQUITARD UNITS OF THE RUSTLER FORMATION

• Only one DST of the unnamed lower member, at H-16, has been performed to date.

The test was conducted in a siltstone unit to determine the transmissivity and

i
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hydraulic head for calculations of potential vertical leakage and leakage into

the shaft (Beauheim, 1987b). Beauheim's (1987b) calculated transmisslvities

were 2.9 x I0 "I0 and 2.4 x I0 -I0 m2/s for the first and second buildup

periods, respectively, of the DST. Simulations of a single-porosity medium

used the first transmissivity and a skin factor' of -0.4 and assumed a porosity

of 0.3, a system compressibility of 1.O x 10 -5 , and a viscosity of 1.0 cp.

The simulations showed an excellent fit to the data curve for the first

buildup, indicating a sf atic formation pressure of 1.47 x 106 Pa. A second

simulation requiring a slightly lower transmissivity to indicate well damage

yielded a pressure of ].44 x 106 Pa. From these results, Beauheim's (1987b)

estimated pressure for the claystone unit tested was 1.58 x 106 Pa at an

elevation of 793 m.

Tests in three horizontal boreholes in the waste-handling shaft at the WIPP

yielded very low hydraulic conductivities for the unnamed lower member. The

tests on a silty mudstone at 238.3 m (782 ft) below ground surface (BGS) and

on a silty claystone measured in two directions at 245.4 m (805 ft) BGS had

hydraulic conductivities ranging from 6 x 10 "15 m/s to i x I0 "13 m/s (Saulnier

and Avis, 1988).

Attempts were made to test a 2.4-m (8-ft) sequence of the Tamarisk Member,

which consists of claystone, mudstone, and siltstone overlain and underlaip by

anhydrite in wells H-14 and H-16. The tests were conducted to obtain the

hydraulic head and transmissivity of the member to determine potential

directions of vertical flow (Beauheim, 1987b). According to Beauheim (1987b),

H-14 had no static formation pressure, and well H-1.6 had a static formation

pressure of less than 1.30 x 106 Pa at 208 m (680 ft) below the surface (831 m

above mean sea level). Permeability of the Tamarisk Member was too low to

yleld transmissivity values in both wells at the time scale of a few days, but

according to Beauheim's (1987b) estimates, the transmlssivity of the claystone

sequence was one or more orders of magnitude below the values calculated for

the unnamed lower member.

The Forty-niner Member was also tested in wells H-14 and H-16 to determine

whether leakage from the Dewey Lake Red Beds is recharging the Magenta

Dolomite and Culebra Dolomite Members and, therefore, reaching the shafts at

the WIPP, and to obtain data for cross-sectional and three-dlmensional flow

modeling of the site. The tests were conducted on a clay unit in well H-14

and on a claystone in well H-16. Two DSTs and a slug test in H-14 vielded a

mean transmlssivity of about 4 x 10 .9 m2/s and a formation pressure of 71

pslg. Two DSTs, a slug test, and a pulse test of H-16 yielded a mean

transmlssivity of 2 x I0 -I0 m2/s and a formation pressure of 117.2 psig.
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In Nash Draw, the aqultard units, where present, have increased hydraulic

conductivities due to erosion, dissolution, and karstification. In lower Nash

Draw, the unnamed lower member and Culebra Dolomite have a good hydraulic

connection and may be considered as one hydrostratigraphlc unlt under water

table conditions. Porosity of the saturated zone in lower Nash Draw ranges

from 0.12 to 0.30, and the hydraulic conductivity ranges from I0-7 to i0"5 m/s

(Geohydrology Associates, Inc., 1979).

In summary, the unnamed lower member, Tamarisk Member, and Forty-niner Member

are aquitard units of low permeability throughout the Study Area. Horizontal

hydraulic conductivity in the unnamed lower member is slightly higher than the

vertical conductivity because of the siltstone sandwiched between

hydraulically tighter anhydrite/gypsum sections. Horizontal conductivity of

the Forty-niner Member is also higher than the vertical conductivity for the

same reason. The claystone/mudstone/siltstone section of the Tamarisk has a

conductivity too low to measure, and for modeling purposes, the Tamarisk can

pr,,_.ablybe considered as an isotroplc, homogeneous unit. Beauheim (1987b)

used a porosity of 0.3 for the claystone calculations. Anhydrite and halite

porosity is much lower, about 0.01 or less. The estimated hydraulic

conductivities calculated from the transmlssivlties of the three hydraulically

tight units are, in ascending order, i x 10-10 m/s, i x 10"12 m/s, and I x

10 -9 m/s. The Tamarisk Member was too t.o.lt to test, and the value of I x

10 "12 m/s is an estimate.

RUSTLER-SALADO CONTACT RESIDUUM HYDROSTRATIGRAPHIC UNIT

The Rustler-Salado contact residuum or "brine aquifer" in the vicinity of Nash

Draw occurs as a dissolution residue above the halite of the Salado Formation

at the Rustler Formation contact (Robinson and Lang, 1938; Mercer Fnd Orr,

1977; Mercer, 1983). According to Lang (1938, in Robinson and Lang, 1938),

"...the structural conditions that caused the development of Nash Draw might

also control the position of a body of salt water beneath it in the basal

Rustler." Subsequent drilling and testing have confirmed Lang's (1938)

conjecture to some extent (Figure IV-8), but evidence pointed out by Mercer

(1983) indicates that in wells P-14 and H-7, the brine aquifer extends farther

east than first reported. Estimates by Robinson and Lang (1938) were that the

elongated aquifer thickens northward and has a range of thickness from 3 to 30

m and a mean thickness of about 8 m. More recent information (Lappin and

others, 1989) shows a range of 2.4 m in test hole P-14 to 36 m in test

hole H-16.
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Figure IV-8. Approximate Areal Extent of the "Brine Aquifer" in the Study Area (Mercer, 1983).
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Hydraulic Conductivity

Hydraulic conductivity data pertaining = to the Study Area are concentrated in

and around the WIPP with the exception of a few data points near Malaga Bend.

In the discussion of hydraulic conductivity (K) of the Rustler Formation

hyd'costratigraphic units, where more data are available , the logs of K are

used because hydraulic conductivity is assumed to be log-normally distributed

(Freeze, 1975). A thorough di'scussion of transmissivity and hydraulic

conductivity data from the WIPP is given in the "Culebra Dolomite (Rustler

Formation) Hydrostratigraphic Unit" discussion in this chapter and in Appendix

A. The range of the logs of the hydraulic conductivities (Table IV-6) is from

-12 to -6 (10 "12 to 10 -6 m/s), with a,'mean of the logs of -9.4. The log

hydraulic conductivlties for Nash Draw are higher by several orders of

magnitude than are the values east of the draw (Figu_:e IV-9). Nash Draw log

hydraulic conductivities range from -8 to -6 (10 -8 to 10 -6 m/s). Eastward,

the range is from -12 to -9 (10 "12 to _i0-9 m/s). Near Malaga Bend, the log

hydraulic conductivity was reported by Hale and others (1954) and Havens and

Wilkins (1979) to be around -3.2 (6 x 10 -4 m/s). The contour plot of the log

hydraulic conductivities measured in the brine aquifer indicates that the

aquifer becomes tighter east of Nash Draw (Figure IV-9).

Porosity

Effective porosity estimates for the brine aquifer range from 0.15 to 0.33

(Hale and Clebsch, 1958; Robinson and Lang, 1938; Geohydrology Associates,

Inc., 1979; Mercer, 1983). An average effective porosity of 0.2 was used in

previous work (Hale and Clebsch, 1958, and Mercer, 1983) and is used in this

study.

• Potentiometric Su_ace

A contour map of the potentiometric surface adjusted to fresh-water density

illustrates the decrease in hydraulic conductivity east of Nash Draw

(Figure IV-10). Fresh-water heads are estimated using available water density

data and are only as good as the data The water density was measured at theI •

time the water level was measured, and the degree of mixing of waters in the

well bore is not known (see also "Fluid Density" and "Potentiometric Surfaces

and Ground-Water Flow" in Appendix A for a discussion of the use of fresh-

water heads and potentiometric surfaces and their relationship with water

density)• At the WIPP, where the hydraulic conductivity is low, the

potentiometric surface is steep. West of the WIPP, where the hydraulic

conductivity is several orders of magnitude higher, the surface is flatter.

The gradient in Nash Draw is 0.002, and the gradient at the WIPP is 0•007• If

q
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Figure IV-9. Contour Plot of the Log HydraulicConductlvities of the Rustler-SaladoContact Residuumin
the Study Area.
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FigureIV-lO. AdjustedPotentiometrlcSurfaceof the Rustler-SaladoContactResiduumin the Study Area.
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the aquifer in the vicinity of the Pecks River is assumed to be a water-table

aquifer with connection to the river, flow will be toward the river

(Figure IV-II).

Stomtivlty

Although storativity (storage coefficient) is not needed in steady-.state model

simulations, it is discussed here and used in transient modeling efforts.

Most confined aquifers have a storativity that ranges from 10 .5 to 10 -3

(Lohman, 1972). The only measurements that are available from the brine

aquifer are in Mercer (1983), and they ali fall within this range except for

well H-6c, which has a value of 10 -6 (Table IV-6).

Fluid Density

The waters from the Rustler-Salado contact residuum are classified as brines

containing mostly sulfates and chlorides of calcium, magnesium, sodium, and

potassium. Sodium and chloride are the major constituents (Mercer, 1983) and

are the highest concentration of dissolved solids in the WIPP area. The

lowest density water (1.048 g/cm 3) is at well H-7c and has a concentration of

dissolved solids of 79,800 mg/_. The highest density water (1.25 g/cm3),

which has a concentration in excess of 450,000 mg/_, is at test hole H-2c

(Table IV-6). A contour map based on available data (albeit sparse)

illustrates how the density of brine in the Rustler-Salado contact residuum

waters vary (Figure IV-12). The contour map does not indicate it, but

generally the brine becomes more concentrated as it moves toward the southwest

and becomes nearly saturated in the lower region of Nash Draw near the Pecos

River (Lang, 1938; Mercer, 1983).

Recharge and Discharge

Recharge to and discharge from the brine aquifer at Laguna Grande de la Sal

and the relationship of Surprise Spring to the lake was first investigated by

Robinson and Lang (1938) and later by Hale and others (1954) and Mercer

(1983). Robinson and Lang (1938) and Mercer (].983)believed that the lake is

not hydraulically connected to the brine aquifer. Observations showed that

the waters from wells in units under the lake had a lower chloride content

than the lake water and that wells near the lake that penetrated lower units

were flowing. According to Theis and Sayre (1942, cited in Mercer, 1983),

water levels in the lake are "high in winter and low in summer, whereas the

hydraulic head in the brine aquifer is high in the irrigation season and low

between seasons." The confined lower aquifer theory is invoked by Mercer on

the basis of a flowing potash test well in the Culebra Dolomite I km north of

Laguna Grande de la Sal. In addition, the WIPP-29 waters are higher in sodium
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FigureIV-11. AdjustedPotentlometrlcSurfaceof the Rustler-SaladoContact Residuumin the Study Area
(PecosRiverheadsincluded).
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FigureIV-12. ContourMap of BrineDensityinthe Rustler-SaladoContactResiduuminthe StudyArea.
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and chloride than the waters from Surprise Spring, indicating a different

source (Mercer, 1983).

Th_se observations do not necessarily mean that no connection to lower

aquifers exists. If the lake is a discharge area for the lower units, the low

chloride content and different water chemistry would be masked by evaporation

or by the influx of surface runoff or near-surface flow from gypslferous

members of the Rustler Formation such as from Surprise Spring at the north end

of the lake, which probably gets its water from the Tamarisk Member (Mercer,

1983).

The conclusion that the underlying units are confined assumes horizontal flow

for the Culebra Dolomite and the brine aquifer. Horizontal flow in confined

aquifers means flow lines are normal to vertical equipotential lines when

viewed in cross section. In regions where water-table conditions exist (such

as southern Nash Draw where the Tamarisk and Culebra Dolomite Members and the

unnamed lower member are hydraulically connected), recharge and discharge

result in equipotential lines that are not vertical but parallel to recharge

and discharge surfaces (Figure IV-13). If the lake is a discharge point, the

flow lines across the equipotential l'ineswould show upward flow in the

vicinity of discharge. If the point of a drill stem intersects an

equlpotentlal llne, water will rise up the drill stem to the potentiometric

level (Figure IV-13, well A). If the potentiometric level is higher than

ground surface, a flowing well will result (Figure IV-13, weil C). If a well

penetrates at a point where flow is horizontal, the potentiometric lines ar_,

vertical (Figure IV-13, well B), and the water level in the well will be at

the water-table level. Therefore, flowing wells do not necessarily mean that

the water-bearing unit is confined. If the lake is a discharge point, the

water leve? will rise in the winter when the pan evaporation rate is lowest.

During the irrigation season, water will infiltrate and cause the wate_ level

in the underlying units to rise. In a personal communication with M. 0

Siegel of Sandia National Laboratories in 1988, he stated that the hill

concentration of sodium and chloride at WIPP-29 is the result of flow from

potash spoils north of the weil. Discharge is also presently occurring at the

southern end of Nash Draw into the Pecos River above Malaga Bend (Hale and

others, 1954; Kunkler, 1980).

An analysis of fluid density effects on ground-water flow by Davies (1989)

showed that, even though horizontal flow is driven by equivalent fresh-_:ater

head gradients, density-related gravity forces must be taken into account for

a vertical component of flow. Davies (1989) examined density-related gravity

effects by expandin 6 the gravity term in Darcy's equation and concluded that

the relative magnitude, not the absolute magnitude, of the density-related

error term determines whether the density-related gravity effects will be
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significant in any given situation. Davies (1989) examined ground-water flow

in the Culebra Dolomite in the vicinity of the WIPP and found that in an area

where the Culebra Dolomite is r61atively flat-lying, density-related gravity

effects are important. Davies (1989) showed in a comparison of fresh-water

head simulations with variable density simulations that errors of up to 170

f degrees in flow direction and up to almost a factor of I0 in velocity could be

i produced. Davies' (1989) work provides a way for ground-water modelers topredict whether natural or man. made density variations should be considered

when defining ground-water flow in a region (see also "Fluid Density" in

i Appendix A).
The potentiometric-surface map of the fresh-water equivalent hydraulic heads

i indicates recharge east of the WIPP and discharge south-southwest to the river
(Figure IV-10). According to Robinson and Lang (1938) and Lang (1938), the

gradient of the potentiometric surface of the brine aquifer is toward the

south, thus indicating recharge from the north in fractured rock near Bear

Grass Draw (T18S, R30E) (Bachman, 1984). Mercer's (1983) study PUtS recharge

at Clayton Basin and upper Nash Draw. A map of the regional structure

(Figure 17 in Hiss, 1975) of the top of the Rustler Formation illustrates that

the. formation crops outs in the northwestern part of the area (Bear Grass

i Draw) and has a general dip south-southeastward. According to Mercer (1983),not enough data is available to indicate whether recharge is occurring in this

region, but a possible source of recharge may be through fractures from the

upper dolomitic units, the Culebra Dolomite, and the Magenta Dolomite Member,

,,r from below the Capitan aquifer.

A third mode of recharge may be from units below the Rustler Formation where

Capitan waters under the Salado Formation have moved up, via dissolution

channels through the Salado, into the Rustler and through fractures in the

anhydrites to the south, forming Nash Draw and Clayton Basin. A possible

sequence of events is as follows'

I. Cround-w6_ter flow in the flat-lylng basin in pre-Pleistocene time was

generally eastward at a relatively low gradient (Hiss, 1980; see also

"Capitan Limestone Aquifer" in this chapter).

2. In late Pliocene or early Pleistocene time, the Guadalupe Mountains

were uplifted in the western part of the basin.

3. The uneven uplifting of the Delaware Basin resulted in tensional

fracturing of the brittle reef rock of the Capitan, shelfward rocks,

and the anhydrites in the Rustler Formation in what is now the vicinity

of Clayton Basin and Nash Draw (a possible hinge area).

4. Water From the Capitan aquifer, which had sufficient head, moved upward

and dissolved part of the Salado Formation over the reef.
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5. Features such as breccia chimneys for_ed, resulting in a connection of

the Rustler to the Capitan (see also the discussion of "Breccia

Chimneys" as "Dissolution Features" in Chapter III).

6. Waters from the shelfward rocks and the Capitan, in conjunction with
meteoric water from the surface, dissolved halite in the Rustler and

moved south, down dip through the fractured lower Rustler anhydrites

toward Malaga Bend of the Pecos River and possibly the Balmorhea-Loving

Trough.

7. The Pecos River breached the Capitan, thus relieving upward pressure in

the vicinity of the features.

Examination of a topographic map with a 15-m (50-.ft) contour interval

(Figure 1-2) reveals a topographic low extending from the northwest lobe of

Nash Draw (T21S, R30E) toward Clayton Basin across the Capitan Reef area.

Breccia pipes in Hills A, B, and C are within this low. If the northeast lobe

of Nash Draw is extended in the direction of its trend, it intercepts an area

of sinks (Laguna GatuNa and Laguna Plata). Also, where the northwest

extension of Nash Draw crosses the reef area, the Rustler and Salado

Formations become thinner due to dissolution. The so-called dissolution front

has passed through this part of the regzcn (Anderson, 1978), resulting in

lowering of rocks surrounding the breccia pipcq (Davies, 1984). The surface

of the Rustler is somewhat uneven in the region of Clayton Basin (Figure 17 in

Hiss, 1975), probably due to the hydration of anhydrite to gypsum, resulting
in an increase in Rustler Formation volume.

Some local recharge occurs in the brine aquifer in the vicinity of Malaga

Bend. According to Hale and others (1954), an almost immediate water level

rise occurred in a brine-aquifer observation well _fter a heavy rainstorm.

Good hydraulic connection, possibly a sinkhole, from the surface through the

lower Rustler Formation to the brine aquifer may exist in the vicinity of

Malaga Bend (Hale and others, 1954). Immediate response to rainfall may also

indicate that water-table conditions exist.

CULEBRA DOLOMITE(RUSTLER FORMATION)HYDROSTRATIGRAPHIC UNIT

More is known about the hydraulic properties of the Culebra Dolomite Member

than about any other unit in the Study Area. The following discussion of

hydrologic properties is a summary of work by Mercer and Orr (1977, 1979),

Mercer (1983), Beauheim (1987b), and LaVenue and others (1988). A

comprehensive Culebra Dolomite Member data base from the workers mentioned

above has been compiled by LaVenue and others (1988), and these data are

condensed and compiled in tables in their report.
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Prior to Beauheim (1987b), transmlsslvity data were presented by Mercer (1983)

for 20 !ecations around the WIPP. Eighteen new locations were tested since

1983 (Beauheim, 1987b):

The 15 new locations and 7 new transmissivity estimates for 7 previously

tested locations presented in Beauheim (1987b).

Work at DOE-2 (Beauheim, 1986).

Work at H-II (Saulnier, 1987).

Work at WIPP-13 (Beauheim, 1987b).

Figure IV-14 shows the locations of the tested wells in the Culebra Dolomite

Member. Eighty percent of the 38 data points lie within a lO-km (6.2 mi)

radiu_ of the center of the WIPP, and 60 percent of these points are within

the WIPP boundary.

HydraulicCondu_lvky
¢
t

The log hydraulic conductivities presented in Table IV-7 were calculated by

LaVenue and others (1988) from mean transmissivities measured at each hydropad|
i (well cluster) and divided by the thickness of the Culebra Dolomite tested at

i each hydropad (Beauheim, 1987b). The thickness of the Culebra Dolomite near

the WIPP ranges from 4.8 to II.0 m. A histogram of the log hydraulic

conductlvities shows a range from -I0 to -4 (i0-I0 to 10 .4 m/s), with a logI

ii normal mean of -6.4. The range and geometric mean of the hydraulic

_ conductivity may be biased because, as previously mentioned, most of the data

have a small spatial distribution. As more data are collected and analyzed on

a regional scale, this distribution may change. A contour map of the log
m

i hydraulic conductivities (Figure IV-15) shows the variation in the calculated

hydraulic conductivities across the Study Area. The hydraulic conductivities
U

show a steady decrease from west to east, with higher conductivities north and

south of the WIPP at the "Nash Draw reentrants." The reentrants show up on_

the topographic map of the area as surficial lows and are probably caused by

dissolution of evaporitic units below the Dewey Lake Red Beds. The lows also

* roughly correspond to the dissolution indentations shown on the map of

distribution of halite in the Rustler Formation (Figure 11-16). How far east

the trend of low conductivity holds is not known. According to Hiss (1973), a

well (South Wilson Deep Unit #2) over the Capitan aquifer has a total Rustler

- Formation thickness of about 70 m, indicating that dissolution may be

occurring east of the WIPP in San Simon Swale. In well P-18, the Culebra

Dolomite Member has a very low hydraulic conductivity, but examination of the

drilling, perforation, and reperforation record indicates that this well may

be a poor well to use to establish a trend. The well was originally used to
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Figure IV-14. Location Map of theWIPPTestWellsintheStudyArea(Beauheim1987b).
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FigureIV-15. Contour Map ofLog HydraulicConductivity of the Culebra Dolomite Member in the StudyArea.
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log the Salado Formation and was later perforated at the Culebra Dolomite and

tested.

Post-depositional dissolution of salt in the Rustler Formation (Snyder, 1985),

removal of overburden (Holt and Powers, 1988), or possibly a combination of

both caused the variation in hydraulic conductivity. Eastward from Nash Draw,

the Rustler Formation thickens as a result of the increase of halite in the

nondolomltic members (Mercer, 1983; Mercer and Orr, 1977). Drilling cores

from east and south of the WIPP where the Rustler Formation is thicker do not

show the evidence of dissolution that is seen west of the WIPP toward Nash

Draw where the Rustler Formation is thinner (Mercer, 1983; Snyder, 1985).

Although a map from Beauheim (1987b) shows a "smooth" transition of the

solution front from west to east, the isopach maps of the Rustler Formation

Members (Figures II-15, II-18, II-20, II-23, and II-25) illustrate that the

. thickness is somewhat erratic in the vicinity of the WIPP.

A dissolution model proposed by Snyder (1985) explains the erratic thickening

and thinning of the Rustler Formation. Dissolution of halite begins in the

Forty-niner Member and continues through the Tamarisk Member into the unnamed

lower member. As a result of the dissolution of the nondolomitic members,

fracturing caused by settling enhances the permeability of tile dolomite

members. The anhydrites also settle, which causes permeability enhancement

that allows ground water from the dolomites to flow through and hydrate the

anhydrite, forming gypsum. The altered anhydrite swells, causing more

fracturing, and the cycle continues, removing the more soluble gypsum until

ali soluble material is removed, leaving only a meter or so of residue between

the dolomites, as seen near Nash Draw (Bachman, 1981; Vine, 1963).

q The Holt-Powers model (Holt and Powers, 1988) explains the absence of halite

in the Rustler Formation dolomites from a sedimentological approach. A

• detailed description of their evidence and conclusions is in their report and

is only briefly summarized here. According to this model, the absence of

halite is the result of syndepositional dissolution rather than post-Rustler

dissolution. The depocenter for the Delaware Basin at Rustler time was east

and south of the WIPP. As sediment was deposited in the basin, freshening

events or stagnation at the margins changed the salinity of the water. The

freshening events or stagnation of the lagoonal waters was a result of a

change in base level of the water table caused by tectonic events,

precipitation, or drought and resulted in a cycle of dissolution of salt at

the margins and deposition of salt basinward. Post-Rustler removal of
m

overburden enhanced the permeability of the dolomites and caused horizontal

fracturing. In a personal communication with R. M. Holt of Science

Applications International Corporation, Albuquerque, NM, in 1988_ he indicated

I
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that further studies are being proposed to determine the orientation of

fracturing in the dolomites and to verify the proposed model.

Beauheim (19875) compares the Snyder and Holt-Powers models using new

information that was not available to Snyder (1985). He shows that well H-18,

located east of the halite boundary (Figure II-16), has a low transmissivity

consistent with the Snyder model, but WIPP-30, which has no halite, also has a

low transmissivity. Wells DOE-I and H-li east of H-18 have relatively high

transmisslvltles. The Holt-Powers model supports the low transmissivity of

the Culebra Dolomite at WIPP-30, but this model cannot explain the high

transmlsslvitles of DOE-I and H-II.

A preliminary statlstical analysis of covariance shows a rough negative

correlation (r - -0.7) between overburden and transmisslvlty. A cluster of

low-transmisslvity data points occurs where the overburden is thick, and a

cluster of high-transmissivity data points occurs where the overburden is thin

or nearly absent. Statistical analyses, such as covariance analysis, will be

used to determine, for performance-assessment purposes, whether hydraulic

conductivity can be inferred, in areas where data are scarce by utilizing

= information about the presence or absence of halite and the thickness of

overburden.

i Porosity

i A global porosity value of 0.20 for the single-poroslty conceptual model and
for t_ ",matrix porosity of the dual-porosity conceptual model was used by Haug

and others (1987). A porosity of 0.20 was believed representative of

= porosities ranging from 0.07 to 0.30 that were obtained from laboratory

analyses of 2.54-cm (l-ln) plugs taken from core samples. Two blocks of

dolomite taken from depths of 154 and 157 m during the access shaft excavation

for the Atomic Energy Commission's (now U.S. DOE) Project Gnome (Figure IV-8)=

had total porosities of 0.144 and 0.137 and effective porosities of 0.078 and

0.iii, respectively (Cooper and Glanzman, 1971).

•i More recently, 79 helium porosity determinations of core samples from the

= Culebra Dolomite yielded an arithmetic mean of 0.153, with a distribution

skewed toward lower porosity values. 'l_enty-one pairs of helium porosity

determinations, where each pair was separated approximately 5 cm (2 in)

vertically, varied from 0.050 to 0.093 (Kelley and Saulnier, 1990).

PotentlometrlcSurface

Figure IV-16 is an adjusted potentlometric surface map of the Culebra Dolomite

Member constructed from water-level data compiled in LaVenue and others, 1988.

i
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Flow west of the WIPP is northeast to southwest, and the flow lines are

roughly parallel to the axis of Nash Draw. Northeast and east of the WIPP,

the data are insufficient, and inference of the potentlometric surface is

difficult. A few data points are south of the WIPP, and flow is inferred to

be southward. Flow in the Culebra Dolomite roughly follows Nash Draw because

of the higher transmissivity of the dolomite in this area. The gradient in

the upper Nash Draw area (0.003) is steeper where the Culebra Dolomite has

more overburden. In the lower Nash Draw area near Malaga Bend, where the

Culebra Dolomite is near the surface, the gradient is flatter (0.001).

Figure IV-17 illustrates the effects of the Pecos River, assuming that a

water-table aquifer exists near the river that results in a flow pattern going

directly to the river at Malaga Bend (see also "Rustler Salado Contact

Residuum Hydrostratigraphlc Unit" in this chapter for a discussion of variable

density effects and their impact on flow).

Storativity

Storage values presented by Mercer (1983) range from 10 .9 to 10 -4 . A value of

10-9 means that very little fluid is released from storage. The storage

: coefficient for most confined aquifers ranges from 10 -5 to 10.3|

i FluidDensity
The quality of Culebra Dolomite Member waters is marginal, and use of this

water is restricted mostly to stock watering, with very little used for

domestic purposes Total dissolved solids (TDS) range from 3 200 to 420 000
J , , ,

mg/_ at test holes H-ab and P-18, respectively. Test hole WIPP-29 has a high

TDS (>230,000), which is attributed by M. D. Siegel of Sandia National

i Laboratories in a personal communication in 1989 to potash mine effluent.

Brine concentrations for the Culebra Dolomite (Table IV-7) are compiled from
I

Haug and others (1987) and LaVenue and others (1988). The data were plotted

on a base map of the Study Area (Figure IV-16). The brine densities vary from

very low (0.001 g/cm 3) at hydropad H-8 to almost a saturated density brine at

WIPP-29. The value for WIPP-29 will not be used when inferring densities at

the boundaries because of the possible effects of effluent from potash mines.

• Figure IV-18 shows an increase in water density across the WIPP from west to

east. There is no potable water (<i0,000 TDS) within 5 km (3.1 mi) of the

WIPP disposal panels.

RechargeandDlscharge

The potentlometrlc-surface map of the adjusted Culebra Dolomite heads

(Figure IV-17) indicates recharge from the north, possibly at Bear Grass Draw

where the Rustler Formation is near the surface and at Clayton Basin where

i
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Figure IV-18. Contour Map of Brine Density in the Culebra Dolomite Member in the Study Area.
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karst activity has disrupted the Culebra Dolomite (Mercer, 1983). Recharge

from below the Culebra Dolomite requires water to pass through what is assumed

to be very hydraulically tight material, but as was demonstrated in the

Rustler-Salado residuum (see "Recharge and Discharge" of the "Rustler-Salado

Contact Residuum Hydrostratigraphic Unit" in this chapter), recharge could

enter the Rustler hydrostratigraphic units via dissolution features from above

such as karst features or from below through collapse features above the reef

area.

Recharge to the Culebra Dolomite may also occur east of the WIPP as a result

of leakage from the Magenta Dolomite Member through the Tamarisk Member.

Although the dolomite, anhydrite, and clays in the Magenta and Tamarisk have

low storativities and transmissivities, large amounts of water can move

downward to the Culebra, where gradients permit, through the thousands of

square meters of surface that overlie the Culebra. If the Tamarisk anhydrites

are fractured, even more water max" leak downward.

Geochemical data suggest regional flow in the Culebra Dolomite may be

, complicated. According to Lambert and Carter (1987), examinations of uranium

._ concentrations and uranium-234/urani_un-238 activity ratios indicate that flow

! may originally have been from west to east instead of mostly from the east

i toward the west and South as currently. Activity-ratio values increase from

J Nash Draw eastward, which would be typical of flow in tP,at direction in a
I reducing environment, but this direction is at variance with present-day flow.-|

:I According to Lambert and Carter (1987), the Rustler Formation ground water is

'! "now draining from high potentiometric level, low-permeability areas near the

l: WIPP, without appreciable recharge." This drainage suggests the Rustler

Formation is not at steady state and that recharge occurred at Nash Draw
!

i0,000 to 30,000 yr ago under much wetter conditions (Lambert and Carter,

1987" Lambert and Harvey 1987' Lambert, 1987)

l Lambert and Harvey (1987) believe recharge through the overburden from direct

infiltration of precipitation seems highly unlikely under present-day

conditions. A comparison by Lambert and Harvey of recharge data from two

; modern basins similar to the Delaware Basin led them to state that "...we have

' little hope of determining definitive values for recharge to the confined-
!

Rustler at the WIPP site."
_

=

A recharge event that affected well responses was noted at observation wells

by Beauheim (1989) during a multipad pump test at the H-li hydropad. Recharge

had no effect on simulation results for a WIPP-13 muitipad pump test, although

equally good curve fits were obtained with the presence of recharge (Beauheim,

1987a). The over-recovery of wells DOE-l, H3b2, and H-15 at the end of the H-

i ii pump test was explained, in part, as recovery from stresses to the system

I
I
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that had preceded the H-li test. At wells H-4b, H-12, H-17, P-15, P-17, and

Cabin Baby-l, the recovery water level was higher than the pretest water

levels (Beauheim, 1989). In addition, anomalous water-level rises were noted

in the wells at the H-9 hydropad, 10.9 km (6.7 mi) south of H-li (Beauheim,

1989), and at wells H-8 and P-18 (Beauheim, 1990). The water-level rise at

well P-18 was attributed, by Beauheim, to very slow pressure equilibration

with the Culebra. The Beauheim memo (1990) points out the following:

Based on the rises observed at H-9 and H-8b, both clearly outside the

area of influence of the H-II multipad test, [he] believe[s] that the

fact that many of the water level rises did not become evident until

the recovery period from the H-II test is merely a coincidence, and

does not imply a causal relationship. Instead, the drawdowns

associated with the H-II test probably delayed our observation of the

rising water levels. Historically high water levels observed at wells

DOE-l, H-7bl, H-llb2, H-14, and H-15 may be related to the other

water-level rises, or may be simply normal recoveries from multiple

pumping episodes. Water-level rise,: at P-18 and WIPP-27 are clearly
not related to the anomalous rises )bserved south of the WIPP site.

Beauheim (1989) gives three potential scenarios to account for the anomalous

water-level rises'

%

: A decrease in discharge from Culebra if a drain on the system were

_topped (considered unlikely).

Injection of fluid into the Culebra either inadvertently through a

leaky casing or as a loss of drilling fluid.

Changes in the mechanical stress field resulting in a change in

'fracture permeability which would, in turn, cause a ,lamming effect_

| increasing upgradient heads.

, A fourth explanation not considered by Beauheim (1989) is the possibility of
i

local recharge to the Rustler Formation via dissolution features in proximity

to wells H-Sh and H-9b. Well H-Sh is only about 200 m from a closed=

depression of approximately 40,000 m2 that has an ephemeral lake in it and

i about 3 km from Poker Lake and Poker Tank. We].l H-9b is also in an area of

dissolution features and about 5 hn northeast of Poker Tank. Both wells are

in the southern Nash Draw reentrant, which corresponds to the area of complete

halite dissolution from the Rustler (Figure II-16). Hydrographs of the two

wells show increases in water level beginning about one year after two periods

of increased average rainfall from 1981-1982 and 1985-1988 (Webb, 1990).

Because of the short duration of the records and the distance from the

rainfall recording station near Carlsbad to Wells H-8b and H-9b, Webb felt

that caution should be exercised in using these records. Also, testing in

1983 caused a lowering of water levels that interfered with recovery of H-9,

i but since that time the well has shown a steady increase in water level.,
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surpassing the pretest levels. Because wells in karstic evaporites in

southern Nash Draw have exhibited water-level increases after periods of

recharge (see "Recharge and Discharge" of the "Rustler-Salado Contact Residu_n

Hydrostratigraphic Unit" in this chapter), a similiar mechanism could cause

water-level rises in other regions where dissolution has occurred. The 1989

r. infall average was less than in 1988 in the region. If the rise was indeed

caused by an increase in rainfall, observations will indicate whether a

decline in water levels follows the recent decline in rainfall.

Discharge in the Study Area is to the west-southwest, either into the Pecos

River at Malaga Bend or into the Balmorhea-Loving Trough, or into both.

Because of the salinity increase of the Pecos River at Malaga Bend and because

the river appears to be gaining there, this area has been described as a

discharge area for the region (Hale and others, 1954; Hale and Clebsch, 1958;

Havens and Wilkins, 1979; Mercer, 1983). However, the increase in salinity

may onlybe due to local discharge of the "brine aquifer" and not because of

regional drainage. Discharge may be toward the Balmorhea-Loving Trough and,

at this time, rates of discharge from the region may only be estimated using

flow-modeling techniques.

Figure IV-17 is a computer-generated, potentiometric-surface map of the

Culebra Dolomite with the Pecos River heads included. The map illustrates how

the potentiometric surface changes in lower Nash Draw if the river is

connected hydraulically to the Culebra Dolomite. Conceptually, this

connection may be the case because the lower part of Nash Draw is composed of

karstified Tamarisk Member, Culebra Dolomite, and, very likely, the unnamed

lower member. Above Malaga Bend, the contour lines are roughly parallel to

the river, indicating discharge to the river, but below the bend, the contour

lines are perpendicular to the river, which could be construed as discharge to

the trough area to the south.

MuStipad Aquifer Tests in the Culebra Dolomite Member

Three multipad tests have been reported in the Culebra Dolomite Member since

1986. The tests were conducted at H-3, WIPP-13, and H-li multipads. The H-3

pump test had 7 observation wells that yielded results; WIPP-13 pump test had

18 observation wells, with 15 yielding results; and the H-II multipad pump

test had 14 observation wells, with i0 wells showing drawdowns and 7 wells

away from the H-II multipad yielding data that could be used for response

interpretations. Tables IV-8, IV-9, and IV-10 summarize the results of the H-

3, WIPP-13, and H-li pump tests, respectively, as reported by Beauheim (1987a,

1987c, 1989).
=

t
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Pump test H-3 had 3 objectives:

Conceptualize flow around H-3 hydropad.

Quantify the hydraulic properties of the Culebra Dolomite around H-3

hydropad.

Quantify the hydraulic properties of the Culebra between H-3 and the
observation wells.

Interpretations of results around the hydropad that satisfy the first two

objectives indicate that the Culebra Dolomite is a dual-porosity medium with

unrestricted interporosity flow and total system transmissivities calculated

from two separate tests of 3.1 X 10 -6 m2/sec (2.9 ft2/day) and 1.7 x 10-6 m2/s

(1.6 ft2/day) (Table IV-8) (Beauheim 1987a).

Beauheim (1987a) reports that meeting the third objective

...was complicated by the effects of an apparent increase in

groundwater leakage from the Culebra into the Waste-Handling Shaft on
the data from wells near that shaft, and by water-level/pressure

trends already existing at many of the observation wells when the

multipad test began. Between H-3 and wells DOE-I and H-II to the

southeast, the average apparent Culebra transmissivity is between 5.5

and 13 ft2/day, and the apparent storativity is between 6.6 X 10 -6 and

1.0 X 10-5 . The rapid responses observed at DOE-I and H-I1 during the

multipad test, and the associated relatively high transmissivities,

indicate a preferential hydraulic connection, probably related to

fractures, between H-3 and the southeast portion of the WIPP site.

Between H-3 and wells H-I and H-2 to the north-northwest, the apparent

transmissivity is between 0.46 and 2.5 ft2/day, and the apparent

storativity is between 2.7 X 10.5 and 4.5 X 10-5 . If the possible

shaft-leakage effects are ignored, the apparent transmissivity between
H-3 and wells WIPP-19, 21, and 22 to the north is between I.i and 2.9

ft2/day, and the apparent storativity is between 9.0 X 10.6 and 2.9 X

10.5 . If shaft leakage did, as is believed, affect the responses
observed at WIPP-19, 21, and 22, then the transmissivity values listed

above are not representative. The wells to the north of H-3 are not

so well connected hydraulically to H-3 as are DOE-I and H-II, and

provided no indications that groundwater flow was occurring primarily

through fractures.

The conclusion of a preferred direction of transmissivity was tested using a

plot of transmissivity against distance (Figure IV-19). The direction of the

observation well from the pumping well was converted to total degrees as one

rotates around the pt_ping well (that is, a well (DOE-2) that is $68°E would

be 180°-68 °, or 112°). Therefore, 0° and 360 = are north of H-3. Inspection

of the plot shows that wells H-llbl and DOE-I increase in transmissivity
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Figure IV-19, Plot Showing Change in Transmissivlty in Observation Wells Surrounding H-3.
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southeast (1120 to 138°), and the remaining wells show a decrease to the north

(300 ° to 360 ° and I0 ° to 20°). These observations were also tested by

correlating maximum drawdown to the inverse of the square of the distance from

the pumping well to each observation weil. This correlation yielded a

correlation coefficient for all the wells (n-7) of r - 0.,%9, showing a low

correlation of drawdown to inverse distance, which may indicate a preferred

direction. If the WIPP wells (WIPP-19, 21, and 22) are dropped from the

correlation to test the hypothesis by Beauhelm that the leakage into the waste

handling shaft was interfering, the correlation coefficient increases to 0.87,

indicating that the shaft effects may have influenced the results of the

calculation. The high correlation also shows the region is fairly homogeneous

northwest to southeast through H-3 because the inverse of the square of the

distance is changing at a rate similar to drawdown. This changing rate is

completely at variance with the ranked data, though_ indicating no correlation.

at all (r = 0.40), which means that in the H-3 region a direction may be

preferred, but more data are needed to verify Beauheim's (1987a) conclusions

about a preferred direction of transmissivity.

The WIPP-13 multipad test northwest of the WIPP was intended to complement the

H-3 test with similar objectives and to provide measurable responses over the

WIPP. Table IV-9 is a summary of the results of the test. Beauheim (1937c)

concluded the following'

The Culebra is a fractured, double-poroslty system around WIPP-13, H-

6, and DOE-2, with relatively high transmissivity (-70 ft2/day) and

relatively low storativity (5 X 10 -6 to 8 X i0"6). This system

appears to extend further to the north toward WIPP-30, although WIPP-

30 itself lies in a lower transmissivlty zone. The apparent

transmissivity between WIPP-13 and observation wells toward the center

of the WIPP site to the south and east, where fracturing in the

Culebra decreases, decreases to 16 to 28 ft2/day, and apparent

storativity increases to 3.6 X 10 -5 to 5.5 X 10 -5 . To the west toward

Nash Draw, the apparent transmlssivlty increases to 265 to 650

ft2/day, reflecting increased fracturing in that direction, while the

apparent storativity increases to 5.2 X 10 -5 to 6.4 X 10 -5 .

The analyses of the responses measured at observation wells to the

WIPP-13 multlpad pumping test provide a qualitative conceptualization

of three distinct domains within a heterogeneous portion of the

Culebra north of the center of the WIPP site. This conceptualization

is being refined by using numerlcal-modeling techniques to simulate

the WIPP-13 multipad test and other tests at the WIPP site in an

attempt to define the distribution of hydraulic properties that will

reproduce the responses observed.

Again, the conclusions were tested using the techniques in the discussion of

well H-3. Figure IV-20 shows that wells P-14 and WIPP-25 have a high
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transmissivity west (WIPP-23) and southwest of the pumping weil. The other

wells are clustered near the bottom of the plot, south-southeast of WIPP-13.

The wells at 295 = are wells H-6a and H-6b. Correlation of drawdown to the

inverse of the square of the distance shows a very good raw correlation (r -

0.83). The ranked correlation is also very good (r - 0.89) (Table IV-II,

WIPP-13a), indicating that homogeneity of the system may exist. More data are

needed to support Beauheim's (1987c) conclusion of heterogeneity. If only the

wells north of the WIPP are used in the correlation, the results yield values

of r = 0.98, indicating homogeneitj over the WIPP southeast of well WIPP-13.

The selection of these wells also provides a way of correlating direction and

distance with drawdown because the wells are oriented in almost a straight

line north to south and are oblique to WIPP-13. This orientation means that

the distance increases as the direction increases (from 125 ° to 165=).

Figure IV-21 shows that drawdown decreases as the direction changes and

distance increases.

In addition to the three objectives listed for well H-3, a fourth objective

for the H-li multipad test included an attempt to determine how the

heterogeneities within the test area are distributed. The results of the H-II

multipad test provided the following information (Beauheim, 1987c):

The Culebra is a fractured, double-_orosity system at H-II with a
transmissivity between 27 and 43 ftZ/day and a storativity between 3.4
X 10 .5 and 1.5 X 10-4 . Drawdown during the multipad test appeared to

be largely concentrated to the north and south of H-II; wells to the

east and west showed relatively low-magnitude responses. The rapid

and high-magnitude responses observed at DOE-l, H-3b2, and H-15 during

the multlpad test are believed to reflect the presence of a fracture

network extending to the north from H-li. Numerical simulations
indicate that the fracture network also extends south of H-li, but no

wells are currently situated within it.

Double-poroslty hydraulic behavior was observed at DOEol during the

multipad test, and at both DOE-I and H-3b2 during other pumping tests

performed at those locations. The fractures appear to continue past

DOE-I to the north toward H-15, although H-15 itself lies in a lower

transmissivity, apparently single-porosity zone. Apparent

transmissivities in the region north of H-II range from 7.1 to 9.0

ft2/day and apparent storativities range from 2.4 X 10 -6 to 8.4 X

10 -6. Apparent transmissivities between H-II and observation wells to

the west, southwest, and southeast, where fracturing in the Culebra

decreases and single-porosity hydraulic behavior is observed, range

from 6.0 to 21.0 ft2/day and apparent storativities range from 1.3 X

10 -5 to 6.5 X 10 .5. Interpretation of the responses to the multipad

test observed at the western and southern wells was complicated by an
anomalous and widespread rise in water levels of unknown origin.
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TABLEIV-11. RESULTSOF CORRELATIONSOF PUMPTESTRESULTS

r r
PumpTest Correlation DataUsed n (RawData) (RankedData)

H-3 Maximum Alimaximum 7 0.49 0.50
Drawdownvs. drawdowndata

Inverseof
Distance
Squared

H-3 Maximum Alidrawdown 4 0.87 0.40
Drawdownvs. data except

Inverseof 3 WIPPwells
Distance
Squared

WIPP-13a Maximum Alidata 15 0.83 0.89
Drawdownvs.

Inverseof
Distance
Squared

WIPP-13b Maximum WellsW-12, 9 0.98 1.00
Drawdownvs. W-18,W-19,

Inverseof W-21,W-22,
Distance H-l, H-28,
Squared E-9andE Shaft

H-1la Maximum Aliobservation 10 0.85 0.75
Drawdownvs. welldata

Inverseof
Distance
Squared

H-11b Maximum Ali observation 7 0.95 0.89
Drawdownvs. welldata except

Inverseof H-15,DOE-1and
Distance H-3b2
Squared

H-11c Drawdownat SameasH-11a 10 0.85 0.81
time pumpoff

H-1ld Drawdownat Sameas H-11b 7 0.96 1.00
time pumpoff

ql
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Thus, the analyses of the responses measured at observation wells to

the H-II multipad pumping test are consistent with a conceptualization

of two distinct domains within a heterogeneous portion of the Culebra

south of the center of the WIPP site: a fractured region having low

storativity extending to the north and south from H-II, and a

relatively unfractured region west, southwest, and southeast of H-II

having higher storatlvity. This conceptualization is being refined

using numerical-modeling techniques to simulate the H-II multipad test

and other tests at the WIPP site, in an attempt to define a

distribution of hydraulic properties that will reproduce the responses
observed.

Well P-18, northeast of H-II, did not respond to the test. This lack of

response may be due to Culebra Dolomite properties or to the poor completion

and/or poor perforations in the well casing. For this reason, its lack of

response was ignored.

Correlation of the maximum drawdown and the inverse of the square of the

distance yields a coefficient of 0.85 (0.86 if P-18 is included) for the raw

data, but r - 0.75 (0.78 if P-18 is included) for the rank correlation (Table

IV-II). The correlation was also done on drawdown data .at the time the

pumping was stopped, yielding r for the raw data of 0.85, but r = 0.81 for the

ranked data. These correlations tested the hypothesis that the wells north of

H-II (wells H-15, H-362, and DOE-l) have drawdowns indicating an elongate zone

of high trsnsmissivity that might indicate fractures. A correlation excluding

the northern wells was made. The results were r - 0.96 for the raw data and

r - 1.00 for the ranked data, indicating homogeneity to the west, south, and

seutheast.

Beauheim (1989, Figure 5-24) presented a plot of drawdown contours at the end

of the well multipad test that was, presumably, hand-drawn. The contours

showed an elongate structure that was interpreted as indicative of fractures.

Figure IV-22 is a contour plot of drawdowns (in original units) for the H-II

multipad test, and Figure IV-23 is a contour plot without wells H-362, H-15,

and DOE-I. The plot in Figure IV-22 is slightly elongated to the north, which

may be due to lack of data north and east of H-li and not to a possible

fracture zone. The very nearly concentric contours southwest and west in

Figure IV-23 show homogeneity in that direction. The bulge in the 3-m contour

is caused by the lack of data between wells H-12 and P-17. If well P-18 were

included in the plots, the slight bulge to the northeast would be dampened.

The multlpad tests do not necessarily indicate zones of preferential flow

(heterogeneity). The linear responses to pumping indicate homogeneity south

and west of H-li and south and east of WIPP-13, but this homogeneity may only

be a function of observation well location, that is, the response was recorded

only because the well was there. Seven of the ten observation wells used for
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the H-II test are south (two wells) and west (five wells), and the other three

wells are north of H-II. Nine of the 15 wells that responded to the WIPP-13

test are south or east of the pumping well. One well is northeast of WIPP-13

(DOE-2), three wells are north (both H-6 wells and WIPP-30), one well is

a].most due west (WIPP-25), and one well is southwest (P-14). Considering the

high correlation of the inverse of the square of the distance to drawdown for

these wells (r - 0.89), more pump tests with a better distribution of

observation wells may be needed before a conclusion about amount and

directions of heterogeneity can be made. Also, a single-porosity concept for

regional-scale, ground-water flow modeling will be adequate.

MAGENTA DOLOMITE(RUSTLER FORMATION) HYDROSTRATIGRAPHIC UNIT

The Magenta Dolomite Member of the Rustler Formation is the third hydro-

stratigraphic unit of importance, lt is a persistent dolomitic unit with thin

laminae of anhydrite and produces water from a thin, silty dolomite, along

bedding planes of rock units, and along fractures (Mercer, 1983). The unit,

like the Culebra Dolomite Member, is present locally at the WIPP, but unlike

the Culebra Dolomite Member is absent in the southern part of Nash Draw.

Aquifer yield is low and, consequently, the member is of little interest to

hydrologists, as reflected by the amount of data available. Twelve wells were

tested and reported in Mercer (1983), and two additional wells were tested

later (Beauheim, 1987b) (Table IV-12). The Magenta Dolomite Member is

unsaturated at outcrops along Nash Draw, and in some places the Magenta

Dolomite is almost in contact with the Culebra Dolomite, separated only by a

few meters of dissolution residue (see the preceding section on the "Culebra

Dolomite (Rustler Formation) Hydrostratigraphic Unit").

Hydraulic Condu_iv_yand Permeability

Only 15 values of transmissivity have been measured from the Magenta Dolomite

Member (Table IV-12) and have a small spatial distribution as stated

previously in the section "Culebra Dolomite (Rustler Formation)

Hydrostratigraphic Unit." The log transmissivity ranges over five orders of

magnitude from -8.4 to -3.4, with a mean log transmissivity of -8.0. The

Magenta has a mean formation thickness of 7.6 m (25 ft) and a range from 5.8

to 9.4 m (19 to 30 ft). The log hydraulic conductivities for the Magenta

Dolomite have a range from -9.3 to -4.3, with a mean log hydraulic

conductivity of -7.8. The largest transmissivity tested (4.0 x I0 "4 m2/s) was

at WIPP-25 at the edge of Nash Draw west of the WIPP, and the lowest

transmissivity tested (6.5 x 10 .9 m2/s) was at test hole H-8 (Table IV-12).

Examination of a core of WIPP-28 revealed bedding-plane partings and fractures

filled with gypsum (Mercer, 1983).
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A contour map of the Magenta Dolomite Member's log hydraulic conductivities

(Figure IV-24) illustrates a decrease in conductivity from west to east, with

slight indentations of the contours north and south of the WIPP at the "Nash-

Draw reentrants" mentioned previously in the "Culebra Dolomite (Rustler

Formation) Hydrostratigraphic Unit" discussion. A preliminary statistical

analysis shows a poor correlation (r - -5.0) of overburden thickness to

hydraulic conductivity. The poor correlation may be due to the way the

material surrounding the Magenta Dolomite has been dissolved and the

subsequent deposition of gypsmn in parting planes and fractures.

Porosity

No porosity measurements have been made on the Magenta Dolomite, but a

porosity of 0.20 has been estimated (after Beauheim, 1987b) for the dolomite,

which is slightly high for intact dolomite (Davis and DeWeist, 1966) but may

be close to an average porosity for a dolomite that has been affected by the

karstification that has occurred above and below.

Storativity

Storage coefficients for the Magenta Dolomite range from 10 -9 to 10 .3

(Table IV-12).

Potentiometrlc Surface

The contours of the potentiometric-surface map (Figure IV-25) representing

fresh-water equivalent heads indicate that flow is southwest at a gradient of

0.003 in the northeastern part of Nash Draw. Across the WIPP, flow is almost

westward at a gradient of 0.004. Because the Magenta Dolomite is absent in

the southwestern part of the draw and no springs are along the rim of the

draw, the ground water probably flows into lower units through fractures. The

undulating potentiometric surface follows the topographic surface north and

south of the WIPP and outlines the north and south inlet.

Fluid Density

Water density varies from 1.004 g/cm 3 (only slightly saline) at test hole H-9a

on hydropad H-9 in the southern part of the Study Area to 1.171 g/cm 3 at test

hole H-10a southeast of the WIPP (Figure IV-26). According to Mercer (1983),

the water-quality distribution was not as well defined as the Culebra Dolomite

distribution but was, nevertheless, distinguishable and reflected the degree

of dissolution of the underlying halite.
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Recharge and Dlscharge

The potentiometric map indicates that recharge to the Magenta Dolomite

probably occurs to the north, possibly in Clayton Basin, or farther north at

Bear Grass Draw where the Rustler Formation crops out (Mercer, 1983). Mercer

(1983) speculated that the apparent recharge to the east of the WIPP is an

artifact of the variable water-denslty corrections, Recharge could also

result from breccia pipes north and east of the WIPP that connect the Capitan

to the Magenta Dolomite (see "Recharge and Discharge" in "Rustler-Salado

Contact Residuum Hydrostratigraphic Unit" in this chapter).

Discharge is probably into the lower units, the Tamarisk Member and the

Culebra Dolomite Member. The upper Forty-niner unit may also be a sink but

does not supply a mechanism for upward flow in the vicinity of Nash Draw

(Mercer, 1983). Flow direction in the Magenta Dolomite Member in upper Nash

Draw is similar to Culebra Dolomite Member flow and is ultimately southward,

either toward Malaga Bend or the Balmorhea-Loving Trough.

VERTICAL FLOW IN THE RUSTLER FORMATION

Figures IV-27 to !V-31 present a method for examining the potential for

vertical flow in the Rustler Formation by using water-level data from Mercer

(1983). The left-hand plot of Well H-I (Figure IV-27a) shows formation

elevation versus hydraulic head, with the stratigraphic layers and the

elevation of the actual measured heads and fresh-water heads drawn. The

right-hand side of each pair shows the actual head of each well as measured.

The slope of the line connecting the heads in the left-hand plot indicates the

direction of the vertical gradient. A line sloping downward to the left

indicates a downward gradient (Figure IV-27a), a vertical slope indicates no

gradient (such as between the Magenta Dolomite and Culebra Dolomite in well H-

e, Figure IV-28b), and a line sloping downward to the right indicates an

upward vertical gradient, as in well WIPP-30 (Figure IV-31c).

This visual method incorporated the density of the fluids from each well as

reported by Mercer (1983), which were converted to fresh-water heads and then

superimposed on the tandem plots. This method ignores the density term in

Darcy's law and has a potential for producing misleading results if the plots

are used to quantify flow, but the method is useful in determining potential

_irectio_ of flow. Holt and others (in prep.) calculated a pressure-depth

gradient from calculated static pressures at mld-formation for

hydrostratigraphic units where more recent water-density data were known

(Richey, 1987). The calculated pressure-depth gradient was converted to the

equivalent fluid density that corresponds to the fluid density of an

equilibrated system. The hypothetical fluid was then compared to the actual
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fluid densities. If the density is lower than both, flow in the system is

downward, and conversely, if the hypothetical fluid density is more than the

actual densities, then flow is upward. If the hypothetical fluid density is

intermediate or equal to the actual fluid densities, no flow occurs.

Table IV-13 compares the Holt and others results with the results from the

visual inspection of the plots in Figures IV-27 to IV-31.

In wells H-2 (Figure IV-27b), P-15 (Figure IV-29d), P-17 (Figure IV-30a), and

possibly WIPP-29 (Figure IV-31b), the heads indicate an upward gradient.

Wells H.-2 and P-17 correspond to the results of Holt and others (in prep.),

but wells WIPP-28 and WIPP-29 are listed as indeterminate. Wells H-3 (Figure

IV-27c), H-4 (Figure IV-27d), H-6 (Figure IV-28b), H-7 (Figure IV-28c), P-14

(Figure IV-29c), WIPP-25 (Figure IV-30b), WIPP-26 (Figure IV-30c), and WIPP-27

(Figure IV-30d) show a downward gradient. Wells H-6, H-7, WIPP-25, and WIPP-

26 are ali listed by Holt and others (in prep.) as having the same gradient

direction, and well P-14 is listed as indeterminate. WIPP-30 (Figure IV-31c)

shows a strong upward gradient, but the same well has a downward gradient

using the method of Holt and others (in prep.). This difference is due to the

significant difference in densities used in the two methods (1.072 gm/cm 3 and

1.204 gm/cm 3 for the Culebra and Rustler-Salado residuum, respectively, for

this report's calculations, and 1.018 gm/cm 3 and I_202 gm/cm 3 for the Culebra

and Rustler-Salado residuum, respectively, for the calculations of Holt and

others (in prep.)). Well H-8 (Figure IV-28d) is indeterminate and should not

be used to infer a direction of flow at that site. The method of illustrating

direction of flow potential of fresh-water heads and actual measured heads

presented here is adequate, but a more rigorous method is required when

quantitative information is needed.

Vertical flow potential in wells H-2 and P-17 is upward from the Rustler-

Salado contact residuum to the Culebra Dolomite Member and downward from the

Magenta Dolomite Member to the Culebra Dolomite. These wells are in the

region (Region 2 in Table IV-13) where dissolution of halite has occurred in

the Tamarisk Member and the Forty-niner Member but not in the unnamed lower

member. This vertical gradient toward the Culebra Dolomite is due to increase

in vertical permeability in the upper aquitards, allowing leakage from the

tighter Magenta Dolomite downward through the Tamarisk. In this region, the

Culebra Dolomite is underpressured due to its relatively higher

transmissivity, allowing flow to the southwest. The unnamed lower member has

a low hydraulic conductivity due to the lack of dissolution of the lower

Rustler Formation halites that prevents the brine aquifer from equilibrating.

In wells where the vertical flow directions are indeterminate between the

Rustler-Salado contact and the Culebra Dolomite (H-8, WIPP-28, and WIPP-29),

dissolution of ali Rustler halite has taken piace, allowing better vertical

connection (well P-15 is very close to the boundary of total halite
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VerticalFlowIn theRustlerFormalion

TABLEIV-13. COMPARISONOF METHODSFORDETERMININGVERTICALFLOW POTENTIALINTHE
RUSTLERFORMATION

This Report Holtandothers
(inprep.)

R-S-Ca C-Mb RS-Ca C'MI_ Halltec

H-1 D D 2
H-2 U D U D 2
H-3 D D 2
H-4 D D D 2
H-5 D D 2
H-6 D I D I 0
H-7 D * D * 0
H-8 I D I D 1
H-9 D D 1
H-lO D D 2
P-14 D D I 1
P-15 I 2
P-17 U U 2
W-25 D D(?) almost D(?) D(?) 0

no flow
(vertical)

W-26 D * D(?) * 0
W-27 D U(?) almost D(?) 0

no flow
(vertical)

W-28 I D I D 0
W-29 I D I 1
W-30 U D D 1
DOE2 D 2
H-14 D 2
H-16 U D 1

a Rustler-Saladocontact residuum
b Culebra-Magentat

c Presence of halite
" 0 Wellswestof upper Saladodissolutionfront

1 Upper Salado present (no halite in Rustler)
2 Halite in unnamed lower member; absent in Tamariskand Forty-Niner
3 Halite in unnamed lower memberand Tamarisk;absent inForty-Niner
4 Halite in unnamed lower memberand in Forty-Niner

[] * Magenta Dry

U Upward
D Downward
I Indeterminate

|
I

I
I
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dissolution in the Rustler), which results in an equilibrated flow system,

that is, no vertical flow. Flow in wells H-6, H-8, P-15, WIPP-28, and WIPP-29

between the Magenta Dolomite and the Culebra Dolomite is downward to the

underpressured Culebra. Flow is from the Culebra to the Rustler-Salado in

wells H-6, H-7, P-14, WIPP-25, WIPP-26, and WIPP-27, and from the Magenta to

the Culebra in wells H-I to H-5, H-8 to H-10, P-14, and possibly WIPP-25. Ali

wells with downward flow are from the Magenta to the Culebra in dissolutio_

regions O, I, or 2 where the Tamarisk halite and Forty-niner halite have been

dissolved.

SUPRA-RUSTLER ROCKS

Occurrence of ground water in the units above the Rustler Formation will be

considered as though the Supra-Rustler rocks were one hydrostratigraphic unit

in the same manner that Davies (1989) assumed one continuous unit above the

Rustler Formation. This assumption is supported by very little evidence,

though, of continuous hydraulic connection between the overlying Triassic

sandstones and surficial Cenozoic and Holocene alluvial deposits with the

fine-grained Dewey Lake Red Beds, the youngest Ochoan unit, but will,

nevertheless, be made.

DEWEY LAKE RED BEDS (SUPRA-RUSTLER)

Drilling in the Dewey Lake Red Beds has not identified any continuous

saturated zone, but some localized zones of relatively high permeability were

identified because of the loss of drilling fluids at DOE-2 and H-3d (Mercer,

1983; Beauheim, 1987a). Some thin, lentlcular, perched and semlperched sands

were identified in the upper Dewey Lake Red Beds at wells H-l, H-2, and H-3

(Mercer and Orr, 1979; Mercer, 1983). Attempts were made to test moist Dewey

Lake Red Bed sands at H-2c (Mercer, 1983) and the lower Dewey Lake Red Beds at

DOE-2 and H-14 (Beauheim, 1986; Beauheim, 1987b). The H-2c test was halted

after five hours because very little water was detected. The DOE-2 test was

terminated after one hour because the very low inflow rate (<i m_/min) would

require a long time to reach steady-state, and the wait was deemed impractical

(Beauhelm, 1986). The H-14 test was terminated because the low permeability

of the unit (one or more order(s) of magnitude less than the unnamed lower

member) was responsible for an extremely slow buildup rate (Beauheim, 1987b).

Tne only Dewey Lake Red Bed wells producing sufficient water for livestock are

the James Ranch wells, Fairview weil, and Pocket well (Cooper and Glanzman,

1971). Completions were reported in the Triassic undifferentiated Dockum

: Group. According to Mercer (1983), however, the wells were completed in the

Dewey Lake Red Beds, but he presented no rationale for the terminology.

i Examinations by Lambert and Harvey (1987) of the chemistry of samples taken
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from the wells and of geologic maps constructed by Bachman (1980) show that no

Triassic rocks are present at the locations of these wells and that the wells

are probably completed in the Dewey Lake Red Beds.

Hydrologic properties of the Dewey Lake Red Beds are difficult to determine

because of the lack of long-term hydraulic tests. The hydraulic conductivity

of the Dewey Lake Red Beds, assuming saturation, is probably i x 10 -8 m/s,

similar to the hydraulic conductivity of fine-grained sandstone and siltstone

(Mercer, 1983; Davies, 1989). The porosity is estimated in the range of fine-

grained sandstone at 20 percent. Storativity is estimated to be 10-4 . Water

density is similar to the Magenta Dolomite Member of the Rustler Formation.

Water percolating downward through fractures to bedding planes and fine-

grained lenticular sandstones recharges the Dewey Lake Red Beds locally, and

the water then discharges to lower zones (Mercer, 1983). The nature of the

lenticular sands restricts lateral movement of ground water.

DOCKUM GROUP

Upper Triassic Dockum Group rocks occur in eastern Eddy County and extend east

into Lea County. The undifferentiated Dockum Group (Tocovas, Santa Rosa, and

Chinle in Mercer, 1983, and Richey and others, 1985) is the chief source of

water for domestic and stock use in eastern Eddy County and western Lea County

(Nicholson and Clebsch, 1961; Richey and others, 1985).

Data from only three aquifer tests performed on the Dockum Group rocks in

Winkler County, Texas, to the south of the Study Area (Richey and others,

1985), provide an estimate (in the loosest sense) of the range of

transmissivities, hydraulic conductivities, and storage coefficients.

Transmissivities from these tests range over one order of magnitude from

3.8 x 10-4 to 3.4 x 10 -3 (Ir,_ transmissivity ranges from -3.4 to -2.5, with a

mean log transmissivity of -2.9). Only two hydraulic conductivities were

calculated, and they have a narrower range' 3.3 x i0 "5 to 3.8 x 10 -5 m/s.

Two measured storativities were i x 10 -4 to 3 x 10 -4. Porosities were not

measured, but the sandstones probably range from 0.05 to 0.30.

Calculated log transmissivities for four aquifer and slug tests in Triassic

rocks (Geohydrology Associates, Inc., 1979) ranged from -4 to -6, with a log

mean of -5.5. In the same report, calculated log hydraulic conductivities

ranged from -6 to -7, with a mean log hydraulic conductivity of -6.3. The

report estimated a porosity of 0.30 for the Triassic rocks in the vicinity of

the Study Area.
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Recharge to the Triassic rocks is from precipitation on overlying sand dunes,

precipitation on outcrops, and leakage from the overlying Ogallala east of San

Simon Swale and from alluvium.

CENOZOIC ROCKS

Although occurrence of Cenozoic alluvium in the vicinity of the WIPP is

sporadic, the material is of particular interest because of the role that the

depression in which the very thick alluvium (up to 300 m [981 ft] in the

southern part of Eddy County and up to almost 600 m [1,962 ft] in Texas) lies

may play as the ultimate regional base level (sink) for regional ground-water

flow. In the region other than around the WIPP, the alluviL_ is the primary

source of water for domestic use, municipal use, stock watering, and industry

(Richey and others, 1985). In the Study Area, the thickness of this material

ranges from absent to about 50 m (163.5 ft) (see also "Regional

Geomorphology," Chapter III in this report).

The mostly unconsolidated and semiconsolidated rocks are predominantly dry in

the vicinity of the WIPP except for some localized perched zones (Mercer,

1983). The Cenozoic aquifers along the Pecos River are unconfined and under

water-table conditions.

In the vicinity of the WIPP, packer-permeability tests for building

foundations indicated a range of hydraulic conductivities for the dry material

from I x 10 -8 to I x I0 "5 m/s (Mercer, 1983). Aquifer tests in the saturated

alluvium along the river and south of the Study Area indicate a log hydraulic

conductivity ranging from -5 to -3 (Geohydrology Associates, Inc., 1979;

Richey and others, 1985). Only one aquifer test has been conducted in the

alluvium for the WIPP, and that was on the previously drilled Carper well

southwest of the WIPP (Beauheim, 1987b). The Carper well test indicated a

transmissivity of 5.9 x 10-5 mP/s and a hydraulic conductivity of

1.6 x i0 -6 m/s for the 37 m tested. The calculated rate of movement through

the alluvium ranges from 0.3 m/s in the fine-grained, evaporite-cemented

sediments to 30 m/s in the fractured or conglomeratic sediments (Hale and

Clebsch, 1958).

In New Mexico, precipitation, the adjacent Guadalupian reef complex units near

Carlsbad, the adjacent Permian hydrostratigraphic units at Malaga Bend,

ephemeral streams, and irrigation water from the Pecos River recharge the

alluvial aquifers. Discharge from the alluvium occurs at Malaga Bend and by

phreatophytes drawing water out of the relatively shallow alluvial aquifer

near the river.
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V. GEOCHEMICAL STUDIES

A summary of site-characterization studies by Lappin (1988) discusses four

aspects of geochemical studies done in the Rustler Formation and younger

rocks. The summary covers the status of geochemical studies of major and

minor solutes, discusses an expansion of interpretation of results from

geochemical studies, examines the length of time ground waters may have been

isolated from contact with atmospherically derived components, and discusses

fluid flow direction and rates in the Culebra Dolomite. Table V-I summarizes

recent geochemical work in and near the WIPP.

Solute distribution in the Culebra Do!omite Member in the Study Area was

examined by Ramey (1985) and Siegel and others (1990). Three distinct

Culebra-Dolomite water types were identified by Ramey (1985). A division by

Siegel and others (1990) put the ground waters into four types roughly along

the same lines as Ramey (1985) but added a zone along western Nash Draw

(Figure V-l). The four hydrochemical facies identified by Siegel and others

(1990) are the following:

Zone A - This zone is coincidental with the low hydraulic conductivity

zone and the occurrence of halite in the Rustler Formation east

of the WIPP. The Culebra Dolomite waters are sodium chloride

brines.

Zone B - This zone contains the freshest water in the Culebra Dolomite

and is south of the WIPP.

Zone C - This zone has water of variable composition and is between Zone

A and Zone B and in the eastern part of Nash Draw.

Zone D - This zone is a high salinity zone and occurs in western Nash

Draw.

Overlaying the zonation maps of Siegel and others (1990) and Ramey (1985) with

a potentiometric map of the Culebra Dolomite or with the results of

preliminary numerical simulations of ground-water flow (LaVenue and others,

1988) shows that present flow is not in a direction consistent with the water

composition. Flow is from high to low salinity, that is, the water is

apparently becoming fresher. This flow direction is not possible unless

recharge from rain or from flow from other hydrostratigraphic units is

freshening the water.
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TRI-6331-78-0

FigureV.1. HydrochemlcalFaciesinthe CulebraDolomite(fromSiegelandothers,1990).
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Examination of the possibility of direct meteoric recharge to the Culebra

Dolomite was done by Chapman (1986), Lambert and Harvey (1987), and Lambert

(1987). Although using data from Lambert and Harvey (1987), Chapman's (1986)

report gave results and interpretations that were not consistent with Lambert

and Harvey's (1987) results. The differences occurred mainly in interpreting

the relationships among Rustler Formation waters, waters from the unconfined

Capitan aquifer, and modern precipitation. Chapman's conclusion was that

evaporation of Rustler waters could form Surprise Spring waters, implying good

hydraulic connection of the Rustler Formation to the surface water at the

northern shore of Laguna Grande de la Sal, and that steady-state conditions

exist in the Study Area. However, according to Lambert and Harvey (1987),

Surprise Spring waters do not fall in the group of waters that are

demonstrably meteoric, and the spring waters cannot be from the Rustler

Formation. They also show that Magenta Dolomite and Culebra Dolomite waters

do not reflect direct modern meteoric recharge at the WIPP and that the system

is transient, with the system responding to a cessation of recharge occurring

i0,000 to 30,000 yr ago, that is, the direction of flow has changed.

Radiocarbon dating was attempted in the Study Area, but results were somewhat

inconclusive. A study by Lambert (1987) of the feasibility of applying

radiocarbon and radiochloride dating techniques to samples from four

hydrostratigraphic units at 16 localities found that, because of'

susceptibility of the components to contamination, further "dating" should not

be pursued. Potash mine effluents (such as those found at WIPP-29) and

organic material drilling fluids aided by the karstic porosity and the low to

moderate permeabilities in Nash Draw, had contaminated the samples. Four

acceptable results from widely separated localities within the Study Area

yielded dates >I0,000 yr, indicating that water of this age may have been

widespread (see Lappin [1988] for a synopsis of Lambert's [1987] report).

Ground water can be "dated" by using changes in the ratio of uranium-234/

uranium-238 and uranium concentration (U) along a flow path in a confined

hydrostratigraphic unit under reducing conditions (Myers and others, 1988).

Changes in uranium-234/uranium-238 activity ratios (A.R.) showed "that times

required to achieve the observed [Culebra Dolomite] ground-water A.R. values

indicate that the Rustler [Formation] hydrology at and near the WIPP is not at

steady state on a time scale of approximately i0,000 to 30,000 years ...." The

general flow directions can be demonstrated to be "...eastward during a

recharge interval at I0,000 to 30,000 years before present ... [and] westward

for some time after the cessation of recharge..." (Lambert and Carter, 1987).

As demonstrated by the solute, isotopic, and radiochemistry studies, the

prevailing condition at the WIPP is a transient hydrologic system over a time

scale on the order of thousands of years. Current ground-water flow has

changed significantly from the direction of flow I0,000 to 30,000 yr ago.
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VI. BOUNDARYCONDITIONS IN THE NORTHERN DELAWAREBASIN

Another primary purpose of this report is to describe ground-water flow as

accura.tely as possible because accurate simulation of ground-water flow

requires an accurate description of boundary and/or initial conditions. A

typical steady-state flow system consists of ground water flowing through a

body of rock bounded by a surface, with average flow and water levels

maintained u_ _r natural conditi',_s at a mean level by either continuous or

intermittent _flow and outflow (Franke and others, 1984). Because geologic,

geochemical, and indirectly, hydrologic evidence indicates that the ground-

water conditions in the Study Area are not steady state, a time-dependent

(transient) solution of a boundary value problem is required for long-term

simulations. This requirement means initial conditions in the Study Area must

be specified.

IT_ _he Los Medafios transient-flow system, water levels will change with time,

n_t only in response to human-induced stresses but also in response to natural=

flow associated with climate change. A poor description of boundary and

initial conditions will result in a poor solution of a problem. An ideal,

i well-posed problem requires knowledge of conditions for an entire given
domain. Relative to the long-term stresses in the Study Area, this knowledge

is not possible. However, whenever possible, aquifer models should includephysical or hydrologic boundaries. When this inclusion is impossible, such as

I at Los Medafios where the regional aquifer is much larger than the Study Area
to be modeled, the model boundaries will be nebulous. In such a situation,

the boundaries must be placed far enough away from the area of interest to

have as negligible an effect as possible on the area modeled. If the Study

; Area is indeed in a transient state, the initial conditions can be obtained

from a steady-state simulation of the flow system. This method requires

calibration of the model by adjustment of hydrologic parameters until

s. _ulated heads correspond to the actual measured heads. The simulated heads.

are then used as initial conditions for transient-state model simulations

because the heads are consistent with the hydraulic parameters. An accurate-

solution cannot be obtained if field-measured heads are used as initial

conditions because the model would reflect a lack of correspondence caused by

model adjustments to the head values between the initial heads and hydraulic

parameters (Franke and others, 1984).

Properly posing a steady-state flow problem requires several c_,_.'itions.

Internal boundary conditions must be known exactly, external bc_ndary

positions and type must be known <:_actly, hydrologic variables such as

sources, sinks, and flux must be known at ali locations, and variables such as

_" transmissivity, leakage, and storage must be known for ali hydrostratigraphic

-- units. In addition, if a transient ,_oiution is required, as may be the case
-i
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ChapterVi: BoundaryConditionsIntheNorthernDelawareBasin

in the Study Area, initial conditions must be known. Because ali of the

conditions listed above cannot be met everywhere for any properly posed

ground-water flow problem, the problem is commonly simplified to co_!_st_ucta

tractable model and avoid serious error. If the effects of simplific_,tion are

known, the model uncertainties can be evaluated.

Flows in all three Rustler hydrostratigraphic layers, where present, are

generally in the same direction along the model boundaries, with some notable

exceptions. Flows in Nash Draw in the residuum and in the Culebra Dolomite

Member are parallel to the axis of the draw, but in part of the Magenta

Dolomite Member, flow is normal to the axis. This flow direction is

attributed to lowering of regional water levels, allowing a longer time for

the upper unit to drain. A second point of concern is that flow along the

northern boundary in the Magenta Dolomite is southwest into the system, but in

the lower units, flow at this boundary is still in the direction of regional

flow, to the east-southeast. Conceptually, this flow direction causes no

problems, but in a numerical simulation, it can cause abnormal and artificial

vertical flow near the region of the fixed boundary conditions. This problem

will have to be considered when the simulations are made by adjusting the

boundary conditions in the upper unit so that they will be more consistent

with those of the lower units.

Initial Conditions

Establishing initial conditions for transient flow will require the analyst to

determine adequate parameters to represent the paleohydrology of the region.

A typical modeling problem usually involves a flux through porous media that

have constant hydrologic parameters throughout the time simulated. The

transient state of modeling involves variation of fluxes by adding storage

properties and sources and/or sinks, with the geohydrologic parameters

remaining constant. In the Los Meda_os region, the geohydrologic properties

have been changing through dissolution and re-precipitation of evaporite

minerals, that is, the hydrologic parameters are transient as well as the

fluxes. In pre-Nash Draw time, flow was to the east but was disrupted by the

development of the draw, thus removing the very rocks that had developed

enough porosity to allow flow. The down-cutting of the Pecos River, coupled

with Nash Draw development, has caused a partial reversal of gradient in the

upper units (Rustler-Salado contact residuum, Rustler Formation, and younger

rocks), with flow now moving west-southwest.

Cross-sectional modeling by Davies (1989) used a simple two-dimensional

ground-water flow code by Trescott and others (1976) for the numerical

- hyp .......... _-*'_-_ _ _simulation to test the othesis of _ransiei_t CULLu_u_,L= ......... _ .......

_| Study Area, The model was a simple, physically based concept of the flow

-j
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system as it drains through time following an initially recharged state that

corresponded to the last glacial-pluvial period. The primary objective was to

examine drainage rates, with a secondary objective of examining vertical

ground-water flow relationships.

The simulation by Davies (1989) extended from the center of Nash Draw eastward

across the WIPP to about 12 km east of "the WIPP site" (Davies' [1989]

terminology). In that study, hydraulic conductivity for the Culebra Dolomite

ranged from 10"8 m/s east of the WIPP to 10-4 m/s in Nash Draw. For the

Magenta Dolomite, the hydraulic conductivity ranged from 10.5 m/s east of the

WIPP to 10.5 m/s in Nash Draw. The Forty-niner and Tamarisk Members and the

unnamed lower member were assigned a range from i0"II to 10 .7 m/s, and the

fine-grained Dewey Lake Red Beds were assigned a hydraulic conductivity value

of 10.8 m/s. A specific yield for the Culebra Dolomite of 2C and a specific

storage of 10 .4 m"I were used.

Because the evidence cited above indicates that the ground-water conditions in

the Study Area are not at steady state, a time-dependent (transient) solution

of a boundary value problem is required, and the initial conditions must be

specified. In t_is transient-flow system, water levels change with time, not

only in respo_'_seto a human stress b_,t also in response to long-term

transients caused by climate change. A standard modeling technique is to put

boundary conditions into a ground-water flow code and run it to steady state,

thus realizing a potentiometric surface that can be used for starting a

transient solution by applying a stress, such as a weil, to that surface.

Davies (1989) used boundary conditions that consisted of a watez table at the

top of the ,cross section, a no-flow boundary at the bottom coincident with the

top of the Salado Formation, a no-flow boundary on the eastern edges, and a

no-flow boundary at the axis of Nash Draw. Specified-head nodes were used at

Nash Draw near the land surface to simulate discharge. Initial conditions

were hydraulic heads representative of the end of the last glacial-pluvial

period, which was assumed to be a fully charged system with a potentiometric

profile reflecting the surface topography and a vertical hydrostatic head

distribution.

= Haug and others (1987) modeled an area surrounding the WIPP and did not

incorporate the regional geologic or hydrologic boundaries that precluded the

use of no-flow boundaries. The lateral boundaries were characterized by long-

term mean formation pressures and long-term formation-water densities.

Initially, the upper and lower boundaries were characterized as low

permeability units with no flow into the Culebra Dolomite but were later

changed by implementing vertical flux into the Culebra. LaVenue and others

o (].988), using a larger modeling domain than the Haug and others (1987) model,

represented the eastern boundary as a no-flow boundary because of the low

-m_ transmissivity and low flow. The northern, western, and southern boundaries

VI-3
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were represented by prescribed pressure and prescribed water densities. In a

later study (LaVenue and others, 1990), the eastern boundary was eventually

assigned formation pressures during the steady-state simulation in order to

improve agreement with calculated and observed heads.

The Davies (1989) base case used initial conditions, boundary conditions, and

hydrologic parameters. The simulation was for a 20,O00-yr period, and the

water-table configurations for time steps of i000, 4000, i0,000, and 20,000 yr

for a steady state were calculated. Drawdown occurred in the zone near Nash

Draw, where the rock composition and physical properties change (transition

zone)_ and a large amount of water still remained in storage in the Dewey Lake

Red Beds after 20,000 yr. Flow was toward Nash Draw, with flow in the upper

Supra-Rustler sandstone going downward to the Magenta Dolomite in the

transition zone, where the Forty-niner Member becomes more conductive, and

then to the Culebra Dolomite through the Tamarisk Member. The Culebra

Dolomite finally discharges to lower Nash Draw. Comparing the 'variation

sensitivity of the hydraulic conductivlty's spatial distribution in the

aquitard units to the original distribution of hydraulic conductivity

indicates that most of the discharge to the Culebra Dolomite occurs on the

eastern side of Nash Draw in the transition zone.

As shown by Davies (1989), steady-state models used for water-level prediction

over extended periods of time introduce uncertainty into the calculations, and

the transients may be important in calculating long-term behavior.

Three-Dimensional Boundary and InitialConditions

Establishing boundary and initial conditions for a three-dimensional

simulation of ground-water flow in the northern Delaware Basin is complicated

by the complex geology, hydrology, and geomorphological processes in the

region.

A classical method of choosing boundary conditions for flow problems is to

pick boundaries that can be represented by identifiable natural ground-water

or surface-water features such as rivers, lakes, divides, impermeable

surfaces, or a water table. Three obvious hydrological features represented

at ground surface are the Pecos River, LaBuna Grande de la Sal, and Nash Draw.

A fourth, not so obvious, regional feature is the Capitan aquifer. The other

boundaries are not as straightforward and must be assigned conditions that

require Judgment of the analyst.

The lowest hydrostratigraphic unit in the Study Area that will be used in a

three-dimensional simulation of ground-water flow is the Rustler-Salado

contact rc_idu,,_m at the bo_ of the Rustler Formation. Lower

i
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hydrostratigraphic units, those below the Castile, are probably not important

hydrologically to flow above the Salado Formation, as evidenced by the

apparent underpressuring in the Delaware Mountain Group (see "Formation

Pressure" in Appendix A) and because of the i000 m of low permeability halite

and anhydrite. The Salado Formation is a no-flow boundary in the Delaware

Basin. At the basin perimeter, the degree of separation of the lower

hydrostratigraphic units (Capitan aquifer) from the Rustler is not as well

defined, and the Capitan may be a source of recharge to the upper units. In a

steady-state case in which the Capitan is included as a source or sink, the

aquifer will be a constant-head (pressure) boundary. Sensitivity of the

ground-water flow field will be determined by varying the location of the

constant-head nodes at the model edge and the permeability of the intervening

geologic units.

Ground-water flow in the three hydrostratigraphic units of the Rustler

Formation is presented in Figures VI-I to VI-3, which show the adjusted

potentiometric surfaces presented in Chapter _V in the discussion of the

Rustler Formation hydrostratigraphic units, with flow lines and possible model

boundaries added. The flow lines are perpendicular to the potentiometric

lines, which indicates isotropy of the units. Isotropy may not be the case,

but for a preliminary analysis, the units will be assumed to be isotropic.

Enough data will probably never be compiled to verify, once and for ali, the

existence of anisotropy in ali hydrostratigraphic units over the region.

Anisotropy tests on wells H-4, H-5, and H-6 yielded a calculated ratio of

major to minor axis values for transmissivity across the WIPP, ranging from

1'2.3 to 1"2.7 oriented northwest-southeast (Barr and others, 1983).

An assumption of isotropy also ignores density-related gravity effects on flow

that would alter the flow direction across the potentiometric lines. Davies

(1989) shows that density effects are insignificant in the vicinity of the

WIPP and that the equivalent fresh-water head concept can be used. South of

the WIPP, however, the density-related flow component is important, and

simulation of ground-water flow in this area must be done using variable-

density computer codes or analytic techniques that are appropriate for

density-related flow analysis. Davies also demonstrates, using mostly

estimated data, that near Malaga Bend and northeast of the _IPP may be

additional areas of concern.

Other previous modeling studies incorporating variable-density effects were

conducted by Haug and others (1987), LaVenue and others (1988), and LaVenue

and others (1990). Haug and others (1987) incorporated three fixed-density

zones in a two-dimensional Culebra Dolomite model and concluded that vertical

fluxes into the Culebra Dolomite from above and below influenced the hydrology

of the system and resulted in discrepancies between observed and calculated
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Figure VI-1. RegionalGround-water Flow ;n the Rustler-SaladoContact Residuumat the Base of the
= RustlerFormation. SeeFigure IV-ll for control points.
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Figure VI-2. Regional Ground-waterFlow in the Culebra Dolomite Memberof the RustlerFormation. See
Figure IV-17for control points.
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Three-DimensionalBoundaryandInitialConditions

density distributions. They also noted that the model was moderately

sensitive to vertical fluxes and very sensitive to vertical fluxes with

respect to fluid density. LaVenue and others (1988) and LaVenue and others

(1990) estimated Culebra Dolomite fluid density for each grid block of a two-

dimensional model (an extension of the Haug and others [1987] model study)

that "allowed inclusion of the observed density distribution and the effects

that variable density has on the present day flow field."

Examination of the flow lines of the Rustler-Salado contact residuum shows

that ground-water flow in Nash Draw is parallel to its axis, with no flow

across the draw (Figure VI-l, A). The upper (northern) part of Nash Draw is a

special type of no-flow boundary called a stream-surface boundary or a

streamline, and no flow goes across Nash Draw. The head changes downgradient

(down the draw uo the south) and is called a specified-head boundary.

The hydrostratigraphic units in lower Nash Draw, from Laguna Grande d_ la Sal

to Malaga Bend, are probably hydraulically connected because of dissolution of

the upper Salado Formation and the halites in the Rustler Formation (see also

discussion of "Recharge and Discharge" of the "Rustler-Salado Contact Residuum

Hydrostratigraphic Unit" in Chapter IV). lt is unclear what units are present

in this area, and drillers e logs refer to the water-producing zones as

"Rustler" (see Table B-5 in Appendix B, and Table i in Davies, 1989). If the

assumption is made of good vertical connection in this area, then a constant-

head boundary exists at the lower end of Nash Draw at the surface of the lake,

Laguna Grande de la Sal (Figure VI-l, B). Between the Laguna and the Pecos

River at Malaga B_nd (Figure VI-l, C), where water-table conditions exist, the

boundary is a free-surface boundary. An air/water interface is also present

at the lake. This surface is not fixed and will be most affected by recharge

such as precipitation. (A further complication may exist in this

region--stratification may occur because of extreme differences in fluid

density of the ground water.)

The region along the Pecos River irl the southwestern corner' of the model

region (Figure IV-l, D) is similar to upper Nash Draw. Flow is parallel to

the river, and the river is a stream-surface boundary decreasing in head as it

flows southeastward. The lower right-hand side of the model region (Figure

VI-l, E) is a constant-flux boundary; that is, flow is toward this boundary

and out of the model domaJq toward the Balmorhea-Loving Trough. The

southeastern side of the model (Figure VI-l, F) is a no-flow boundary similar

to Nash Draw and the Pecos River.

The northeastern boundary (Figure VI-l, G), is an area with a constant flux

into the model. A lack of data distorts the equipotentlometric lines in this

region. Fluxes into the region will have to be determined through sensitivity

studies.
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Boundary conditions in the Culebra Dolomite Member hydrostratigraphlc unit

(Figure VI-2) are the most diverse because of the large amount of data for

this unit near the WIPP. Sections B, E, G, and H (Figure VI-2) are streamline

boundaries with flow parallel to each boundary. Section A is a flux boundary

with ground water moving into the model, Section C is a constant-head

boundary at Laguna Grande de la Sal. Section F is a constant-flux boundary

with flow outward. Section D is a free-surface boundary where water-table

conditions exist.

The absence of part of the Magenta Dolomite at the lower end of Nash Draw and

near the Pecos River (Figure VI-3) complicates groumd-water flow in th_ unit.

At Section A (Figure VI-3) in the upper part of Nash Draw where the Magenta

Dolomite is present, flow is southward along the drawts axis, forming a

streamline boundary. Along the lower part of the draw (Section B), flow is

toward the edge of the draw. Springs are evident in this region, but at

present no flow comes out of the Magenta Dolomite to the draw. Flow is

probably from the Magenta Dolomite Member, downward through the weathered

Tamarisk Member, and into the Culebra Dolomite. At Section C (Figure Vl-3),

flow is toward the alluvium in the region of the Balmorhea-Loving Trough.

Section D has flow parallel to the boundary. Sections E and F may be recharge

areas with a constant flux into the model. The data here are not good, and

the uncertainty about the boundary is high.

Estimationand Distributionof Hydrologic ProperUes

"The weakest link in the use of deterministic mathematical m_,Jels of ground

water flow lies in the scarcity of available data for hydrogeologic

parameters" (Freeze, 1972). Parameter estimation for this study is no

exception to this rule. Although geohydrologic properties for this modeling

effort were taken from numerous geologic and hydrologic reports prepared by

the U.S. Geological Survey, SNL, New Mexico and Texas state agencies, and

independent consulting firms, most data pertain to the Culebra Dolomite

Member.

Knowing the ranges and types of distributions of specific parameters will

enable the modeler to determine the sensitivity of the model and the most

important parameters. In an analysis of three aquifer properties--

transmissivity, hydraulic conductivity, and storage coefficient--Hoeksema and

Kit_,nldls (1985) obtained results that indicated that the properties, with

very few exceptions, are lognormally distributed. The results of Hoeksema and

K_tanidi_' work are the basis for the assumptions of the distributions used in

this study. Porosity is assumed to be normal ly distributed, in accordance

with Freeze's (1975) work.
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VII. SUMMARY

The Study Area is located in the north-central part of the Delaware Basin in

the southern part of the Pecos Valley section of the Great Plains

Physiographic Province. This a..'ealies between the high plains of West Texas

and the Guadalupe and Sacrament_ Mountains in southeast New Mexico. The Study

Area is 34 km by 40 km and exten_s from the Pecos River in southern Eddy

County eastward into Lea County zLnd southward from Just inside the Delaware

Basin edge to about 20 km north of the New Me; ico-Texas state line. Two

primary features of the Study Area are Nash Draw in the western part and The

Dunes in the eastern part.

Tectonic, geomorphological, and man-induced geologic processes have impacted

regional, ground-water flow in the northern Delaware Basin.

Tectonic processes caused a major late Pliocene or early Pleistocene uplift

outside the Study Area that exposed the Capitan Reef and formed the eastern

Guadalupe Mountains southwest of Carlsbad and the Glass Mountains near Fort

Stockton, Texas. Before the uplifting, regional ground-water flow in the

shelf and basin aquifers was generally eastward at a gentle gradient toward

Texas. Flow within the reef was northward from the Guadalupe Mountains around

the northern rim of the Delaware Basin and then eastward into the shelf

aquifer south of Hobbs. Flow from the Glass Mountains was first northward and

then eastward into the shelf aquifer, where it joined the Guadalupe Mountains

water. The uplifting created faults and fractures in the reef that have

allowed infiltration into the Capitan Reef, making the two exposures of

limestone at E_,,_Guadalupe and Glass Mountains the major recharge areas.

Another result of the uplifting is a major monoclinal structure dipping

eastward from the Guadalupe Mountains across the basin.

The uplifts along the western margin of the basin caused an increase in

surface elevation relative to the regional base level. Consequently,

geomorphological processes had a major effect on the developments of the Pecos

River and Nash Draw in early- to mid-PiJeistocene time. The lower part of the

ancestral Pecos River developed in the Delaware Basin in the wetter climate of

early- to mid-Pleistocene time. This part of the ancestral Pecos River began

eroding headward across the Capitan aquifer, pirating the northern part of the

ancestral Pecos River that was flowing east-southeast between Clovis and

Portales, New Mexico, into Texas. The additional water, combined with the

apparent lowering of base level, caused an increase in energy that facilitated

downcutting of the river into the reef. The hydraulic head of the reef, which

was above that of the river, resulted in the aquifer discharging to the river.

The two sources of additional water made the ancestral Pecos River a high-

i energy stream, allowing it to carry a much larger bed load and forming the
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ChapterVII:Summary

Gatufia Formation downstream in localized low-energy areas such as above what

is now Nash Draw.

The discharge from the Capitan aquifer to the ancestral Pecos River lowered

the hydraulic head in the Capitan aquifer near Carlsbad. This lowering caused

a reversal of flow east of Carlsbad that formed a ground-water divide in the

vicinity of the Eddy-Lea County line. Flow in the basinal and shelf aquifers

was still eastward.

To the east of the river, as a result of dissolution along what is pres_nably

a zone of fracturing caused by the uplifting of the Guadalupe Mountains, Nash

Draw began forming. No definitive evidence has yet been presented to

substantiate a fracture zone, but Nash Draw is the result not of erosion but

of extensive dissolution of evaporites in the Rustler and upper Salado by

water undersaturated with respect to halite and anhydrite. The source of the

water was from overlying saturated units (Dewey Lake Red Beds), from the

Rustler Formation, or from below (Capitan aquifer) via breccia chimneys (see

Cha_er III) located along the axis of the Clayton Basin-Nash Draw dissolution

troui;hs. The fluid then moved downgradient along the axis of Nash Draw

through fractures (not by surficial paths) toward the ancestral Pecos River or

Balmorhea-Loving Trough. Eventually, the Pecos River migrated to its present

position and became incised. As the Pleistocene progressed and the climate

became drier and as a result of lowering the Capitan heads, the river lost

much of its energy and became the sluggish river it is today. Presently, with

the exception of storm events, the Pecos River is only capable of carrying

dissolved material and has a very small bed load.

The downcutting action of the Pecos River and dissolution of Nash Draw caused

the Rustler Formation rocks to begin draining locally through springs into the

draw and downward through dissolution fractures along the draw. This drainage

allowed more dissolution to occur even after the climate became drier. For

example, in well H-7 the Magenta Dolomite is dry because of drainage to lower

units. Continuous draining and dissolution have formed the so-called

reentrants at both the headward end and at the lower part of Nash Draw that

can be seen as topographic lows north and south of the WIPP (Figure 1-2).

The third process to affect the regional ground-water flow results from human

activity in the region. Between the Delaware and Midlsrd Basins, withdrawal

of ground water from the Capitan aquifer and the oil fields east of the

Capitan on the Central Basin Platform has caused a drop in hydraulic head of

about 50 m in the vicinity of the Eddy-Lea county line. This drop resulted in

lowering of the ground-water divide and local changes in flow direction,

especially the local flow direction over the sPelf out of New Mexico into

Texas.
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Summary

The Guadalupian hydrostratigraphic units of interest in the Delaware Basin are

the Bell Canyon Formation (basinal unit) and the Capitan Limestone (reef

unit), This study does not consider the back reef units. The massive Capitan

Limestone ranges in thickness from 76 to 230 m and averages 120 m. Hydraulic

conductivity ranges from 8 x 10 -6 to 9 x 10 -5 m/s and averages about 2 x 10"5

m/s, Effective porosity, which is enhanced by dissolution and fracturing of

the limestone, is about 0.08. Ground water flows from the Guadalupe Mountain

recharge area eastward around the periphery of the Delaware Basin, into the

shelf aquifer toward Texas. The Pecos River and large withdrawals as a result

of drilling activity locally influence ground-water flow direction. Fluid

density ranges from 1.000 to 1.115 g/cm 3 and averages about 1.04 g/cm 3.

The lowest basinal hydrostratigraphic unit and oldest unit to crop out in the

northern Delaware Basin, the Bell Canyon, is the fore-reef equivalent of the

Capitan Limestone and interfingers with the Capitan at the basin margins.

Informally named sandstone and shale members (in ascending order the Hays

sandstone, Olds sandstone, Ford shale, Ramsey sandstone, and Lamar limestone)

compose the upper part of the Bell Canyon. The upper siltstones and shales

contain elongated sandstone stringers deposited by density currents moving

along the bottom basinward from the reef. Ground water occurs in the upper

portion of this unit. The vertical potential of the fresh-water equivalent

heads of this unit is upward, leading to the speculation that in the past the

Bell Canyon waters have aided dissolution of the Castile Formation, causing

collapse features that can be seen at the surface. The Castile, however, does

not have the extensive fracture network needed to provide pathways upward to

the halites and back down to the Bell Canyon. The numerical modeling will not

include the Bell Canyon because of the poor hydraulic connection to the upper

hydrostratigraphic units and because the Bell Canyon lacks potential for

upward vertical flow.

Near the end of Bell Canyon deposition, circulation within the Delaware Basin

became more constricted, resulting in a thick sequence of organic layers

alternating with siltstone laminations that change in character upward from

organica]ly layered calcite to calcite-layered anhydrite. This thick sequence

forms the lower Castile Formation, which then grades upward into the

ar_ydrite-layered halite of the upper Castile Formation and the thick halite

of the Salado Formation. The Salado Formation is particularly interesting

because it is the host rock for the WIPP.

The Castile and Salado Formations are present everywhere in the Study Area but

are eroded away southwest of the Study Area and in part of Texas. In New

Mexico north of the WIPP, the Castile Formation is about 360 m thick and

thickens southward across the WIPP, where it is about 470 m thick. At the

southern edge of the Study Area, the Castile Formation is about 500 m thick.
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Throughout the Study Area, the Salado Formation is about 600 m of salt

rhythmically interbedded with anhydrite, polyhalite, glauberite, and some thin

mudstones. The Salado Formation structure is a series of low anticlines and

shallow synclines with axes dipping southeastward. In the northeastern part

of the Study Area, the Salado Formation surface dips steeply northeastward.

Unlike the Castile Formation, the Salado Formation overlaps the reef structure

and is present outside of the reef area. lt extends eastward for many

kilometers into West Texas and the Texas Panhandle.

Conservative estimates of the hydraulic conductivity of the Castile Formation

yield a range of about one nanodarcy (i.0 x 10"14 m/s) to about 0.I microdarcy

(i.0 x 10"12 m/s). Porosity of the anhydrite is about 0.001.

In the Study Area where the Salado Formation is intact, circulation of ground

water is minimal because (as is the nature of highly plastic salt deposits)

the Salado lacks primary porosity and open fractures. Measured permeability

of the Salado Formation is very low and averages, at lithostatic pressure,

about 0.05 microdarcies, with a range from 9 to 25 microdarcies throughout the

formation. This average may be high because improved testing methods have

given lower results, even for the marker beds. All of the tests assumed a

porosity of 0.001. Porosity of the Salado around the WIPP is about 0.01 to

0.02 and goes up to about 0.06 at several meters depth. Form_tlon pressure

varies from hydrostatic to iithostatic, and although the formation may be

saturated, the low effective porosity allows for very little ground-water

movement.

The Salado Formation is conformably overlain by the Rustler Formation, which

is the youngest unit of the Ochoan evaporite series. The composition of the

Rustler Formation is about 40 percent anhydrite, 30 percent halite, 20 percent

siltstone and sandstone, and I0 percent anhydritic dolomite. Ground water

occurs only in the Rustler-Salado contact residuum and the dolomite units (the

Culebra and Magenta Members). Data from the intervening units, the unnamed

lower member, the Tamarisk Member, the Forty-niner claystone, and the Forty-

niner Member, are restricted to wells H-14 and H-16. The aquitard units, the

unnamed lower member, the Tamarisk Member, and the Forty-niner Member, will be

considered isotropic and homogeneous aquitards of very low permeability

throughout the Study Area. The estimated hydraulic conductivities of the

t_.reehydraulically impermeable ul_its are, in ascending order, i x I0 "I0 m/s,

1 x 10"12 m/s, and 1 x 10 -9 m/s. The Tamarisk Member was too impermeable to

test, and the value of 1 x 10"12 m/s is an estimate. The porosity of the

aquitards will be considered to be 0.3.

The Rustler-Salado contact residuum or "brine aquifer" occurs as a dissolution

residue above the halite of the Salado Formation at the Rustler contact and

VII-4



Summary

has a range of thickness from 3 to 30 m and a mean thickness of about 8 m.

More recent information shows a range of 2.4 m in test hole P-14 to 33 m in

test hole WIPP-29. Log hydraulic conductivity ranges from -12 to -6, with a

lognormal mean of -9.4. The log hydraulic conductivities for Nash Draw are

higher by several orders of magnitude than the values east of the draw and

range from -8 to -6. Eastward, the range is f_om -12 to -9. Near Malaga Bend

the log hydraulic conductivity is around -3.2. Effective porosity estimates

for the brine aquifer range from 0.15 to 0.33, and an average effective

porosity of 0.2 has been assumed.

More is known about the hydrologic properties of the Culebra Dolomite Member

than about any other unit in the Study Area. The log transmissivity for the

region ranges from -8.7 to -2.9 and has a mean of -5.5 in the vicinity of the

WIPP. The thickness of the Culebra Dolomite near the WIPP ranges from 4.8 to

ii.0 m. The log hydraulic conductivities range from -9.7 to -3.7, with a mean

of -6.4. A global porosity value of 0.20 has been used for the single-

]porosity conceptualization and for the matrix porosity of the dual-porosity

conceptualization because 0.20 probably best represents porosities ranging

from 0.07 to 0.30.

The log transmisslvity for the Magenta Dolomite Member of the Rustler

Formation ranges over five orders of magnitude from -8.4 to -3.4, with a mean

log transmlssivlty of -8.0. The log hydraulic conductivity ranges from -9.3

to -4.3, with a mean log hydraulic conductivity of -7.8. No porosity

measurements have been made on the Magenta Dolomite, but a porosity of 0.20 is

assumed for the dolomite, which is slightly high for intact dolomite but may

be close to an average porosity of dolomite that has undergone some

dissolution. Water density varies from 1.004 g/cm 3 (only slightly saline) at

test hole H-9a in the southern part of the Study Area to 1.171 g/cm 3 at test

hole H-10a southeast of the WIPP.

The hydraulic conductivity of the Supra-Rustler rocks, assuming saturation,

varies from 10-8 m/s, similar to the hydraulic conductivity of the Forty-niner

Member, to about 10-4 m/s in the alluvium. The porosity is assumed to fall in

the renge cf flne-gralned sandstone at 20 percent. Storativity is assumed to

be 10.4 . Water density is'assumed to be similar to that of the Magenta

Dolomite.

East of the WIPP, dissolution is occurring at San Simon Sink and San Simon

Swale. What has occurred in other areas &uch as Nash Draw is probably now

taking piace in the swale area. Water that is carrying gypsum is moving

upward to the ground surface and evaporating, thus forming gypsum dunes that

are evident at the perimeter of the swale. The only source oi gypsum is

anhydrite, which is present in Rustler or older rocks. In this area, the

| Vll-5



ChapterVII: Summary

Salado and Rustler Formations thin, presumably due to dissolution, which will

enhance permeability. How far west the permeability is enhanced is not known

because no WIPP wells are between the WIPP and the swale. If a connection

exists between the Capitan aquifer and units above the Salado Formation, the

swale area could be a recharge area for the Rustler Formation. Examination of

a potentiometric map (post-development) of the Capitan shows Capitan heads

above the Rustler Formation elevation. Other evidence that water has been

moving upward is in dissolution features that contain dunes of gypsum that

could only have come from below from pre-existing rocks.

Both pre- and post-development potentiometric-surface maps for the Capitan

show that the potentiometric surface has dropped nearly one half the way to

the top of the Rustler Formation in about 50 yr of development. At this rate,

the potentiometric surface may drop below the Culebra Dolomite north of the

WIPP at the Eddy-Lea county line, increasing downward vertical movement of

water and forming a hydrologic divide between the Capitan and the WIPP in the

near geologic future. East of the WIPP at San Simon Swale, the Capitan heads

will never drop below the Rustler Formation, but a drop in heads will reverse

the gradient between the swale and the WIPP.

North of the WIPP, the continued lowering of the hydraulic head has affected

flow locally, but a continued lowering of hydraulic head in the reef and shelf

aquifers will result in a regional downward movement of water from upper

hydrostratigraphic units into the reef and shelf aquifers via structures

similar to San Simon Sink (provided such pathways exist north of the WIPP).

Further withdrawal from the reef and shelf aquifers will form a downward

vertical gradient in the areas where the Dockum Group and alluvial material

are saturated. This gradient may prove to be unimportant in the short term

because of the low hydraulic conductivity of the Permian hydrostratigraphic

units and Permian aquitards, but for the long time span required in

performance assessment, the possibility of downward movement and its effect

should be investigated.

Other potential pathways for fluid movement are degraded and abandoned deep

wells. Wink Sink in Texas near the New Mexico border is located above the

Capitan aquifer and is manifested at the surface by a 25-m-deep sinkhole that

is circular in shape and has a diameter of II0 m. _,e sink is believed to be

the result of dissolution of salt at a depth of from 400 m to 670 m by

circulation of ground water from the Capitan that was facilitated by the

presence of a plugged and abandoned well (Davies, 1984).

The potentiometric surface for the Delaware Mountain Group has not responded

to the extensive withdrawals from the upper units because it is separated from

the Rustler Formation by hydraulically tight anhydrite and halite in the
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vicinity of the WIPP. The potential for upward vertical ground-water flow

through a borehole to the Culebra, a potential pathway for radionuclides if

the repository were breached, is nonexistent near the WIPP because in situ

fluid density prevents Bell Canyon fluid from reaching the Culebra. For this

reason, the Bell Canyon is not incorporated in the regional flow model.
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PrinciplesofHydrology

APPENDIX A:

PRINCIPLES OF HYDROLOGY

This appendix is presented as a basis for making assumptions required to

evaluate performance of the WIPP. Terminology used in reference to hydrology

and mathematical modeling of flow and transport throughout this report is

discussed and defined in this section. Further elaboration on the terms used

in this report can be found in hydrology textbooks, specifically, Freeze and

Cherry (1979) and Lohman (1972). Definitions found in these sources typify

condon usage and are used freely throughout the report.

HydrologicCycle

In nature, water is transferred from the atmosphere to the land and back to

the atmosphere in a process called the hydrologic cycle. Two primary

mechanisms for this cycle are precipitation and evaporation. Precipitation

occurs as rain or snow that may evaporate immediately, sometimes even before

it reaches the ground. Once the water is on the ground, it may evaporate, or

it may infiltrate the soil, where it may be taken up by plants and

incorporated into the plants' cells or given off by transpiration. The

processes of evaporation and transpiration are collectively called

evapotranspiration. If the precipitation is of large enough quantity and is

not completely lost through evapotranspiration, it will either become runoff

or infiltrate farther into the soil and eventually become part of the ground

water. The runoff may flow to surface reservoirs (oceans or lakes) where it

will ultimately return to the atmosphere by evaporation.

At any time throughout the cycle, ground water may become surface water, and

surface water may become part of the ground water. Consequently, the ground

water and surface water are in constant motion trying to attain equilibrium.

At some point, the amount of input will equal the amount of output, and the

system is then called steady state. If at some time a change alters the

cycle, such as extensive withdrawal of water from the system or addition of

water to the system either naturally or by man's activities, the system w_ll

go into a transient state. If the perturbation to the system becomes

constant, the system will again reach steady state but at a new level.

If ali the pores in a given volume of rock are filled with a fluid, the rock

is saturated. If a layer of rock or a group of layers of rock is completely

saturated and yields its water readily and in amounts large enough to make

withdrawal worthwhile, it is called an aquifer. In the report, the term

"hydrostratlgraphic units" describes units that are not aquifers in the

A-5
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strictest sense of the word, but are units that have water in them and may

have some potential as flow paths for radionuclides. If the surface of the

water in saturated rock is at atmospheric pressure, the water is said to be

under water-table conditions. If the upper surface of the saturated zone is a

relatively impermeable material, the aquifer is said to be confined, and the

confining, less permeable beds are called aquitards. The term aquiclude is

also used to describe a unit that is saturated but will not yield water under

ordinary hydraulic gradients (Freeze and Cherry, 1979).

Hydrologic Properties

POROSITY

The upper part of the earth's crust is made up of rocks consisting of both

consolidated and unconsolidated material that must possess two important rock

properties, porosity and permeability, in order for water to flow. Porosity

(n) is defined quantitatively as the ratio of free space (voids, pores, pore

spaces, interstices) to total volume of rock or, simply stated, as the

percentage of the total rock volume occupied by voids. Rocks may possess

either primary porosity or secondary porosity. Primary porosity is the

porosity the rock possesses by virtue of its origin, such as the interstices

that are formed between grains when sands or gravels are deposited or voids

are made from gas bubbles in molten rock that hardens. Secondary porosity is

formed by activities such as Jointing, faulting, cracking, or dissolution of

the matrix after the rocks are deposited. A third term associated with

porosity is effective porosity, which is the volume percentage of connected

pores through which fluid can flow.

Porosity and permeability (discussed later) of rocks are affected by

syndepositional and post-depositional processes. For example, dolomite can be

primary or secondary. Primary dolomites are formed in piace in evaporitic

environments such as those in the Delaware Basin in Ochoan time. Basin water

becomes rich in magnesium by the inflow of sea water and precipitation of

carbonate and sulfate (Pettijghn, 1957). Prlmary dolomite is dense and has

preserved depositional fossils and depositional features. Secondary dolomite

is formed by magneslum-rlch water moving through limestone, increasing

porosity by altering the limestone and reducing the total rock volume by more

than I0 percent. Limestones so altered do not have preserved deposltional

features such as cross-bedding, and fossils may not be evident.

According to Holt and Powers (1988), a complex post-depositional history of

the Rustler Formation resulted from mechanical responses to stress and

diagenetic reactions, that is, mechanical and chemical disequilibrium in the
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unit. Discussion of the mechanisms that affect Rustler Formation rocks can be

found in Holt and Powers (1988). Four constituents of the rocks (halite,

anhydrite, gypsum, and carbonate) ali react with each other in the system as

cement or overgrowth material, replacing each other, recrystallizing,

overgrowing, and filling fractures. These mechanisms can change rock volume,

change porosity by filling fractures or vugs, and change permeability.

PERMEABILITY

Permeability (or intrinsic permeability, (k)) is a measure of the property of

a rock that allows fluid to pass through it (that is, the pores are

connected). Early hydrologists found that permeability is approximately

proportionsl to the square of the mean grain diameter (d) or

k = d2

or

k - Cd 2, (A-l)

where C is a constant of proportionality.

Permeability can also be expressed as

k - - - qv (A-2)
g(dh/dl)

where k - intrinsic permeability

q - rate ol flow-per unit area (Q/A)

v - kinematic viscosity

g - acceleration due to gravity

dh/di - hydraulic gradient.

The units are m 2.

Permeability is also oftem referred to in darcy units where

I darcy - [(I cp) (i cm/s)]/l cm
i atm/cm

One darcy is equal to 9.87 x 10-13 m2. (To obtain k in m 2 multiply darcies by

9.87 x 10"13.)

A-7
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HYDRAULIC CONDUCTIVITY

Hydraulic conductivity (K), which is sometimes called the coefficient of

permeability, should not be confused with the term intrinsic permeability.

Lohman (1972) defines hydraulic conductivity thus: "a medium has a hydraulic

conductivity of unit length per unit time if it will transmit in unit time a

unit volume of ground water at the prevailing viscosity through a cross

section of unit area, measured at right angles to the direction of flow, under

a hydraulic gradient of unit change in head through unit length of flow," or

mathematically

q (A-3)

K-- dh/di '

The units Lohman (1972) suggests are

m3
K - - - m/s .I

m2 sec(-m m" )

The minus sign indicates movement in the direction of decreasing head.

One darcy is approximately the same as a hydraulic conductivity of 10-5 m/s.

i Table A-I is a convenient conversion chart that gives ranges of values ofpermeability and hydraulic conductivity.

q

. Hydraulic conductivity values can vary in a formation because of measurement

position or L_easurem_.,tdirection. If position has no apparent effect on the

value of hydraulic conductivity, the formation is said to be homogeneous,

while if position has an effect, the formation is heterogenous. If direction
i

has no effect on the value of hydraulic conductivity, the media is isotropic
and if an effect is measured, the formatio_ is anisotropic.

TRANSMISSIVITY

4

Transmissivity (T) is a property of the confined liquid as well as of the

aquifer and is defined as the rate at which water at the prevailing viscosity

is passed through a given thickness (b) of aquifer under a hydraulic gradient

£ (Lohman, 1972).

Mathematically,

T - Kb. (A-4)
m

|
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TABLE A-1. RELATIONSHIP OF PERMEABILITY AND HYDRAULIC CONDUCTIVITY

k K k
(Darcy} _(m/s) _

105 --1 --10-8
104 --10-1 --10-7

--103 --10 "2 --10-8

_102 --10-3 --10-9

_101 --10-4 --10-10

1 darcy --1 --10 -5 --10 "12

_10-1 --10-6 --10-13

--10 -2 --10 -7 --10 -14

1 milli- --10 -3 --10 -8 --10"15
darcy

--10 -4 --.10 -9 --10 -16

--10 -5 ,--10 -10 --10 -17

1 micro- --10 -6 --10 "11 --10"18
darcy

_10-7 ,--10-12 --10-19

_10 -8 _10 -13 --10 -20

1 nano- --10 -9 --10 "14 _10"21
darcy

The units are m2/s.

This property of the aquifer has also been called the coefficient of

transmissibility, but transmissibility is a property of a liquid only. In

modeling of ground-water flow, the term transmlssibility may also have a

different meaning.

SPECIFIC STORAGE, STORAGE COEFFICIENT, AND SPECIFIC YIELD

The specific storage (Ss) of an saturated aquifer is defined by Freeze and

Cherry (1979) as the volume of water that is released by a unit volume of

aquifer from storage under a unit decline in hydraulic head (a volume per

volume per unit decline of head). The controlling mechanisms are the

compressibilities of the aquifer and of the fluid. Mathematically

Ss - pg(_+ np) (A-5)
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where p - density of the fluid

- compressibility of the aquifer

- compressibility of the fluid

n - porosity

g - gravity constant.

The units are m"I.

The storage coefficient (S) of a confined aquifer is the product of the

thickness of the unit (b) and the specific storage (Ss). That is,

S - Ssb (A-6)

and is defined by Lohman (1972) as the volume of water released by au aquifer

per unit surface area per unit drop in hydraulic head and is dimensionless.

Specific yield is the term used for the storage coefficient of an unconfined

aquifer because very little water is lost through aquifer compression and

fluid expansion as the hydraulic head declines.

DETERMINATION OF TRANSMISSIVITYAND STORATIVITY

Transmissivity of a hydrostratlgraphlc unit can be measured in the near field

by the "slug" method or in the far field by pumping one well and measuring the

aquifer response in one or more neighboring wells a known distance away. The

slug method is the instantaneous injection or removal of a known quantity of

water from a weil, followed by a series of water-level measurements. The

method gives a good estimate of transmissivity in units with a low

transmissivity and where the well is fully penetrating and fully screened.

The transmissivity can then be calculated using a simplified equation from

Ferris and others (1962)'

114.6 V
s' - (A-7)Tt

where s' - residual drawdown (residual head for injection)

V - volume of water removed or injected

t - time since injection

T - transmlssivity.

T and S can be determined from pumping tests by using curve matching on a log-

log plot, known as the Theis method. Another method or interpretation with a

semilog plot is known as the Jacob method. These methods are explained in

Lohman (1972), Ferris and others (1962), and Freeze and Cherry (1979).

Storage can be calculated from this relationship (Freeze and Cherry 1979):
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!_U Tt
s - (A-S)

2
r

where U _ the independent variable of the well function, W(U)
r - radial distance from the weil.

Both tests have advantages and disadvantages. The slug test is inexpensive

while a pumping test is not. The slug test gives only a near-field T value

and the pumping test gives a T value averaged over a large area. Curve

matching is subjective, and a leaky aquifer will affect the results.

Hydraulic conductivity can also be calculated from the results of either test

using the equation

T

K - _ . (A-9)

FLUID DENSITY

The concept of fresh-water heads is used to describe the Los Meda_os flow

system. In the Los Medafios Study Area (the Study Area), the ground water

contacts rocks made up partially or solely of evaporites. Because of the

solubility of the rocks, the waters in some areas have high concentrations of

dissolved solids. In regions with a large areal variation in densities, the

chance of error becomes greater when determining flow direction if the heads

are not density adjusted. Lusczynski (1961) defines fresh-water head in a

well with variable density water

...as the water level in a well filled with freshwater from that

[measuring] point to a level high enough to balance the existing pressure

at the point [and the] environmental head is defined as the freshwater
head reduced by an amount corresponding to the difference of salt mass in

fresh wate_ _and that in the environmental water between that point and

the top of the zone of saturation.

Using these definitions, the horizontal gradient is defined by the fresh-water

head, and the vertical gradient is defined by the environmental head. Mercer

(1983) used an equation derived from Lusczynski's (1961) work to calculate

fresh-water heads for the Culebra Dolomite, Magenta Dolomite, and brine

aquifer, and assumed the density measured for the hydrostratigraphic unit as

the density of the column of water. The equation used by Mercer (1983) to get

the increase (Zw) in fresh-water head is

Zw - _ Zs (A-10)
Pf
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i,l q

where Zs - measured height of a column of water containing dissolved solids

above a given point (Mercer [1983] used the center of the Culebra

Dolomite) !'

Ps " density of the "brine"

pf - fresh-water density.
/

FORMATION PRESSURE '_

/

The hydrostatic pressure exerted by a column of water on a point in the

formation is calculated by the equation

P " Po + pg(H - Z) (A-II)

where Po - atmospheric pressure

p - water density

g - gravity (constant near surface of earth)

H - Z - pressure head.

The density of a column of water in a well is seldom uniform throughout. If

the pressure at a point in a well is not known but the fluid density is, the

equation given above can be used to estimate the formation pressure. If fluid

density measurements are made at different points in the well, the pressure

can be estimated more closely by integrating the calculation down the well.

If the formation pressure is measured using a transducer and the total head is

known, the average density of the column of water can be calculated.

Ground-water flow and transport models may use environmental heads or

formation pressures as inputs. As a rule, steady-state formation pressures

have not been measured in the Study Area. A series of mid-formation pressure

measurements in Culebra Dolomite wells were made to determine if estimating

formation pressures using reported water densities was less accurate than

using direct pressure measurements (Crawley, 1988, Tables 7, 8, and 9).

Fifteen wells had an average absolute-head difference of less than 0.6 m (2 ft

of head or 3 psi). The other eight wells had an average absolute-head

difference of about 1.2 m (4 ft or 6 psi). Borehole uncertainty in many of

the same wells was calculated by LaVenue and others (1988), yielding an

average of about i2 m for the area.

Formation pressures can be calculated using the latest water densities and

observed elevations or by using the latest corrected head elevations from

regional computer model input. Computer-generated regional models may use a

discretization of grid blocks that will prohibit the modeler from setting up a

flnite-difference grid with wells located at the center of the grid block as

was done by LaVenue and others (1988). Some blocks may have wells at the edge
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of the block or may even have more than one well in each block. In one case,

if a well is near an edge of a steeply dipping block, the formation elevation

for that blockes center must be estimated and the node pressure adjusted to

the center of block. In the second case, the pressures can be adjusted and

averaged to yield the block-center pressure.

The deep units in the area may not be important in a regional modeling study.

A preliminary examination of northern Delaware Basin data from oil wells of

less than 6000-ft depth shows that no wells drilled to rocks immediately below

the Castile Formation have sufficient pressures to push available formation

fluid to the surface; however, there may be sufficient pressure to force

fluids to the Rustler Formation or the repository layer. Actually, the wells=

i are somewhat underpressured. Deeper wells were reported (Lambert and Mercer,
i

I 1978, p. 111-2 to 111-3) to have pressures with calculated heads of greater

a than I000 m (about ground level in the WIPP area) to about 2000 m. The names

of the wells that produced these pressures were not listed, and the pressures

have not been verified. Units deeper than the Delaware Mountain Group that

are capable of producing large amounts of water are present in the Delaware
I

Basin (Lambert in Lambert and Mercer, 1978), but whether the water-producing

units have sufficient pressure to force water up to the repository horizon and

then to the Culebra Dolomite Member of the Rustler Formation remains to beseen
l

l Commercial oil-production information companies provide data on ali oil wells

i in the northern Delaware Basin. These records should be examined to
drilled

determine whether water from deep, high-pressure wells could reach the

4 repository. Wire-line electric logs are also an indirect source of pressure

--_ data. Each log lists drilling-mud weights and the intervals at which the mud

was used Drilling mud balances the drilling fluid against the formation poreI

_m_ pressure so that fluid (or gas) from the formation does not go into the drill

column and drilling fluid does not deeply invade permeable formations. A

simple calculation can be used to estimate formation pressure (Pf)'

= pf _ (O.O52)(Mw)(df). (A-12)

Mud weight of about 9 Ib/gal is used in normally pressured rocks, ii and 12

Ib/gal mud weights is used in high-pressure zones, and muds greater than

12 Ib/gal are used in abnormally high-pressured zones. A cursory examination

of electric logs shows that most wells use a mud weight of from 9 to i0

ib/gal, with very few wells using a mud weight of from ii to 12 Ib/gal. No

wells used mud weights greater than 12 ib/gal. Using 12 ib/gal mud to balance

-_ formation pressure in en ll,O00-ft deep well would indicate a calculated

pressure of 6864 psi. This pressure is equivalent to counterbalancing a

i column of salt water 14,921 ft high, which is about 4000 ft above the ground

i
[]
!
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surface in the WIPP area. A USGS well completion report and log o,_ Badger

Unit Federal #I (Sec. 15, T22S, R31E) reports a drill stem test (DST) final

shut-in pressure (FSIP) of 4252 psi at 14,039 ft below ground surface (middle

Morrow Formation). When compared to a column of salt water, the column would

rise 9243 ft in the well (about 4800 ft below ground surface), a distance that

is below the repository horizon (2150 ft below the surface). However, a DST

in the Brushy Canyon Formation at 6230 ft below ground surface had a FSIP of

2661 psi, enough pressure to support a column of salt water 5784 ft high

(almost 400 ft above the Culebra in that area). Both DSTs, however, produced

only extremely small amounts of fluid (oil or saltwater) or gas.

Fluid production will determine if a repository breach by these deep wells is

important. Deep wells with adequate pressure to lift a column of salt water

to repository level do not seem to lave sufficient fluid to flush out the

repository.

Ground water flows from a high to a low potential. To have a no-flow

condition, the potential must be equal at ali locations. Vertical flow

between hydrostratigraphic units can only occur if the downward increase in

pressure head is more or less than the downward change in elevation head. If

the do'_nward elevation head decreases faster than the downward decrease in

pressure head, vertical flow is downward (Hubbert, 1940, 1953).

i Conversely, if the downward elevation head decreases slower than the downwarddecrease in pressure, flow is upward. If the downward increase in pressure

head equals the decrease in elevation head, the conditions are hydrostatic.

As shown by Hubbert (1940), regional flow concentrates in high-transmissivity
l

zones, and flow through low-transmissivity zones between the conductive zones

i_ is vertical. Studies by Belitz and Bredehoeft (1988) of anomalously

underpressured hydrostratigraphic units showed that because of fluid movement• J

from high to low potential, subnormal pressuring occurs. They conclude the

following:

Ge_,:ally, subnormal fluid pressures might be found in any subaerial,

topographically tilted, structural basin capped by a thick sequence of

low-permeability rocks (that is, shale or evaporites). The tilt can
"_ provide the topographic driving force for the fluid flow. The low-

permeability cap can provide insulation from the elevation head of the
water table, and the structure can provide the mechanism for reducing

= permeability in the basin deep that allows for better hydrologic
connection to low-elevation outcrops than to high-elevation outcrops.

The magnitude of the subpressure will be enhanced if the basin is

asymmetric with the steeper limb located beneath the topographically

" elevated region.

i
i A-14
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The Delaware Basin in New Mexico fulfills the criteria established by their

modeling because the units below the Castile Formation are generally

underpressured. Davies (1989) demonstrated with a two-dimensional cross-

sectional flow model that this condition also occurs in the Culebra Dolomite.

POTENTIOMETRIC SURFACES AND GROUND-WATER FLOW

The presentation and understanding of head data using potentiometrlc maps

£equire a basic understanding of the concept of potential (_). Potential is

defined as the amount of work required to move a unit mass of fluid from one

state and position to another state and position (Hubbert, 1953).

In a well such as that shown in Figure A-I where the reference elevation is

sea level (0) and the reference pressure is atmospheric (Po), the potential is

stated as (from Hubbert, 1953)

- g(Z - Zo) + (p - Po) v (A-13)

1
where v is the volume per unit mass, or v - -

P

and if

Z - 0
o

and

Po " 0

then

- gZ + p/p . (A-14)

The pressure at the point is

P " Po + pg(H-Z)

and if

then simplifying,

gh - gz + p CA-15)

|
Ii
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V
.]- ]-

Pressure
Head H = Head

(H - Z)

.......... _;_"

Z = Elevation
above
Datum

Datum = 0

TRI-6342-241-0

FigureA-1. Relationshipof PressureHead,EnvironmentalHead,and Pressure.
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- gh . (A-16)

Because g is constant almost everywhere at or near the earth's surface, the

potential and head are then correlative. Ground water moves from the higher

potential (_) (head) to a lower _.

In ali data presented here, sea level and atmospheric pressure are presented

as reference states. Ali pressure data are presented as psig or gauge

pressure (absolute pressure minus atmospheric pressure) or as psia (absolute

pressure). Head means the elevation head plus the pressure head. Hydraulic

head (head data or potentiometric data is defined as the elevation to which

water from a hydrostratigraphic unit will rise in a properly completed,

tightly cased well or a specially constructed standing pipe called a

piezometer. Contour maps with lines connecting head values of the same

elevations (equipotentlal lines) are called potentiometric maps. These maps

can be used to determine horizontal and vertical flow direction and magnitude

in a homogeneous, isotropic, hydrostratigraphic unit. W%len potentiometric

maps are constructed, ali head data incorporated in the map must be from the

same hydrostratigraphic units. Sometimes maps are constructed using ali the

head data in a region without regard to hydrostratigraphic units (for example,

Figure A-2, which is taken from Plate I in Hunter, 1985). These maps may be

useful for characterizing horizontal flow patterns in a region but not for

much else. The data are not adequate for vertical flow measurements and

should be used with care. A potentiometric map of the composite heads is also

useful for calculations of hydrostatic pressure for block-center values needed

for mcdel input.

Potentiometric lines and flow lines indicate boundary conditions, and

potentiometric lines indicate gaining or losing streams. If a potentiometric

line bends sharply when it crosses a stream with the flexure pointing

downstream, the stream is losing water to the substrata; if the flexure points

upstream, the stream is a gaining stream (that is, the stream is below the

water table). Potentiometric lines that are normal to the stream indicate the

stream elevation is at the water-table elevation. Flow lines normal to a

boundary indicate a constant head boundary, while flow lines parallel to a

boundary indicate no flow across the boundary. Figure A-2 shows that the

Pecos River has potentiometric lines normal to the river and flow lines

parallel to the river souuh of Carlsbad, thus indicating the stream is at

equilibrium with the water table. At Malaga Bend, the potentiometric lines

are bent more sharply, indicating a gaining region of river. At the northern

and eastern boundaries of the Study Area, flow lines are normal to the

_| A- 17 -_I
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_ FigureA-2. Water LevelMap of Study Area (contours in feet) (Hunter,1985).
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boundary, indicating areas of recharge. _lese assumptions are further

discussed in the description of the conceptual hydrologic model in Chapter VI.

As stated above, potentiometric maps may be used for calculating horizontal

flow, but several considerations must be taken into account: isotropy,

homogeneity, and water density. The first consideration is the isotropy of

the hydrostratigraphic unit. If a unit is isotropic, flow lines that indicate

direction of flow are drawn orthogonally to the potentiometric lines, but if

the unit is anisotropic, the flow lines are not orthogonal but are at an angle

determined by the ratio of hydraulic conductivities normal and parallel to the

hydrostratigraphic unit. Early modeling efforts (Barr and others, 1983)

calculated, from tests at wells H-4, H-5, and H-6 (Figure A-3), an anisotropy

ratio of 1:2.3 to 1:2.7 at au orientation roughly NE-SW. This ratio was then

applied to ali elements in the Study Area. Haug and others (1987) assumed tl_e

Study Area was isotropic and flow lines were orthogonal to the potentiometric-

surface contour lines. As regional modeling continues, anisotropy_ as

determined by the heterogeneity of the rock layers and fracturing, may be

determined as important.

If the hydraulic conductivity is independent of position in a

hydzostratigraphic unit, the unit is homogeDeous. This homogeneity occurs,

however, only under ideal conditions. In hydrostratigraphic units such as the

Culebra Dolomite Member of the Rustler Formation, hydraulic conductivity

varies both vertically and horizontally. Vertically, variation within the

unit is caused by the layering of dolomite with clay; horizontally, "variation

is caused by degrees of fracturing. Heterogeneity changing with distance from

a given point in a continuous manner is termed a trend. Predicting trends in

hydraulic conductivity necessitates understanding what _onditions have

affected the rocks. Trends can result from sedimentation rates or distances

from the source of sediment. Other factors such as erosion, and degrees of

dissolution of r6cks can also show trends. In addition to the _.hanges in

layers and trending, hydraulic conductivity measured at one point mu_t have

absolutely no relationship with other measurements. If measurements ere made

both in fractured and intact dolomite, a large variation will likely be

evident, even if the measurements are taken close together.

The third consideration, water-density changes in the Study Area, is one of

the more bothersome problems in determining direction of ground-water flow.

The equation Lusczynski (1961) used to calculate fresh-water heads assumes

horizontal or nearly horizontal flow and no stratification of density in the

column of water in the well bore caused by poor well completion or improper

removal of foreign fluids.

A-19
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Explanation

, • Wells Tested • H-8

_; *_,General Direction of
= Ground-Water Flow

_ 1 2 3 4mlI i I 1 I ,-_
0 2 4 6 km

• TRI-E342-313-0
al

FigureA-3. Resultsofthe VariableDensityFlowAnalysis(Crawley,1988).
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Because the use of fresh-water head data assumes horizontal ground-water flow

in areas of spatial variability of fluid density, Davies (1987) examined

denslty-relcted gravity effects by expanding the gravity term in Darcy's

equation and concluded that the relative magnitude, not the absolute

magnitude, of the density-related error term determines whether the density-

related gravity effects will be significant in any given situation. Davies

(1987) examined ground-water flow in the Culebra Dolomite in the vicinity of

the WIPP and found that irlan area where the Culebra Dolomite is relatively

flat-lying, density-related gravity effects are important. Davies (1987)

showed in a comparison of fresh-water head simulations with variable density

simulations that errors in flow direction up to 170 degrees and in velocity up

to almost a factor of I0 could be produced. Davies' (1987) work provides a

way for ground-water modelers to predict whether natural or man-made density

variations shou2d be considered when defining ground-water flow in a region.

The hydrostatic method reported by Jorgenson (1982) was used by Crawley (1988)

for determining flow between wells in aquifers containing variable density

water in the Culebra Dolomite Member. The method requires the hydrologist to

first determine if hydrostatic conditions exist between three wells and then

apply the "three-point" technique (a structural geology technique) to

detern_ine strike and dip, with the direction of dip as the direction of flow.

The te._t for hydrostatic conditions assumes that the aquifer is confined and

isotropic, that no intervening sources or sinks are between the wells, that

structural dip does not reverse, and that flow is parallel to the upper and

lower boundaries of the aquifer (Jorgenson and others, 1982). In other words,

this technique is valid only if the wells occur on a monoclinal structure of

consistent properties, which is not the case for some locations in the Culebra

Dolomite. Comparing structure contour maps of the top and bottom of the

Culebra Dolomite (Figure 2-20 in Jorgenson and others, 1982_ and Figure 4.17

in Holt and Powers, 1988) to a map showing calculated flow directions (Figure

A-3) from Crawley (1988) indicates that the flow lines between H-7 and H-8 may

be suspect because the wells are on opposite sides of an anticlinal structure.

Also, a strong synclinal structure with an associated anticline is present in

the northeastern part of the WIPP, putting WIPP-30 and DOE-2 on one limb and

H-5 on a different limb. Wells H-9 and H..8 are on opposite limbs of a

synclinal structure. This method, therefore, should be used only for local

flow estimates and not for regional scale estimates.

DARCY'S LAW

In middle of the nineteenth century, French engineer Henri Darcy studied flow

throush sand, which he determined was analogous to flow through a pipe. The

results of his classical experiment gave the formulation of what is now called

Darcy's Law. Darcy's Law, simply stated, says that a specific discharge (vd
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or sometimes called a Darcy flux or Darcy velocity) is directly proportional

to the change in hydraulic head and inversely proportional to the distance

between the head measurements, or mathematically

K(H2 " Hl) (A-17)

vd -
L

where L - length the water has to travel

H1 and H2 - head measurements

K = hydraulic conductivity (m/s) of the medium (constant of

proportionality).

H2 H1
The term is the gradient, which can be replaced with I in the

L

equation and which then becomes

vd - KI. (A-18)

Because the discharge (Q) of a pipe is equal to the velocity of the fluid

times the cross-sectional area of the pipe (Q = vdl), Darcy's equation can be
simply written as

I Q - KIA. (A-19)

|
The equation is sometimes written Q - -KIA to show that the flow direction is

toward the lower head.

= THREE-DIMENSIONAL FLOW EQUATIONS
i

I
Flow of a gas and/or a fluid through fractures and pores in rocks and soil is ,f

generally the result of gravity and/or fluid pressure. Using Darcy s Law

equation from above, the fluid movement can be expressed as

ah (A-20)
vi - -K ax '

where K - hydraulic conductivity with units of length per unit time (that is,

the rate at which the fluid moves through a rock matrix)

h - fluid head or potential

vi = specific discharge

ah/ax - hydraulic gradient.

i

i A-22
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Again, the negative sign indicates movement in the direction of head loss.

The hydraulic conductivity (K) is directly proportional to the permeability of

the matrix (k) and the density (pf) of the fluid, and inversely proportional

to the viscosity (#) of the fluid. This relationship can be expressed as

pfgk
K - (A-21)

#

where g - acceleration due to gravity.

Consider a unit volume of a saturated, porous substance as shown in Figure A-

4. The law of conservation of mass at steady state requires that fluid mass

moving into the unit volume equal the mass of fluid out (Figure A-4) of the

unit.

The flow in the x direction can be shown as the difference between the mass

inflow and the outflow rate (Figure A-5). Or mathematically

0(OVx)] 0(pVx)pVx ax j - pVx- - 8x ' (A-22)

Flows in the y and z directions are analogous. Combining the mass flow

components in the x, y, and z directions

0(Pvx) a(pVy) 0(pVz) - 0 . (A-23)
ax Sy Sz

If the fluid is incompressible, p (x,y,z) - constant, and the p's can be

removed from Equation (A-22). If the fluid is slightly compressible, such as

water, Freeze and Cherry (1979) show that pSVx/SX is much greater than terms

of the form VxSp/Sx, both of which arise when the chain rule is used to expand

Equation (4). Equation (4) then simplifies to

Svx @vy Svz 0 . (A-24)
Sx 8y Sz

Substituting Darcy's equation (Equation A-19) for Vx, Vy, and Vz, We get

( 4 0(0)S Oh S -Ky - _ Kz - 0 (A-25)" S-x -Kx " Sy
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d
pVz - -- (pVz)

dz

T
////'--" pvv-_ (PW)

• d
pvx,,, .--pVx-_ (pVx)

(:Ix

pry ....I

PVz

TRI-6342-239-0

Figure A-4. Concept of Flow through a Control Volume of a PorousMedium (modifiedfrom Freezeand
Cherry, 1979).

Az

d (pv x)

-PVx "_" _--" --_ PVx+ dx AX

TRI-6342-240-0

FigureA-5. Flow in the X-AxisDirection.
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for flow through an anisotropic heterogeneous medium at steady state.

If

Kx - Ky - Kz,

then

a2---hh+ a2----h-h+ a2----hh= 0 (A-26)
8x 2 ay2 az2

for an isotropic medium at steady state.

In transient flow, the continuity equation (Equation A-22) is mod:,_ied such

that the outflow equals the inflow plus the water released from storage:

a (pVx) 8 (pvy) 8 (pvz) " n' 8p pOn' (A-27)
ax ' ay 8z _ + @t

where n' = the porosity of the porous rock matrix.

The change in storage of fluids in the porous matrix is the result of

compaction of the aquifer and expansion of the water because of decreasing

pressure. Compaction of the reservoir results in changes of porosity and can

be expressed as (l-n')pg_, where _ is the vertical compressibility of the

aquifer. Water in storage released by a chauge in density equals pgn'_, where

is the compressibility of the fluid. Because the storage is a result of the

change in density (p) and the change in the porosity (n') as the head (h)

changes, then

8 Kx + Ky _ _ _-_ax _ _ + Kz = Ss (A-28)

for transient flow in an anisotropic heterogeneous medium,

and

02h 02h a2h S Oh

s (A-29)
--+_+ z2 =Ox2 Oy2 0 K at

for transient flow in an isotropic homogeneous medium.
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GROUND-WATER VELOCITY AND TRAVELTIME

Often, the velocity or rate of movement of ground water and travel times of

particles through a porous medium needs to be known. Velocity units are m/s,

which are the same units for hydraulic conductivity but, as mentioned above in

Lohman's (1972) definition, hydraulic conductivity is the volume rate across a

cross-sectional area (Equation A-3). The derivation of the ground-water

velocity equation can be found in many hydrology texts (Lohman, 1972; Freeze

and Cherry, 1979; Driscoll, 1987). Ground-water velocity is a function of

effective porosity, hydraulic conductivity, and hydraulic gradient, or

mathematically

K dh/dl (A- 30)
V u . •

n

The units are m/s.
D

Ground-water travel time (TT) is the distance (D) divided by velocity or, _ .

Then

D nD (A-31)
mm

TT - v K dh/di

The units for travel time are seconds.
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AppendixB

APPENDIX B:
PRELIMINARY GEOHYDROLOGIC DATA BASES

Appendix B is a compilation of geohydrologic data from various sources.

Table B-I is a stratigraphlc information table compiled from t_bles in reports

by Mercer (1983) and Richey (1989). The well names are from usage in previous

reports because it did not seem appropriate to introduce yet another well

naming system. The "FFG" designates far-field geologic data (Davies, 1989),

the H-series wells were drilled specifically for hydrologic testing, and the

remaining well designations (WIPP-, P-, ERDA, AEC, and so on) were geologic

test holes and domestic and stock wells converted for the purpose of

hydrologic testing (Mercer, 1983). The Transverse Mercator coordinates for

the FFG wells were calculated from the original township, range, and section

-: subdivisions used for public lands. The coordinates for the WIPP wells are

from Gonzalez (1989). Table B-I is a listing of the elevations of the tops of

the Rustler Formation Members; Table B-2 is a listing of thicknesses of the

Rustler Formation members; Table B-3 is a listing of the thicknesses and tops

of the Supra-Rustler units and alluvium; Table B-4 is a listing of the

Universal Transverse Mercator and state coordinates of the WIPP test wells;

Table B-5 is a listing of aquifer test results conducted in the Supra-Rustler

units; and Table B-6 is s listing of alluvial water-level data in the Los

'i Medafios region.

i

i
i

i

i
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TABLE B-1. ELEVATIONS (m) OF THE TOPS OF THE RUSTLER FORMATION MEMBERS (THE FORTY-
NINER (RTOP), MAGENTA DOLOMITE (MTOP), TAMARISK (TAMTOP), CULEBRA
DOLOMITE (CTOP), AND THE UNNAMED LOWER MEMBER (ULMTOP)) AND THE
SALADO FORMATION (SATOP). UTMX AND UTMY ARE THE UNIVERSAL TRANSVERSE
MERCATOR COORDINATES CONVERTED TO THE STUDY AREA COORDINATES

WlPPN UTMX UTMY RTOP MTOP TAMTOP CTOP ULMTOP SATOP

FFG 002 37502 54163 686.1 667.5 680.5 624.8 618.1 578.8
FFG-004 32293 51289 739.1 717.8 710.8 666.6 659.9 627.9m

FFG 005 37627 51249 693.8 674.9 667.9 628.5 622.1 581.9m

FFG 006 57929 51350 688.9 670.0 661.4 616.6 -- 608.1
FFG-007 38029 50445 678.2 655.9 649.8 602.0 593.7 559.0
FFG-009 38230 50545 678.1 657.4 650.1 604.1 596.5 575.1
FFG-011 37929 50947 684.6 664.2 657.1 609.9 603.5 570.3
FFG 012 37526 50947 687.0 667.8 659.6 613.9 606.2 572.1
FFG-013 35520 50926 696.8 674.8 667.8 646.2 634.3 582.5m

FFG 014 31496 50467 741.9 721,1 713.5 667.8 658.9 623.0
FFG 016 37574 48521 666.9 644.9 637.6 587.9 579.4 545.0
FFG 017 38765 49460 669.6 648.3 640.7 594,9 587.3 555.3m

FFG 018 40907 48068 672.4 652.3 645.9 598.6 590.7 558.4
FFG-019 37991 46541 666.3 644.7 637.6 588.6 580.3 548.9
FFG-020 31943 47231 740.7 718.4 712.3 662.0 655.3 622.4
FFG-023 43329 45379 678.5 654.1 647.4 596.2 587.7 553.5
FFG-024 45740 45020 662.0 638.8 632.1 579.1 571.8 539.2
FFG 025 38809 46144 674.1 652.2 646.1 598.5 591.8 560.4
FFG 026 3839,3 46138 670.8 649.5 643.4 592.5 585.5 552.6
FFG 027 38091 45837 664.2 643.1 636.4 585.5 578.5 545.6m

FFG 028 -5821 -7130 629.8 612.7 607.5 578.6 572.5 549.6
FFG-029 -963 -7495 616.0 599.2 594.0 563.5 558.1 537.9
FFG 030 -107 -9595 616.6 598.3 592.9 563.0 557,2 532.8
FFG 031 -3725 -9127 609.6 590.1 584.0 554.4 547.4 522.4
FFG 032 50519 -10341 611.9 592.1 586.0 549.4 546.1 519.0
FFG 033 -5393 -11158 607.2 588.3 582.8 549.2 542.2 518.8
FFG 034 1917 -10182 601.3 582.4 577.9 548.6 542.5 517.8
FFG 035 -99 -11890 590.3 572.6 566.5 533.9 530.9 504.9
FFG 036 -6088 -13742 602.6 582.2 576./ 541.4 535.6 510.3m

FFG 037 -1337 -13151 592.9 571.8 566.9 534.0 528.8 502.9
FFG-038 2291 -13460 579.4 559.6 554.1 523.6 517.5 491.9
FFG 039 26739 52517 798.6 778.8 772.1 731.9 725.5 694.4
FFG-040 30312 49655 740.7 720.9 713.6 655,4 645.3 624.9
FFG 041 27076 50009 801.0 780.6 773.6 733.7 726.4 691.9
FFG-042 25534 50298 805.5 785.4 777.8 740.6 730.0 695.2
FFG 043 25095 48381 810.0 788.1 782.0 735.7 728.7 697.0
FFG-044 28706 48421 762.3 741.0 733.6 689.1 680.9 645.6
FFG-047 -7895 49334 633.4 613.9 607.5 561.1 556.0 526.1
FFG 048 -14374 49657 653.2 630.9 623.3 580.3 573.3 527.6

w

FFG 049 -13971 47645 641.9 620.9 614.8 567.5 559.6 526.7

Source! Modilrled from Richey, 1989
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TABLE B-1. ELEVAl/ONS (m) OF THE TOPS OF THE RUSTLER FORMATION MEMBERS (THE FORTY-
NINER (RTOP), MAGENTA DOLOMITE (MTOP), TAMARISK (TAMTOP), CULEBRA
DOLOMITE (CTOP), AND THE UNNAMED LOWER MEMBER (ULMTOP)) AND THE
SALADO FORMATION (SATOP). UTMX AND UTMY ARE THE UNIVERSAL TRANSVERSE
MERCATOR COORDINATES CONVERTED TO THE STUDY AREA COORDINATES
(continued)

WlPPN UTMX UTMY RTOP MTOP TAMTOP CTOP ULMTOP SATOP

FFG 050 -8810 45985 648.0 627.6 621.5 582.5 574.9 537.4
N

FFG 051 -9413 45985 648.9 627,3 622.1 573.9 566.3 530.9
FFG 052 -9011 45985 651.6 630.3 624.2 595.2 589.8 565.7

m

FFG 053 -9828 45362 642.8 623.3 615.4 563.0 5,_5.6 510.5
FFG 054 -4174 44502 641.9 620.6 613.3 562.7 556.6 518.8

m

FFG 055 -3772 44804 64"1,6 621.1 612.6 565.7 557.8 521.2
FFG 056 -9514 45281 644.3 621,8 615.4 564.5 556.9 520.9
FFG-057 -9929 45663 645.6 625.2 617.6 564.8 558.1 524.6
FFG-058 -3269 44804 641.0 623.6 615.1 569.3 560.8 526.7
FFG" 059 -2662 44821 643.4 623.6 617.5 569.7 564.8 529.7
FFG 060 -8408 45583 645.5 627.3 618.1 569.3 563.2 532.8
FFG-U61 -8609 45583 645.9 626.0 619.9 570.6 565.1 532.5

m

FFG 062 -3571 53782 574.3 553.2 547.1 513.9 507.2 479.2
FFG-063 -2657 52958 534.7 513.7 508.5 470.7 465.8 438.4

m

FFG 064 -5962 52123 559.7 538.6 531,9 497.5 488.9 461,2
,,,,2.9 520.6 515.4 471.8 464.5 449.6FFG 065 2108 50589 _"

FFG 066 -716 50556 496.8 473.9 469.4 434.3 429.1 401.7
FFG 067 -2724 49739 537.1 516.4 511.2 470.0 464.0 435.9
FFG-068 907 48959 496.5 481.9 475.8 430.1 424.0 396.5
FFG-069 -2273 46133 524.3 502.4 496.3 447.5 441.4 407.9
FFG 070 -5719 45226 553.8 532.2 526.1 484.6 479.1 442.0
FFG-071 22118 .,5165 811.1 790.7 784.3 755.0 748.3 700.2
FFG-072 30590 -9047 739.7 721.1 715.0 681.2 674.2 645.8
FFG-073 30771 -8425 717.8 699.5 690.6 659.3 652.2 623.3
FFG-074 30791 -8644 723.7 703.3 698.4 666.4 660.3 630.7
FFG-075 27431 -8373 773.3 756.0 749.2 717.9 712.1 683.4
FFG-076 24604 -9233 836.4 818.1 810.5 777.6 771.5 741.9
FFG-078 22074 -10057 874.4 855.2 847.0 814.7 807.7 776.9
FFG 079 24722 -10555 848.0 829.7 823.6 787.0 780.9 750.4
FFG-080 24639 -12885 827.5 808.3 800.4 765.6 758.3 727.5
FFG-081 30808 -11058 746.8 727.9 720.9 683.1 674.9 644.4
FFG-082 27835 54871 779.1 759.3 753.2 711.1 705.3 673.0
FFG 083 32701 -7103 693.0 674.7 668.6 638,1 632.0 604.6
FFG-084 31512 -8745 721.1 702.2 694.6 661,4 654.7 626.0
FFG"085 31082 -8371 714.2 695.6 687.4 655,4 649.0 620.9
FFG-086 30992 -8644 722.6 705.6 697.3 665,0 657.4 630.3
FFG-087 34750 -9515 698.0 680.0 671.4 636.7 630.0 601.3
FFG-088 37260 -10295 694.4 674.6 667.2 626.1 622.7 595.3
FFG-089 39133 -10627 675.8 656.0 649.6 613.9 806.6 576.7
FFG-091 33573 -12463 720.0 700.4 692.8 652.3 643.8 _14.2
FFG-092 32746 -11160 734.9 716.6 706.5 670.9 662.3 633.7
FFG-093 31941 -11160 737.3 718.1 710.2 673.6 668.1 637.7

Source: Modified from Richey, 1989
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TABLE B-I. ELEVATIONS (m) OF THE TOPS OF THE RUSTLER FORMATION MEMBERS (THE FORTY-
NINER (RTOP), MAGENTA DOLOMITE (MTOP), TAMARISK (TAMTOP), CULEBRA
DOLOMITE (CTOP), AND THE UNNAMED LOWER MEMBER (ULMTOP)) AND THE
SALADO FORMATION (SATOP), UTMX AND UTMY ARE THE UNIVERSAL TRANSVERSE

" MERCATOR COORDINATES CONVERTED TO THE STUDY AREA COORDINATES
(continued)

WlPPN UTMX UTMY RTOP MTOP TAMTOP CTOP ULMTOP SATOP

FFG 094 31519 -11561 740.6 720.2 713.2 674.2 666,6 637,0m

. FFG 095 36308 -5035 706.5 688.8 681.5 651.6 645.2 618.7
FFG 096 42392 -4401 689.5 671.2 665.1 635.5 629,4 605,0
FFG 097 41600 -6514 671,2 651,7 645.0 614.8 608,4 580,6

m

FFG 098 48846 -6043 645,5 625,4 619,9 587.9 581.8 555,9
. FFG-099 48789 -8352 64 1.6 620,9 615.4 582.5 574.6 550,2

m

FFG 100 45568 -8989 624.9 603,9 598.1 564.8 558,7 530,4

- FFG-101 48928 -11674 593.1 574.9 569.4 533.7 527,3 50C.2
FFG_102 44600 -12024 613.9 593.5 587,4 549.0 542.9 512,4
FFG_103 40778 -11780 674.6 655,4 652.0 609.3 - 601,7
FFG 104 -9004 54153 572.5 551.1 545,0 508.! 502.1 474,3

FFG-105 19397 36021 926.9 909.6 901,3 867.5 861.4 812,9
FFG_106 17901 36981 954,7 939,7 931,8 902.6 894.6 840,7
FFG 107 18103 35872 945,2 923,0 916.9 687.9 878.8 836.1

FFG_-108 20857 35617 933.6 918,4 912.3 878.7 869,6 836.1
FFG_109 23093 35559 917,2 898.9 892.8 862.3 856.2 831.8
FFG_110 23907 34104 887.0 865,7 859.6 832.1 824.5 798,6
FFG 111 26480 35620 896.7 871.7 867.1 836.6 830,6 806.2
FFG-112 25583 34098 879.3 861.0 854,9 824.5 816.8 784.8

FFG_-113 25590 35632 893.4 875.1 889,0 838.5 830.9 802.2
FFG 114 19729 32759 924.2 905.6 898.3 870,5 863,2 828.8

i FFG 115 18514 32663 913,8 895.5 889.4 857.4 848.3 803,5
FFG-116 17173 33851 929,3 911.0 904.9 871.4 865.3 795,2
FFG-117 17403 32849 935.7 911.3 .902,2 868,7 856.5 810.8
FFG 119 14326 30912 - 937,9 870,9 864.8 828,2

• FFG-120 15021 32024 944.3 923.0 913,8 874.2 865.1 819.3
._ii FFG-121 14405 '31693 946,4 928,1 922.0 882.4 873,3 830.6

m

41 FFG 12,?. 14436 31268 944.9 926.6 920.5 876,3 868,7 813,8
" FFG 123 16710 31873 928.1 900.6 894.5 867.1 861.0 815.3I

FFG 124 18523 31859 900,4 865.3 857.7 837..e 830.9 785.5
FFG-125 17902 31220 912.2 890.9 883.2 851.2 842.1

= FFG 126 19612 3036.9 904.5 886,2 880,1 852.7 846,6 813.0

._ FFG 127 18497 29286 909.5 891.2 885.1 860.7 851.6 824.1
| FFG 128 15885 27657 948.0 926.6 917.5 887,0 877,6 852.6
-

i FFG 129 15085 28813 923.8 899.4 893.3 858,3 852.2 815.6
FFG-130 14683 28007 954.0 929.6 920.5 897.6 888.5 854,9N

FFG 132 16750 26831 956.5 935.1 929,0 898.6 890.9 852.8
FFG-133 16733 26029 959.5 938.1 932.0 901.6 895.5 e37,6

m

FFG 134 15934 26170 963.8 944.0 935.5 904.4 896.8 861.7
FFG-135 17482 26741 937.3 917.5 910.8 880.9 875.1 844.0

_" FFG-136 19550 25173 934.3 919.1 911.5 882.5 876,4 844.4

-_ Source! M_ifled from Richey, 1989
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AppendlxB

TABLE B-1. ELEVATIONS (m) OF THE TOPS OF THE RUSTLER FORMATION MEMBERS (THE FORTY-
NINER (RTOP), MAGENTA DOLOMITE (MTOP), TAMARISK (TAMTOP), CULEBRA
DOLOMITE (CTOP), AND THE UNNAMED LOWER MEMBER (ULMTOP)) AND THE
SALADO FORMATION (SATOP). UTMX AND UTMY ARE THE UNIVERSAL TRANSVERSE
MERCATOR COORDINATES CONVERTED TO THE STUDY AREA COORDINATES
(continued)

WlPPN UTMX UTMY RTOP MTOP TAMTOP CTOP ULMTOP SATOP

FFG 137 20226 24632 946.8 927.9 919.3 892,8 ' 884,6 853,2
FFG-13B 21098 328.34 897.4 880.6 874,5 844.1 834.9 798.3
FFG-139 20936 33485 907.7 809.7 882.4 855.6 847.9 810.1
FFG-1 ,.IO 23919 30886 849.1 829.2 823.1 792.7 785.0 750,0
FFG-141 22391 30877 873.1 854.2 845.7 820,1 812,5 782,9
FFG-142 25559 32430 849,3 829.4 821.8 795,9 788.3 757.8
FFG-1 43 26277 25049 855.8 839,3 831.7 804,0 797.3
FFG-144 10150 23591 - 903,5 894,3 883,7 825,1
FFG-145 9591 22895 - 905,3 893,1 887.0 830.6
FFG-146 10634 23949 - 912.9 906.8 8.97.7 826,0
FFG-147 5770 23951 897.9 893.7 882.7 875.4 816.3
FFG-148 10840 21956 - 907,7 900.1 894,9 832.1
FFG-149 10978 20481 - 912,2 910,7 903.1 842.1
FFG-152 3606 19654 - 893.1 836,7
FFG-155 6868 16427 914,1 905,6 901.3 894.0 830.9
FFG-156 5963 16646 - - 906.5 895.5 837.6
FFG-157 9483 15216 - 915,3 907,1 904.1 898,6
FFG-158 10781 15199 - 937.2 93i.1 928.1 918.0 856,8
FFG-159 19810 23864 956.2 936.7 928.8 898.6 891.6 8.59,6
FFG-160 20355 23433 950.1 929.7 924.2 895.2 886.1 855.6
FFG-161 17947 22831 957.4 936.1 930.0 901.0 894,g 856.8
FFG-162 17613 24368 955.9 933.3 925,4 891.9 884.6 857.7
FFG-163 18398 23613 955,3 933,9 927,8 897,4 888,2 856.2
FFG-164 12812 20361 - 955,9 937.6 928.5 854.7
FFG-165 12098 18833 - 935.7 912.8 902.2 838.8
FFG-166 19453 18968 954.3 936.0 928.4 900.0 891.8 858,3
FFG-167 19283 16609 936.7 922.1 914.4 887.0 877.9 836.7
FFG-168 14473 16344 967.5 944,6 933,9 906,5 898,9 843.1
FFG-169 14305 17828 980,2 957.3 949.1 919.2 909.2 861.3
FFG-170 11808 17823 933.6 922.9 916,8 903.7 893,0 839.1
FFG-171 12230 15481 - 931.5 924.2 922.1 909.3 848.0
FFG-172 13637 15861 - 937.2 933,0 915.3 906.1 851.9
FFG-173 20231 15700 934.8 914.1 906.5 876,9 867.8 831.5
FFG-177 1622 9585 - 889,1 880.0 812.6
FFG-179 3355 7103 - 886.6 875.1 816,8
FFG-180 17759 13190 943.9 920.5 915.0 883,0 874.7 825.1
FFG-181 14299 14348 - 951.3 946,7 930.5 922.9 869.0.ld

-

FFG-182 11813 14044 856,5 847.6 842.4 [!,12.6 804.3 757.1
FFG-183 15448 12501 - 939.1 904.4 893,4 837.3
FFG-184 17835 11620 - 927,8 924.8 891.2 883,6 851.6

-- FFG-18.5 16137 11446 - 934.5 929,9 899.5 891.8 840.0

. ,_urce: Modified from Richey, 1989
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Appendix6: PreliminaryGeohydrologloDataBases

TABLE B-1. ELEVATIONS (m) OF THE TOPS OF THE RUSTLER FORMATION MEMBERS (THE FORTY-
NINER (RTOP), MAGENTA DOLOMITE (MTOP), TAMARISK (TAMTOP), CULEBRA
DOLOMITE (CTOP), AND THE UNNAMED LOWER MEMBER (ULMTOP)) AND THE
SALADO FORMATION (SATOP), UTMX AND UTMY ARE THE UNIVERSAL TRANSVERSE
MERCATOR COORDINATES CONVERTED TO THE STUDY AREA COORDINATES
(continued)

WIPPN UTMX UTMY RTOP MTOP TAMTOP CTOP ULMTOP SAI'OP

FFG 186 15287 11461 - 863.8 857.7 827.9 819.3 766.3
FFG 188 13219 9803 - 874.1 869.0 845.8 837.6 781.2
FFG-189 18676 9442 922.7 902.2 894.3 867.8 859.6 805,0
FFG-190 17956 8509 901.6 882.4 874.7 843.6 835.1 793.4

w

FFG 191 19608 6914 901.3 878.1 870.5 845.5 839.4 780.0
FFG 192 17672 8205 834,5 815.3 806.5 774.5 764,4 708,0
FFG-194 27989 14185 83c_7 822.1 815.6 788.5 780.6 738.8
FFG 195 27212 13378 855.;_ 834.0 828.8 803,5 792.8 753,5

w

FFG 196 25587 14575 897._3 876,9 869,9 837,0 827.5 792,5
FFG 197 24883 14246 899.5 878.1 870,8 841.0 831.2 790,1
FFG'-198 24078 1465 i 898.2 877.5 871.4 840.9 831.8 783,9
FFG 199 21899 14403 888,8 867.5 859.9 827,0 818.7 780,6
FFG 200 21544 14177 902.5 880.9 873,0 838.2 828.1 785,2
FFG-201 22425 11714 894.6 873.2 865.6 838,2 830.0 778.7
FFG-202 28,963 124'16 834.2 816.5 808.3 773,8 763.2 723.6
FFG 203 28414 12986 841.3 823.0 815.7 776.0 767.5 727.6
FFG 204 30061 10597 864,8 846.5 837,9 813,5 805,3 767.2
FFG-205 24005 11329 880.6 860.5 853,2 825.1 816,6 768,5
FFG 206 22442 10103 895,8 874.5 867,4 837.0 828.1 779,4
FFG 207 24047 9720 892.2 872.3 865,0 833.6 826.0 775,7
FFG 208 23263 8488 902.8 882.1 874.2 843.1 834.5 780,3,m

I=FG 209 25651 9743 - 873,2 866,2 838,2 829.7 787,3
,-'FG-210 24470 8508 885.8 865.9 858,9 827.5 818.7 766.0
FFG 212 30082 8588 870.5 852,8 845,2 817.5 809.0 768,4
FFG 213 25186 6015 903.5 874.5 868,4 837.9 828,8 795,3
FFG 214 27709 5757 877.8 854.9 848,2 818.4 808.6 757,7
FFG-215 20847 4913 852.5 831.2 823.6 793.1 784,9 734.6m

FFG 216 15124 4427 737.0 716.8 710.4 688.8 682,7 520.6
FFG 217 27965 5123 873,6 851.4 843.7 814.8 805.6 756,3
FFG-218 28506 4556 863.5 844.0 835,8 803,5 794.3 744,0i

FFG 219 26920 2942 910,4 889.7 879,9 848.8 840.3 783,3
FFG 220 29328 3347 859.9 836.7 832,2 798.6 789.5 742.2
FFG 221 26299 1676 814.4 796.2 787.0 756.5 744,3 684,9
FFG 222 24519 -1534 770,6 749.8 741.6 713.3 705.0 604.5
FFG-224 39528 44633 677,0 655.7 648,1 597.8 590.1 558,1
FFG 225 39347 43742 68.3.7 662.4 656,3 603,5 598,0 566,3
FFG 226 38979 42513 683.2 661.0 654.0 601.8 594.8 561.9
FFG 228 36940 43689 673.7 651.7 643.2 588.3 580.7 549.3
FFG-229 36165 42487 701.6 679,4 672.0 614,7 607.1 572,1
FFG 230 35757 43265 688.6 665.1 658.1 60'1.1 595.0 558.4
FFG"231 34520 44066 704.0 681,8 674,2 619.9 613.8 578.2

Source:Modifi_T_rom Richey, 1989
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Appendlx B

TABLE B-1. ELEVATIONS (m) OF THE TOPS OF THE RUSTLER FORMATOON MEMBERS (THE FORTY-
NINER (RTOP), MAGENTA DOLOMITE (MTOP), TAMARISK (TAMTOP), CULEBRA
DOLOMITE (CTOP), AND THE UNNAMED LOWER MEMBER (ULMTOP)) AND THE
SALADO FORMATION (SATOP). UTMX AND UTMY ARE THE UNIVERSAL TRANSVERSE
MERCATOR COORDINATES CONVERTED TO THE STUDY AREA COORDINATES
(continued)

J

WlPPN UTMX UTMY RTOP MTOP TAMTOP CTOP ULMTOP SATOP

FFG 232 34151 43242 717.8 695,6 688.2 631,5 625.8 586.1
FFG-233 34001 44133 709,3 685.8 678.8 624.0 617,9 581.9
FFG-234 32539 43630 745,8 722,7 715,0 660,2 653.5 616.3
FFG-235 33346 43242 722.4 698,6 691.3 635,5 628.5 595.9
FFG-236 30897 43597 768,4 746.4 738.5 682.7 677.2 641.9

t, FFG-237 34550 41656 735,3 712.1 704,8 646,2 634,4 600.8
FFG-238 .86165 41682 716,6 691.0 685.5 628,5 621.5 584,3

FFG-239 38190 40910 703,1 679.1 673.3 620,5 613.5 570,5
_L FFG-240 37772 41708 695,2 671,2 664.5 609,9 602,6 568.8
' FFG-241 38593 41312 688,9 666.3 659,0 605.1 598,1 562.7

ql FFG-242 33781 38816 799.8 783.1 776.7 732,2 724.2 681.3
°! FFG-243 38229 36885 763.8 743.1 735.5 668,4 659.3 615.1
|l FFG-244 37440 35249 798,4 780.8 773.1 721,3 715,2 689.3

_.i FFG 245 44564 41777 597,1 573,0 566,9 510,8 503,5 470.6
FFG"246 46571 42198 601,7 578,5 573.0 516,0 508,1 473,1

.-i FFG-247 49056 39436 589,1 563.8 558.0 501.3 493.7 460.1
| FFG-248 49025 39838 594,7 571,2 566.0 506.6 498.3 464.5

FFG-249 45809 39796 593,7 569,7 564,2 505,3 498.3 464.2
FFG-250 40978 39336 674,1 651,5 644.5 587.5 580,5 545,5
FFG-251 49456 37819 568,7 544.9 538,5 477,3 470.0 432,2
FFG-252 42249 34911 708,6 683.9 677.8 619.6 612,6 567.5
FFG-253 44644 35354 660,5 639.2 632.5 566,7 561.5 521.9
FFG-254 45047 35354 651,0 630,0 623,9 562.0 554,7 517,8

=
IN FFG-255 46656 35775 609,9 587.7 580.1 514,5 506.3 467.3
-= FFG-256 705 4_669 557.8 535,2 529.8 477.9 470,9 438,9

FFG-257 -4959 42605 600,4 579,4 573.6 523,3 517,2 484.0
| FFG-258 -485 40243 615,0 594,9 587,6 546,2 536.4 497,7•._ FFG-259 -2193 39019 584.9 561.1 553,5 503.2 494.9 456,8
-m FFG-260 1834 38142 621,8 603.8 597.4 556,3 548.9 515,1
m FFG-261 -962 37517 610,2 592,8 586,4 542,2 537,3 502,6
_! FFG-263 -7325 34126 553.4 526,6 521. I 456.5 448.5 406.8

FFG-264 34812 21540 777,6 760.5 753.2 703.8 696.2 653.5
_' FFG-265 36429 20766 775,4 755,9 749.8 686,1 677,3 634,6
__ FFG-266 40098 18407 758,9 736,7 730.9 665.4 656,8 609,6

FFG-267 42915 16425 736,4 713,5 708.3 641,3 632.7 582.7_Jd

a FFG-268 46953 15266 716.0 690.7 684.6 613.6 606,3 563,3
FFG-269 -6015 16346 729,2 702.4 696,9 627.7 617.6 568.3

= FFG-270 -1173 16377 791.8 774.5 769,3 730,3 721.1 689.4
FFG-271 461 16400 833.9 815.0 808.9 773.9 767.8 733,3
FFG-272 31537 25904 846,6 822.5 816,4 751.8 743,9 697,2

FFG-273 31985 22735 816,9 797,4 790,1 753 2 745.3 701.7

Source: Modified from Rlchey, 1989
=
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Appendix_,: I:h'ellmlmuyGeohydrologloDataBases

TABLE 8-1, ELEVATIONS (m) OF THE TOPS OF THE RUSTLER FORMATION MEMBERS (THE FORTY-
NINER (RTOP), MAGENTA DOLOMITE (MTOP), TAMARISK (TAMTOP), CULEBRA
DOLOMITE (CTOP), AND THE UNNAMED LOWER MEMBER (ULMTOP)) AND THE
SALADO FORMATION (SATOP). UTMX AND UTMY ARE THE UNIVERSAL TRANSVERSE
MERCATOR COORDINATES CONVERTED TO THE STUDY AREA COORDINATES

(continued)

WlPPN UTMX UTMY RTOP MTOP TAMTOP CTOP ULMTOP SATOP

EFG 274 37533 29620 851.0 834,2 827.2 793,1 785,8 747.4
FFG-275 36326 30022 858,6 840,3 834.3 800,7 794,6 767.2
FFG-276 33107 29959 86I ,6 845.2 837.6 802,8 795,8 766,2
FFG-277 31898 29538 853,5 836.7 829,1 795,5 789,1 753.5
FFG-278 31917 27920 868.4 845,8 838.5 776,6 765,4 722,4
FFG-279 33107 28752 860,1 840.9 833.3 776.9 767,7 735,7
FFG-'280 35516 28785 858,6 837,3 830.9 788,8 780.0 738,2
FFG-281 39149 27635 835.8 814.2 807.4 762,6 754.4 709,3
FFG-263 49093 34201 584,6 563.9 558,1 496.2 489,2 450,5
FFG-284 43531 33418 730,3 712,0 705.9 648,0 641,3 596.2
FFG-285 43187 32915 760,2 741,3 734,9 669,6 660,5 616,0
FFG-286 40318 31274 837.5 820.2 814.1 773,8 766,2 728.7
FFG-287 41086 31897 812,0 793,1 786.1 738,2 733,3 693,1
FFG-288 43489 32512 76,5,7 744,9 738,8 668,7 662,6 616,9
FFG-289 45939 30146 736,3 719.9 713,8 680,6 673,9 639.1
FFG-290 41920 28881 825,7 806,5 799.5 770.9 760,8 733,4
FFG-29 1 41987 24854 766,2 742.5 736,7 668.7 660,8 615.1
FFG-292 44784 26101 774,2 758.4 752,3 724,8 717,8 686,7
FFG-2g3 46012 24915 766,0 750,7 744.6 718.1 710,5 672.4
FFG-294 1582 32998 595,3 572,8 .567.0 504.5 497.5 458,2
FFG-2g5 277 32570 582,8 560.2 554.7 489,5 480,0 438,9
FFG-297 --8017 33221 567.5 539,2 532,5 469.1 455.4 420,3
FFG-298 49946 31387 569,2 552,4 546,7 528.1 520.4 490.0
FFG-2g9 -7383 30874 594.4 569.1 564.2 497,8 489.8 441.4
FFG-300 -384 29019 543.7 520,6 515.4 480,6 473.0 416,9
FFG-301 1199 26523 514,8 491,1 485.6 435.9 430.4 359.4
FFG-302 11152 32606 542.5 518.5 514,2 443,5 436,8 420,3
FFG-303 4762 33812 535,9 511.2 505.1 449,0 442.0 404,8
FFG-304 3597 31383 540.4 517.5 512.9 445.9 438.9 399.3
FFG-305 6692 30580 534.6 509.3 503.2 443.2 434.6 399,6
FFG-306 3978 30176 492.2 469.3 465.1 413,0 405.3 361,4
FFG-307 2792 30578 517.9 493.5 488.0 432,2 424,3 383.8
FFG-308 5978 28562 491,3 465.7 460,5 376.1 367.8 323,0
FFG-309 6793 27749 535,2 508.1 503,2 434.6 427.9 388,6
FFG-310 8009 26963 564.2 539.2 534.6 475,2 469.1 430.0
FFG-311 6401 26537 498.7 486.5 481.0 428,6 420,3 387,4
FFG-312 6390 24535 537,4 510.6 504,5 429.8 424,0 384,1
FFG-313 31828 33560 934,3 915.1 908,1 870,3 862,0 832.2
FFG-314 39941 29665 862,3 843.1 836.1 788,9 781.6 734,9
FFG-315 36793 23977 782.9 764,3 758,5 701.5 694,2 650.9
FFG-316 38010 22398 771.4 747.9 742.1 678,4 670.2 624.2

m

¢3ource:Modifledfrom Richey, 1989
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TABLE B-1. ELEVATIONS (m) OF THE TOPS OF THE RUSTLER FORMATION MEMBERS (THE FORTY-
" NINER (RTOP), MAGENTA DOLOMITE (MTOP), TAMARISK (TAMTOP), CULEBRA
=. DOLOMITE (CTOP), AND THE UNNAMED LOWER MEMBER (ULMTOP)) AND THE
: SALADO FORMATION (SATOP), UTMX AND UTMY ARE THE UNIVERSAL TRANSVERSE

MERCATOR COORDINATES CONVERTED TO THE STUDY AREA COORDINATES
(continued)

i

WIPPN UTMX UTMY RTOP MTOP TAMTOP CTOP ULMTOP SATOP

.; FFG 317 32005 20683 792.2 777.0 772,7 732.4 725.1 69,3.1
FFG"318 33248 18296 758,0 742,2 734.6 710,2 702.6 666.0=

II FFG-319 34432 19498 769.3 751,6 745,8 704.6 696,4 662,0
FFG-320 39378 17865 762,3 741,3 735,5 669.4 662,0 616,0

== FFG' 321 38795 16856 760,5 737,9 732,1 668,4 661.7 612,9
i FFG-322 38493 16655 755.1 733,2 727.4 669,8 662.2 616,8
| FFG-323 37691 16728 751.1 729,5 723.4 675,2 667,9 626,8
-=-' FFG-324 34455 17893 761.7 745.3 738,0 699.5 692,2 653,2
|1 FFG-325 30817 15031 819.6 800,4 793,4 762.3 753.2 713.5
'|i FFG-326 35279 15903 754.4 736.1 729.1 706.5 698.0 657.5
,= FFG-327 37008 15524 748,3 729,1 723,6 689.8 681,9 645,3
_!
=_.. FFG 328 3"(990 16052 757.0 734,5 728,7 673.8 664.7 620.5
,| FFG-329 38896 15951 755.6 733.9 728,4 669.0 661,4 613,2
,= FFG-330 39735 15597 754,9 733,2 728.0 669.5 661,0 611,6
-;I FFG-331 44828 23285 753,5 728,5 722.7 652.9 646.8 602.6

FFG-332 41714 23147 744,0 719.3 713,8 639.5 632,8 587,0
'| FFG-333 40454 21619 746,3 722.8 717.3 650.6 643.0 598.8

FFG-334 42062 20025 743,1 718.1 712,6 644.9 637.0 589.1
FFG-335 40475 20013 757.1 733,7 724.8 663.3 655,0 607.8
FFG-336 40882 18809 754.4 730.6 725,1 658.1 650.4 603,2
FFG-337 43293 18437 738,5 713.8 708.0 641.9 634,3 584,6
FFG-338 41706 16413 744.8 720,7 715,2 646.9 639.0 589.6
FFG-339 48134 16089 711.1 684.8 680.3 611,7 604,1 553.8

='. FFG-340 49768 15705 721,4 694.0 688.8 617,8 609.3 559,9
| FFG-342 -5677 22815 747.6 726.9 720,2 682,7 676.3 651.6
_-' FFG-344 -302 19563 713,4 692.7 685,1 659,1 650.9 622,6
-II
• , FFG-345 50509 20530 775.5 752.1 746,6 678,6 671.3 628,6
,J FFG-347 -805 18859 766,0 744.7 736.7 699,5 692,8 655.3
=- FFG-348 -2802 17987 790,9 773.3 768,1 738.5 733.0 686.1
= FFG-349 2058 16399 764.2 742.2 738.0 714.5 709,3 678,8
="_ FFG-350 -2802 17584 808,9 789,1 783.0 745.2 739.7 712.3
| FFG-351 -7522 13007 732,2 705,6 701.1 629.4 621.2 571.5
1=

FFG 352 -7622 13108 731,5 705.6 699.5 629.4 621.8 573.1
: FFG-353 -6114 13510 751,7 726.7 721.2 651.1 644.1 598,4
_" FFG-354 461 15897 817.8 800,8 795,3 762.0 756.0 722.4

-

_- FFG 361 1678 53799 1011.0 986.9 982.6 955.2 948.5 905.8
g FFG-362 -1148 53387 - - 956.4 919,3 911.0 841.5 "
| FFG-363 -3571 53785 - 972.9 947.0 937.9 681.5

FFG-364 -5851 50825 942.7 918.3 - 909.8- m

FFG 366 -1231 52063 960,4 940.6 933.9 911.6 904.0 863.8
: FFG-367 -213 51462 975,9 954,6 948.5 931.7 922.6 876,9

¢dource:Modified] from Richey, 1989
-
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AppendixB:PrellrnlnaryGeohydrologloDataBases

TABLE B-1. ELEVATIONS (m) OF THE TOPS OF THE RUSTLER FORMATION MEMBERS (THE FORTY-
NINER (RTOP), MAGENTA DOLOMITE (MTOP), TAMARISK (TAMTOP), CULEBRA
DOLOMITE (CTOP), AND THE UNNAMED LOWER MEMBER (ULMTOP)) AND THE
SALADO FORMATION (SATOP). UTMX AND UTMY ARE THE UNIVERSAL TRANSVERSE
MERCATOR COORDINATES CONVERTED TO THE STUDY AREA COORDINATES
(continued)

WIPPN UT'MX UTMY RTOP MTOP TAMTOP CTOP ULMTOP SATOP

FFG 370 1298 50561 1012,9 968,7 962,6 919,3
FFG-371 1605 50589 1012,9 997,7 994,6 965,7 958,6 919,9
FFG-372 1 49865 - 1006,4 949,1 941,5
FFG-373 -3537 50536 - 945,0 909,0 - 902,0
FFG 374 -4337 49324 946.4 940.9 929,7 908.3 902.2 855,0
FFG-376 826 47453 - - 984,8 947,6 939,7 896,4
FFG-381 9443 45009 - - 1021,4 914.7 908.6 875,1
FFG-383 11348 52679 955,3 938,8 931,2 908.3 902,2 867,2
FFG-384 4484 53411 976,0 945,8 937,9 921,1 - 912,3
FFG-385 8154 48207 - 922.0 915,9 906,8 856,5
FFG-387 6183 46094 966,6 940,3 934,6 911,1 901,6 862.0
FFG-388 6135 46982 959,2 936.7 929.4 900.7 893,7
FFG-389 3724 45365 976.6 924,8 917,5
FFG-390 5479 45792 974,4 954,0 945,5 919,6 913,5 863,5
FFG"391 5479 45390 973.5 951,5 944,5 919,2 913.1 868,3
FFG-392 6883 45495 967,8 948.6 941.9 910,5 904,4 863,2
FFG 393 16568 52748 835,6 816,1 810,6 785,6 781,0 752,7
FFG-394 13348 52709 925,9 908,6 903.1 882,4 877,2 846,7
FFG-395 13369 51394 918,4 901,6 895.8 874,5 867,5 842,2
FFG-396 13514 46161 901.6 884,3 877.2 853.8 847.1 787.3
FFG 398 -1712 43049 825.7 805,6 798.5 771.7 - 767,2
FFG 399 -2618 43150 - 838,5 785,2 - 780.6
FFG 401 48181 42220 - - 874,8 839,7 - 833,6
FFG-402 1118 41052 1002,5 979,4 972,0 947,1 - 936,7
FFG 403 -3305 39003 963,0 941.4 935,3 914,6 003.3 846,9
FFG-404 -5741 37784 925,7 901,6 897.4 873,3 - 867,2
FFG-407 -5741 36577 958,3 940,0 932,4 908,0 - 898,9
FFG-408 -7256 36083 913,2 908.6 907.1 901,0 827,8
FFG 409 50131 38732 - 970,5 943,1 932,4
FFG-411 -4901 34130 - - 887,3 873,9 789,1
FFG 413 -1259 34997 915,1 906,2 835,2
FFG 418 6633 43773 983,3 930,3 923,0M

FFG 419 5047 43411 997,0 976.6 969,0 942,8 936.7
,_

FFG 420 4933 44111 992,7 973,5 964.3 936,9 927,8
FFG 421 3827 44175 983,6 960.1 955.0 923,3 913,8 879,4
FFG-422 4229 43763 976,6 958,3 946,1 923.2 915,6

m

FFG 426 2669 37354 - 962,0 926,9 919,3 856,5
FFG 432 17672 34666 931,8 924.1 918,0 884.5 876,9 837.3
FFG-433 -1160 33884 - - 920,5 897.6 892,4 816.8

M

FFG 438 28900 32673 892.6 874.6 866.7 835,6 829,8 797.5
FFG 445 797 26523 - - - 920.2 911.6 827.2

Source! _M'_If[-e_ from Richey, 1989

B-12



AppendixB 4,

TABLE B-l, ELEVATIONS (m) OF THE TOPS OF "['HE RUSTLER FORMATION MEMBERS (THE FORTY-
NINER (RTOP), MAGENTA DOLOMITE (MTOP), TAMARISK (TAMTOP), CULEBRA
DOLOMITE (CTOP), AND THE UNNAMED LOWER MEMBER (ULMTOP)) AND THE
SALADO FORMATION (SATOP), UTMX AND UTMY ARE THE UNIVERSAL TRANSVERSE
MERCATOR COORDINATES CONVERTED TO THE STUDY AREA COORDINATES
(continued)

WlPPN UTMX UTMY RTOP MTOP TAMTOP CTOP ULMTOP SATOP

FFG 453 28686 24250 - - 862.2 782.3 772,9 726.5
FFG-455 28829 21443 837.6 817,5 810.4 770.2 761.4 723,9
FFG-456 27948 20225 829,0 812,5 805,2 776.6 769,9 730.9
FFG-457 24727 20188 885,1 868,1 861.3 831.2 822,6 784.5m

FFG 458 25545 18193 888,2 872,6 862.3 833.3 825.1 785.5
FFG-459 29566 17415 816.6 799,5 791,9 761,4 752,3 717,2
FFG-462 25970 '16984 884,1 865,8 857,5 828,6 820.7 781,3
FFG-463 22746 16141 913,5 893,1 886.4 854.4 843,7 811.4
FFG-464 25165 16179 900.4 880,0 872,3 843.4 833,6 787,6
FFG-465 24361 15762 902,8 883,0 875.3 844,9 835,1 783.9
FFG-467 4687 21983 506.2 488,2 483.3 430,9 423,0 380,3
FFG-468 4016 21669 493,5 465,5 460,0 377.7 373,1 322.2
FFG-470 7224 20903 509.6 484,9 480,1 408.1 402.6 360,0
FFG-471 2800 20865 525.8 500,5 495,0 426.1 420,6 372,4
FFG-472 3622 17618 564,2 538,3 532.8 501.7 495,6 439.3
FFG-473 11329 16072 491.6 468,2 463,6 390.4 383.7 339,5
FFG 474 38948 13946 750.7 729,4 723,3 677.5 671,7 634,9
FFG-475 38515 14343 749.7 728,9 723,8 686,3 677.7 637,8
FFG-476 31680 14648 821.8 805,0 797.4 760.2 751.7 711,4
FFG-477 36546 _2317 774.5 760,8 751.7 726,7 718.8 679.7
FFG 478 38161 12332 755,6 739,7 733,6 702,6 694,0 655,3
FFG-479 37739 12717 752,5 736.4 730,0 706.8 698,9 661.1
FFG 480 38948 12739 754.4 732,5 726,4 688.0 681,3 641.6
FFG-481 40192 10360 731.8 715,7 709.0 681.6 674,5 635,2
FFG 482 37753 11512 761.4 744,3 738.6 711,7 703,8 665.4
FFG 483 36164 10280 785,1 767,8 761,4 741.2 732.7 690.9
FFG 484 36872 9504 772.2 753,6 748.1 725,9 720.7 672.2
FFG 485 36594 9100 779.4 762,6 756.8 730,3 723.0 682.8
FFG 486 37375 9504 768.3 749.5 743.4 716.0 708,4 668,7
FFG 487 37274 9605 763.9 746,5 740,4 715.4 706.9 669.4
FFG 488 38889 10039 748,0 731.2 726,6 698.3 692.5 648.9
FFG-489 39412 7924 764.6 748,4 742.3 717.3 708,8 663.1
FFG-490 32561 7809 855,6 838.8 832,7 806.8 801.3 765.7
FFG-491 31756 7809 855.9 836,4 830.3 799.8 793.1 752.6
FFG-492 35378 5451 817,5 798.6 792,5 765,6 757.1 720.5
FFG-493 36183 5853 803,6 785,3 779,8 752.4 743,2 709.7
FFG 494 36183 5451 811.3 792.1 786.0 754.0 747,0 713.2
FFG 495 37397 5479 799.4 783,0 777.2 749,8 743.1 696.4
FFG 4.06 49366 14498 715.4 688,6 684,3 616.0 604.2 555,4
FFG 497 41765 '11991 721,5 701.1 695.6 649.9 642.2 601.7
FFG 498 42154 13191 737.0 714,1 708.4 645.6 637.6 589.2

source:Modifiedfrom Richey,1989
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AppendixB: Prellmlnlu'yGeohydrologloDataBases

TABLE B-1. EL_ATIONS (m) OF THE TOPS OF THE RUSTLER FORMATION MEMBERS _HE FORTY-
NINER (RTOP), MAGENTA DOLOMITE (MTOP), TAMARISK _AMTOP), CULEBRA
DOLOMITE (CTOP), AND THE UNNAMED LOWER MEMBER (ULMTOP)) AND THE
SA_DO FORMATION (SATOP), UTMX AND UTMY ARE THE UNIVERSAL TRANSVERSE
MERCAIOR COORDINATES CONVERTED TO THE STUDY AREA COORDINATES
(contlnu_)

WlPPN UTMX UTMY RTOP MTOP TAMTOP CTOP ULMTOP SATOP

FFG 4_ 4_7 11276 715.4 _.5 _,6 612.4 _3,2 549,9
FFG-_ 42973 11_7 726.0 7_.7 _.6 _,4 _5,2 582,8

m

FFG _1 42616 8767 731.5 710,1 7_,0 673,0 _,6 625,4
m

FFG _2 _411 _12 724,8 702.9 _7,4 _8,2 _0,9 567,2
FFG _3 45_7 75_ 705,4 _,0 679.4 624.0 616,3 573,7
FFG 504 _042 7176 723,6 7_.0 _,9 674,3 _7,6 618,8

J FFG 505 _510 _6 754,7 739.5 734.3 702.3 6_,2 650,5
FFG-_ 41_7 5952 749.2 730,9 725.4 700,1 6_,6 _9,5I
FFG 507 4_78 _1 712.8 692,4 _,4 _7,0 5_,4 549,1

; FFG-_ 476 '13_ 7_,3 7_. 1 738,6 _,9 _,7 628.8
FFG _ _1 13_ 767,8 745,2 739,1 _.1 _2,3 616,3

| FFG-510 -5_4 143_ 767,3 7_.8 738.7 670.1 _8.B 615,2
! FFG 511 -7622 12705 728.2 702,3 6_,5 629.1 619,4 570,6

i FFG-512 -731 12_1 7_,3 720,8 714.8 _3.7 _4.6 576,7

FFG-513 476 127_ 7_.0 740,7 734,9 _7.0 _9.3 _6.0
FFG_514 1723 _3 754,7 731.2 726.0 _5,9 _7,0 577,3
FFG 515 -3975 10317 722.6 697,9 692,8 617,2 610.8 556,2
FFG-516 -23_ 9522 715.9 _1.3 _,5 612,6 _1.6 545,9

I FFG-517 _ 12373 _9.3 7_,8 7_.7 755,3 750.7 732.5

FFG-518 2511 119_ 797,9 778,1 772.0 742.2 735.8 720,2
FFG_519 3718 11_ 7_,7 7_,7 7_.1 704.1 6_,5 659,9
FFG 5_ 8121 12816 _3.0 _5.4 _1.7 5_,9 5_,4 542,7

-=- FFG 521 _22 12414 673,3 _5.0 _0.4 _.1 628.2 _4,7!
FFG-522 117_ 12_3 _1.7 _4,3 4_,7 _4,2 427,5 382,4

FFG 523 11011 87_ 541.3 516.9 509.3 _9.3 _3,2 3_,9
FFG-524 5723 10773 _,1 675.1 670.8 616,0 _7,4 561,7

| FFG-525 _1 11_1 5_,3 513.7 508.5 _3,9 _6.6 388,4
._ FFG-526 3_ -_1 - - 973,5 950.7 _3,1 911.1
= FFG-527 10815 -_7 958.9 _8.7 933,6 8_.2 _,1 871,1

FFG-_28 97_ _7_ 951,6 934,2 926,0 _.1 891.5 _,1
FFG _ 3921 -11075 - - 10_,3 _,9 957.7 930,2
FFG 531 _73 -103_ 919,3 8_.9 _,8 _5,2

=_, FFG__2 _ -10723 915.6 _7.1 879.7 873.0 _8.5
FFG _ 10730 -10720 _6.4 _2,8 - _,3
FFG 535 1_76 -103_ _9.7 919.9 912.8 _2.1 875.7 _0,4

_-.. FFG-_ 1_10 -11_ 928,4 _2.5 _.5 _3,5
FFG-_7 _ -11025 _4.6 879,9 872.6 _0,6
FFG-_ _1 -12_ 970,9 932.2 - 926.7
FFG _ 11426 _2 _0.6 914,1 _7.7 _.3 - 877,2
FFG-552 _9 251 - - . 732.7 - 722.0

= FFG-_ 24_ -7613 670.6 _2,3 _5,3 621,8 - 614,5

i

" Source: M_ffl_ from Richey, 1_
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AppendlxB

TABLE B-l, ELEVATIONS (m) OF THE TOPS OF THE RUSTLER FORMATION MEMBERS (THE FORTY-
NINER (RTOP), MAGENTA DOLOMITE (MTOP), TAMARISK (TAMTOP), CULEBRA
DOLOMITE (CTOP), AND THE UNNAMED LOWER MEMBER (ULMTOP)) AND THE
SALADO FORMATION (SATOP). UTMX AND UTMY ARE THE UNIVERSAL TRANSVERSE
MERCATOR COORDINATES CONVERTED TO THE STUDY AREA COORDINATES
(continued)

WlPPN UTMX UTMY RTOP MTOP TAMTOP CTOP ULMTOP SATOP

FFG 563 29045 -7145 582.5 564,8 557.5 537.4 - 528,2
FFG-568 29403 -12513 - - 634.6 631.9 - 625,8
FFG-569 29403 -12110 689,2 670,6 663,2 632,8 - 624.2
FFG-584 17150 2854 773,2 767.7 764,3 742.7 736,6 690.9
FFG-585 20040 2881 - - 730.9 686.7 678.4 643.4
FFG-600 19263 -3615 729,1 727,6 722,1 700.1 692.5
FFG-601 18061 -4454 645,6 623,0 615,7 5,Y3,0 572,7
FFG-602 28506 4558 - - 1053,1 803,5 794,3 743,7
FFG-606 28595 -3081 723,0 703.5 695,9 673.7 667,6 603.2
FFG-607 5016 3491 743,1 723.3 718.4 681.3 671.8 624.3
FFG"608 _,53 4699 754.6 731.8 726,6 663,2 654,7 593,7
FFG-609 1784 1415 758.3 738.8 732.7 656.5 646.7 586,1
FFG-610 1847 -1406 746.7 722.4 713.2 649.2 640.1 588,3
FFG-611 5030 -572 731,8 707,4 703,2 644.0 635.5 579,4
FFG-612 5049 -1387 733,4 715.7 712.7 679.1 669.7 624.9
FFG-613 11146 -2928 728,5 713,5 705,9 677.9 668.7 621.8
FFG-618 9663 -7861 - 701,9 686.7 - 679.1
FFG-620 10478 -9092 759,8 738,5 - - - 731.2
FFG-621 10076 -9092 .... 695,0
FFG-638 18080 -6082 591.7 573.1 567.3 536.8 530.1
FFG-639 16458 -6101 566.3 543,8 537.4 508.1 498.4
FFG-640 14819 -4906 649.1 630.8 623.1 597.8 586,6 519.5
FFG-643 20928 -7665 688,9 669.7 662.4 642,3 637,1 576.1
FFG-644 16087 -9341 723.5 706.4 701.2 677.2 670.5

_. FFG-648 20134 -10108 558.4 541,3 536.1 513.3 500.5

FFG-652 18777 -4731 878.7 859.8 853.7 822.9 815.9 786.4FFG-653 17275 -5579 880,0 859,9 854.1 822,7 815,7 788,6
__ FFG-654 15938 -4880 899,5 880.0 874.8 845.8 839.1 812.3
•= FFG-655 15221 '-4936 897.3 878,1 873.2 847,3 840,3 812.9

FFG-656 15535 -5181 894,3 876.9 870,8 845.2 838.5 808.9
FFG-657 13091 4829 906,2 889.8 883.7 862.9 856,2 830.0

- m

FFG 658 13913 -5408 898.2 881.8 874,4 849.4 842.7 816.2
FFG-659 12905 -6045 901.9 886.1 879.7 856.8 848.6 821,1
FFG-660 11471 -4853 919,2 901,5 896.9 873.4 866,4 845.1
FFG-662 18496 -7702 894.6 876.3 870,8 843,4 837.3 810.2
FFG-664 20235 -8901 888,2 868.4 862,0 836.4 830.9 794.9

= FFG-666 15261 -9363 938.1 920.5 914.4 890.0 883,9 860.1
FFG-667 14441 -8146 923.3 905.6 899,5 875.7 869,3 845.8
FFG-668 11620 -9407 - 947.7 926.1 919,4 905.1
FFG-669 12454 -10601 - - 934.2 912.9 905.8 890.6
FFG-6T0 13762 -10903 946.1 926,9 919.3 897.3 889.1 876.0

i Source:Modtfl_l fromRichey,1989
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AppendixB: Prellmln_'yGeohydrologlcDataBases

TABLE B-1. ELEVATIONS (m) OF THE TOPS OF THE RUSTLER FORMATION MEMBERS (THE FORTY-
NINER (RTOP), MAGENTA DOLOMITE (MTOP), TAMARISK ('rAMTOP), CULEBRA
DOLOMITE (CTOP), AND THE UNNAMED LOWER MEMBER (ULMTOP)) AND THE
SALADO FORMATION (SATOP). UTMX AND UTMY ARE THE UNIVERSAL TRANSVERSE
MERCATOR COORDINATES CONVERTED TO THE STUDY AREA COORDINATES
(continued)

WIPPN UTMX UTMY RTOP MTOP TAMTOP CTOP ULMTOP SATOP

FFG 671 13642 -9786 - - 917.7 900.0 891.2 873.5
FFG-672 14077 -11088 943.7 925.7 919.9 897.1 889.8 868.1
FFG 673 13359 -10601 - 914.7 894.2 887.5 870.5
FFG-674 14781 -11088 937.0 921.7 915.0 893.4 885.5 860.2

m

FFG 675 19329 -10108 896.0 877.7 871.6 851.5 844.2 819.2
FFG-676 18507 -10128 905.0 891.9 884.2 862.3 854.7 831.8
FFG-677 14781 -I 1289 932.4 917.8 910.5 889.7 883.3 857.1
FFG 679 14077 -11390 934.8 917.1 910,4 891.2 883.9 861.1
FFG 685 2773 32591 - - 918.1 911,1 825.7
FFG-689 36610 4176 817.2 799.5 793,7 764.5 756,8 718.1
FFG-690 35522 2539 824,8 805.0 798.9 768.7 760.8 718.1
FFG 691 36509 3019 816.3 796.2 790,4 760.8 752.9 711.4
FFG 692 38253 2283 806.2 786.4 780,3 749..q - 741.6
FFG-693 373,39 1357 817.7 797.0 790.9 760.4 753.7 712.6
FFG-694 38236 630 810.1 789.4 783.3 750.4 743.1 680.3
FFG 695 36226 1834 814.1 794.9 788.8 756.5 749,2 702.6

N

FFG 696 36226 1897 815,9 797.0 790,6 758.3 751.6 703.1
FFG-697 350 i 9 1432 818,1 799.2 793.7 760.2 754.1 699.9
FFG-698 31260 1755 861.4 841.6 835.5 802.0 795.3 734,9
FFG-699 33950 -703 811.1 792.9 786.7 755.6 749.5 691.0
FFG 700 33950 -1106 801.4 782.5 777.0 749,3 744.4 682.2
FFG-701 35361 -879 810.6 788.6 781.9 749.6 740.8 686.5
FFG 702 35763 -476 811.7 792.8 786,7 755.6 747.0 693.7
FFG-703 38277 271 817.2 798.9 791.6 '761.7 753.8 716.9
FFG 704 35763 -1281 806.2 785.5 779.4 745.6 737.3 686.4
FFG-705 34370 -2114 735.5 715.6 709.6 679,7 671.8 610.8
FFG-706 34571 -2114 755.0 736.1 730.7 702.3 694.4 637.1
FFG-707 33950 -1810 741.0 720.3 714.2 686.8 677.0 616.7
FFG"708 33950 -1307 791,6 773.3 767.2 736.7 728.8 669.7
FFG-709 31017 -3467 681.5 664.5 658.7 632.8 - 625.8
FFG-710 33042 -3438 682.5 665.4 659.3 631.6 625.2 579,2
FFG-711 34283 -4225 694.4 675.2 668,2 634.6 626.1 570.6
FFG 712 3553_ -3797 735.6 718.8 710,9 678.3 - 669.5
FFG 713 35101 -4199 672.5 655.8 648.1 620.7 - 613.7
FFG-714 35897 -2995 790.3 770.2 761,9 731.5 - 725.1

w

FFG 715 37111 -2969 799,7 783.0 774,8 741.8 - 735.1
m

FFG 716 48691 5227 697.9 680.8 676.6 604.9 597.3 553.1
m

FFG 717 43464 5166 722.5 703.3 698.1 672.2 665.2 621,9
FFG-718 43505 2757 723.5 706.7 700,9 664.7 656.1 612.8

m

FFG 719 47100 3599 696.7 679.4 674.2 626.0 618.7 571,2
FFG 720 49969 915 699.6 679.1 671,5 625.8 614.5 570,6

Source: Modified from Richey, 1989
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AppendixB

TABLE B-1. ELEVATIONS (m) OF THE TOPS OF THE RUSTLER FORMATION MEMBERS (THE FORTY-
NINER (RTOP), MAGENTA DOLOMITE (MTOP), TAMARISK (TAMTOP), CULEBRA
DOLOMITE (CTOP), AND THE UNNAMED LOWER MEMBER (ULMTOP)) AND THE
SALADO FO_IMATION (SATOP). UTMX AND UTMY ARE THE UNIVERSAL TRANSVERSE
MERCATOR COORDINATES CONVERTED TO THE STUDY AREA COORDINATES
(continued)

WlPPN UTMX UTMY RTOP MTOP TAMTOP CTOP ULMTOP SATOP

FFG 721 46316 1600 698.0 679.1 673.6 646.2 639.5 594.4
FFG-723 40729 -497 808.2 791.7 785.3 762.8 755.1 712.5
FFG-724 43131 341 738.9 719.1 713.6 686.5 678.0 633.8
FFG-725 45130 352 712.3 694.9 689.7 652.9 646.5 610.5
FFG-726 47179 -830 698.9 682.7 677.5 648.6 641.0 589.1
FFG-727 48786 -811 702.9 680.0 674.9 639.2 630.7 575.5
FFG-728 50012 -2401 696.4 677.8 673.3 646.7 638.2 590.4
FFG-729 46790 -2440 706.6 688.9 683.7 648.9 641.0 595.9
FFG-730 45179 -2460 724.8 705.6 701.3 673.6 665.3 622.7
FFG-731 45153 -1254 720.7 703.0 697.8 670.4 662.8 617.7
FFG-732 42339 -1695 739.5 720.6 713.2 686.4 - 678.2

• FFG-733 40779 -4115 806.5 787.6 781.2 749.8 741.9 698.3
FFG-734 43596 -3679 758.6 741.9 737.0 707.4 699.2 654.1
FFG-735 48802 -2825 704.1 684.6 679.1 638.9 630.3 584.0
FFG-736 557 3455 758.7 739.1 732.4 676.4 667.8 615.4

. FFG-737 -6352 2974 '702.6 682.8 678.8 620.3 611.8 559.3
FFG-738 -6722 1767 713.8 697.0 692.5 662,0 654.4 610.2
FFG-739 -4699 1780 753.9 734.4 729.8 694.8 683.8 628.6
FFG-740 1003 299 754.7 736.7 730.6 662.6 653.2 609.0
FFG-741 -7026 -3139 721.2 702.9 697.7 658.7 651.1 602.3
FFG-742 -5859 -1103 774.5 753.7 748.6 700,7 690.7 646.5
FFG-743 -3444 -2242 757.2 740.4 735.2 686.1 675.2 630.7
FFG-744 -5030 -3502 739.7 722.9 717.8 677.2 670.8 630.0
FFG-745 -2183 -4277 730.3 708.9 705.9 657.7 650.4 598.3
FFG-746 2252 -3427 719.8 699.1 693.0 645.5 637.2 581.8
H-1 - 23691 27450 882.7 864.1 856.2 829.7 822.6 784.5,
H-2C 22934 27425 890.3 872.6 884.1 839,7 833.0 796.7
H-3 24006 26658 880.3 862.9 855.3 828.5 821.8 783.1

= H-4C 22675 24260 920.2 901.3 893.4 866.8 858.9 825.4
H-5C 27171 30565 845.8 828.7 821.4 794.9 787.3 751.6
H-6C 20880 30790 890.4 871.1 863.8 836.4 829.4 800.7
H-TC 18357 20395 937.6 928.4 921.4 891.9 880.6 877.8
H-8C 18927 9304 924.8 904.4 897.7 867.2 859.3 823.0
H-9C 24236 13996 899.4 878.7 869.2 840.9 831.8 797.0
H-10C 33247 18212 756.8 741.0 733.7 709.3 699.8 666.3
H-11 25617 24893 ....
H-12 27294 21215 - - -
H-14 22612 26667 - -
H- 15 25586 23622 ....
H-16 23640 27935 ....
H-17 25989 23276 .....

-

-

- Source: Modified from Richey, 1989
=
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AppendixB: PreliminaryGeohydrologlcDataBases

TABLE B-I. ELEVATIONS (m) OF THE TOPS OF THE RUSTLER FORMATION MEMBERS (THE FORTY-
NINER (RTOP), MAGENTA DOLOMITE (MTOP), TAMARISK (TAMTOP), CULEBRA
DOLOMITE (CTOP), AND THE UNNAMED LOWER MEMBER (ULMTOP)) AND THE
SALADO FORMATION (SATOP). UTMX AND UTMY ARE THE UNIVERSAL TRANSVERSE
MERCATOR COORDINATES CONVERTED TO THE STUDY AREA COORDINATES
(continued)

WIPPN UTMX UTMY RTOP MTOP TAMTOP CTOP ULMTOP SATOP

H- 18 22535 28929 ....
P-1 22610 26102 910.5 890.7 883.0 855.6 847.4 813.3
P-2 25586 27613 850.1 832,4 824,8 799,2 791.3 753.2
P-3 23070 27651 888.5 869,9 862.5 835.4 828.4 791.5
P-4 25207 26087 864.1 847.9 840,6 813,5 805.3 766.2
P-5 23957 29298 868.1 848.9 841,3 812,9 805.9 769,4
P-6 20862 26896 913.5 895.2 887.3 858,6 851.6 821.4
P-7 22576 24239 920.5 901,9 894,3 864.4 856.5 823.6
P-8 24098 24230 898.5 880.5 873.2 846.1 838.5 799.8
P-9 25636 24888 868.7 851.9 843,7 816.3 809.3 771,5
P-lO 27345 26956 860.4 838.8 831.5 785,7 777.8 738.5
P-11 27287 29225 840.9 824.8 817.1 790.0 782.1 745.5
P-12 20725 29215 887.9 870.2 862.9 835.5 828.5 800.1
P-13 20810 30842 889.5 870.2 862.9 835.5 828.5 799.8
P-14 19354 27737 906.1 886.0 878,7 849.4 842.7 814,7
P-15 20895 24556 938,5 919.3 911,1 883.0 876,3 843,7
P-16 22975 23075 915.0 896.7 889.1 858.9 851.9 814.4
P-17 24200 23222 900.4 883.3 875.7 846,7 839.1 798.9
P-18 28638 26115 868.4 845.2 837,3 782.7 773.9 728.2
P-19 27958 28173 849.5 832.4 824.8 785.8 776.6 740.0
P-20 28812 29533 845.3 827.3 819.0 792,5 784.6 746.8
P-21 27172 30610 845.8 829.3 822.0 795.5 7879 751,6
ERDA-6 28497 34774 915.6 897.6 889.7 862.6 855.0 830,6
ERDA-9 23968 27721 878.1 860.4 853.1 827.5 820,5 783.6
ERDA-lO 16955 16286 - 915.9 910.2 882.4 873.9 836.1
AEC-7 31388 35150 911,9 890,3 882.4 848.5 840.6 811.6
AEC-8 27793 32198 875.4 858.7 851,7 822.7 814.8 776.4
WIPP-11 24090 32237 842,1 822.6 815.6 786.9 779.9 754,3
WIPP-12 23980 29287 866.9 848.0 840,4 811.4 803.8 767.2
WIPP-13 22923 30004 880.2 865.9 860.1 824.1 817.1 780.5
WIPP-15 328 20348 .... 996.4
WIPP-16 12651 42789 681.2 668.7 - 679.7 672.7
WIPP- 18 24002 28942 866.6 848.6 841.3 813.8 807.1 770,5
WIPP-19 24018 26550 866.9 849,2 841.6 816.0 809.6 773.9
WIPP-21 24018 28112 870,8 853.1 846.1 819.3 812.0 776.9
WIPP-22 24018 28415 869.5 852.2 844.9 818.0 811,3 775.1
WIPP-25 16662 29800 908.6 887.3 879.3 843,1 835.4 807,1
WIPP-26 14277 26924 957.7 939.4 930.5 904.0 897.0 866.5
WIPP-27 14696 38836 921.7 914,7 909.2 879,3 871.4 841.5
WIPP-28 21536 40450 954,7 933.3 925,7 892.2 884.3 858,4
WIPP-29 7252 24463 907.4 903.7 894.6 863.8

Source:ModffTe_fromRlchey,1989
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AppendixB

TABLE B-l. ELEVATIONS (m) OF THE TOPS OF THE RUSTLER FORMATION MEMBERS (THE FORTY-
NINER (RTOP), MAGENTA DOLOMITE (MTOP), TAMARISK (TAMTOP), CULEBRA
DOLOMITE (CTOP), AND THE UNNAMED LOWER MEMBER (ULMTOP)) AND THE
SALADO FORMAT}ON (SATOP). UTMX AND UTMY ARE THE UNIVERSAL TRANSVERSE
MERCATOR COORDINATES CONVERTED TO THE STUDY AREA COORDINATES
(concluded)

!

WIPPN UTMX UTMY RTOP MTOP TAMTOP CTOP ULMTOP SATOP

WlPP-30 23989 35463 908.0 888.5 881.2 852.6 845.6 816.6
i WlPP-32 6180 24844 921.4 915.6 910.4 902.8 894.0 870.8
; WlPP-33 19900 29782 891.6 876.0 870.3 845.3 836.7 812.6

.l= WIPP-34 24604 30904 846.1 827.6 820.5 792.2 784.3 749.8
• B-25 21966 26372 876.6 858.4 851.0 824.5 817.2 782.2

USGS-1 16733 15222

! ENGLE 25224 13217DOE-1 25474 26076
| CABIN-1 23462 23812

_i Source: Modified from Richey, 1989
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AppendixB: PreliminaryGeohydrologioDataBases

TABLE B-2. WELL NAMES AND THICKNESSES (m) OF THE SUPRA-RUSTLER (SURF) AND THE
RUSTLER FORMATION MEMBERS (FORTY-NINER [FORTHM], MAGENTA [MAGTHM],
TAMARISK [TAMTHM], CULEBRA [CULTHM], AND UNNAMED LOWER [ULMTHM]) IN
THE LOS MEDANOS STUDY AREA

WIPPN SURF FORTHM MAGTHM TAMTHM CULTHM ULMTHM

FFG 002 404,2 18.6 7.0 35.7 6.7 39.3
FFG-004 329.2 21.3 7.0 44.2 6.7 32.0
FFG-005 395.9 18.9 7.0 39.4 6.4 40.2
FFG-006 402.6 18.9 8.6 44.8 8.5
FFG-007 415.7 22.3 6.1 47.8 8.3 34.7
FFG-009 416.7 20.7 7.3 46.0 7.6 21.4
FFG-011 408.1 20.4 7.1 47.2 6.4 33.2
FFG-012 405.1 19.2 8.2 45.7 7.7 34.1
FFG-013 383.4 22.0 7.0 21.6 11.9 51.8
FFG-014 326.7 20.8 7.6 45.7 8.9 35.9
FFG-016 432.8 22.0 7.3 49.7 8.5 34.4
FFG-017 431.3 21.3 7,6 45.8 7.6 32.0
FFG-018 444.1 20.1 6.4 47.3 7.9 32.3
FFG-019 444.7 21.6 7.1 49.0 8.3 31.4
FFG-020 350.8 22.3 6.1 50.3 6.7 32.9
FFG-023 431,3 24.4 6,7 51.2 8.5 34.2
FFG-024 462.6 23.2 6.7 53.0 7.3 32.6
FFG-025 443.5 21.9 6.1 47.6 6.7 31.4
FFG 026 445.2 21.3 6.1 50.9 7.0 32.9
FFG-027 453.2 21.1 6.7 50.9 7.0 32.9
FFG-028 554.1 17.1 5.2 28.9 6.1 22.9
FFG-029 529.4 16.8 5.2 30.5 5.4 20.2
FFG-030 537.7 18.3 5.4 29.9 5.8 24.4
FFG-031 558.7 19.5 6.1 29.6 7.0 25.0
FFG-032 546.6 19.8 6.1 36.6 3.3 27.1
FFG-033 536.4 18.9 5.5 33.6 7.0 23.4
FFG-034 538.0 18.9 4.5 29.3 6.1 24.7
FFG-035 530.8 17.7 6.1 32.6 3.0 26,0
FFG-036 545.0 20.4 5.5 35.3 5.8 25.3
FFG-037 536.4 21.1 4.9 32.9 5.2 25.9
FFG-038 538.9 19,8 5.5 30.5 6.1 25.6
FFG-039 247.5 19.8 6.7 40.2 6.4 31.1
FFG-040 336,5 19.8 7.3 58.2 10.1 20.4
FFG-041 264.3 20.4 7.0 39.9 7.3 34.5
FFG-042 264.0 20.1 7.6 37.2 10.6 34.8
FFG-043 257.1 21.9 6.1 46.3 7.0 31.7
FFG-044 318.2 21.3 7.4 44.5 8.2 35.3
FFG-047 479.4 19.5 6.4 46.4 5.1 29.9
FFG-048 452.9 22.3 7.6 43.0 7.0 45.7
FFG-049 477.3 21.0 6.1 47.3 7,9 32.9
FFG-050 484.5 20.4 6.1 39.0 7.6 37.5
FFG'-051 482.2 21.6 ' 5.2 48.2 7.6 35.4
FFG-052 480.4 21.3 6.1 29.0 5.4 24.1
FFG-053 494.7 19.5 7.9 52.4 7.4 45,1
FFG-054 508.3 21.3 7,3 50.6 6.1 37,8
FFG-055 503.5 20.5 8.5 46.9 7.9 36.6
FFG-056 492.3 22.5 6.4 50.9 7.6 36.0
FFG-057 489.2 20.4 7.6 52.8 6.7 33,5
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TABLE B-2. WELL NAMES AND THICKNESSES (m) OF THE SUPRA-RUSTLER (SURF) AND THE
RUSTLER FORMATION MEMBERS (FORTY-NINER [FORTHM], MAGENTA [MAGTHM],
TAMARISK [TAMTHM], CULEBRA [CULTHM], AND UNNAMED LOWER [ULMTHM])IN
THE LOS MEDANOS STUDY AREA (continued)

WlPPN SURF FORTHM MAGTHM TAMTHM CULTHM ULMTHM

FFG 058 506.7 17.4 8,5 45.8 8,5 34.1
FFG-059 512.7 19.8 6.1 47.8 4.9 35.1
FFG 060 492.9 18.2 9.2 48.8 6,1 30.4
FFG-061 491,6 19.9 6,1 49.3 5.5 32.6
FFG 062 548.3 21.1 6.1 33.2 6.7 28.0
FFG-063 583.4 21.0 5,2 37,8 4.9 27.4
FFG 064 567.5 21,1 6.7 34,4 8,6 27.7
FFG-065 567,8 22.3 5,2 43.6 7.3 14.9
FFG 066 616,9 22.9 4.5 35,1 5,2 27.4
FFG-067 590,4 20.7 5,2 41.2 6.0 28.1

m

FFG 068 628.5 14.6 6.1 45.7 6.1 27.5
FFG-069 605.9 21,9 6.1 48,8 6.1 33.5
FFG-070 577.0 21,6 6.1 41.5 5.5 37.1
FFG-071 304.2 20.4 64 29,3 6.7 48.1
FFG 072 365.5 18,6 6.1 33,8 7.0 28.4
FFG 073 389.6 18.3 8.9 31.3 7,1 28.9
FFG-074 383.3 20,4 4,9 32.0 6.1 29.6
FFG 075 335,0 17.3 6.8 31,3 5.8 28.7
FFG 076 260.9 18.3 7,6 32,9 6,1 29.6
FFG 078 212.8 19.2 8.2 32.3 7.0 30.8u

FFG 079 243.2 18,3 6.1 36.6 6.1 30,5
FFG-080 254,8 19.2 7.9 34.8 7.3 30,8
FFG 081 350,2 18.9 7.0 37,8 8.2 30.5
FFG-082 305.7 19.8 6.1 42.1 5.8 32.3
FFG-083 422.6 18.3 6,1 30,5 6,1 27.4
FFG-084 386.5 18.9 7.6 33.2 6.7 28.7
FFG-085 394.7 18,6 8.2 32.0 6.4 28.1
FFG-086 384.7 17.0 8,3 32.3 7.6 27.1
FFG-087 409,3 18.0 8.6 34,7 6,7 28,7
FFG-088 414.5 19.8 7.4 41.1 3.4 27.4
FFG 089 432,8 19.8 6.4 35,7 7,3 29.9
FFG 091 371.2 19.6 7,6 40.5 8,5 29.6
FFG-092 362.7 18.3 10.1 35,6 8,6 28,6
FFG-093 360.6 19.2 7.9 36,6 5,5 30.4
FFG 094 354,5 20.4 7.0 39.0 7.6 29.6
FFG 095 432.2 17.7 7.3 29,9 6,4 26.5
FFG-096 484.9 18.3 6.1 29.6 6.1 24.4
FFG-097 478.2 19.5 6.'7 30.2 6.4 27.8
FFG 098 562.7 20.1 5.5 32.0 6.1 25.9
FFG 099 564,2 20.7 5.5 32.9 7.9 24.4N

FFG 100 528,2 21.0 5,8 33,3 6.1 28.3
FFG-101 549,6 18,2 5.5 35.7 6.4 27.1
FFG 102 513.3 20.4 6.1 38.4 6.1 30.5
FFG 103 434.0 19.2 3.4 42.7 7.6 -
FFG-104 555,0 21.4 6,1 36.9 6,0 27.8
FFG-105 68.3 17.3 8.3 33.8 6.1 48.5

-" FFG-106 26,8 15.0 7.9 29.2 8.0 53.9
FFG-107 42.4 22.2 6.1 29,0 9.1 42.7
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AppendixB: PreliminaryGeohydrologloDataBases

TABLE B-2. WELL NAMES AND THICKNESSES (m) OF THE SUPRA-RUSTLER (SURF) AND THE
RUSTLER FORMATION MEMBERS (FORTY-NINER [FORTHM], MAGENTA [MAGTHM],
TAMARISK [TAMTHM], CULEBRA [CULTHM], AND UNNAMED LOWER [ULMTHM]) IN
THE LOS MEDA_OS STUDY AREA (continued)

WIPPN SURF FORTHM MAGTHM TAMTHM CULTHM ULMTHM

FFG 108 82,3 15.2 6,1 33.6 9,1 33,5
FFG-109 121.9 18.3 6.1 30.5 6.1 24.4
FFG 110 158.5 21,3 6.1 27,5 7,6 25.9N

FFG 111 165.5 25.0 4.6 30.5 6,0 24.4
FFG-112 176.8 18.3 6.1 30.4 7,7 32,0
FFG-113 161.5 18,3 6.1 30.5 7.6 28.7m

FFG 114 90,5 18.6 7.3 27.8 7.3 34.4
FFG-115 56.7 18.3 6.1 32,0 9.1 44,8
FFG-116 42.7 18,3 6.1 33.5 6.1 70.1

° FFG 117 30.5 24.4 9.1 33,5 12.2 45,7
FFG 119 12.2 - 67.0 6.1 36.6
FFG-120 12.2 21.3 9,2 39,6 9.1 45,8
FFG'-121 12,2 18,3 6.1 39,6 9.1 42.7

i FFG 122 9.1 18.3 6.1 44.2 7.6 54.9

FFG-123 33,5 27.5 6,1 27.4 6.1 45,7
FFG 124 76,8 35.1 7,6 19,8 7,0 45.4

21.3 7.7 32,0 9.1FFG-125 64.0

FFG_126 109.7 18.3 6,1 27.4 6,1 33,6
FFG 127 109.7 18,3 6,1 24.4 9.1 27,5
FFG-128 46.3 21.4 9,1 30.5 9.4 25.0
FFG_-129 38.1 24,4 6,1 35.0 6.1 36.6
FFG_130 25.9 24,4 9,1 22.9 9.1 33,6
FFG 132 45.7 21.4 6,1 30.4 7.7 38.1
FFG-133 33.5 21.4 6,1 30,4 6.1 57.9
FFG-134 24.4 19,8 8,5 31.1 7.6 35,1

FFG-135 65.2 19.8 6,7 29,9 5.8 31.1
FFG 136 73.2 15.2 7,6 29,0 6.1 32,0

FFG-137 60,6 18,9 8,6 26,5 8,2 31,4
FFG_138 126,5 16.8 6.1 30,4 9.2 36,6
FFG_139 115.8 18,0 7.3 26,8 7.7 37,8
FFG 140 193.5 19,9 6.1 30.4 7,7 35,0

FFG_-141 157.3 18.9 8.5 25.6 7.6 29.6
FFG 142 193.5 19,9 7.6 25.9 7,6 30,5
FFG-143 196.9 16.5 7.6 27.7 6.7 -
FFG_144 1.5 - 9.2 10.6 58.6
FFG 145 - 12.2 6.1 56.4
FFG-146 - 6.1 9.1 71.7
FFG-147 10.4 4.2 11.0 7.3 59.1
FFG-148 - 7.6 5.2 62.8
FFG-149 4.3 - 1.5 7.6 61.0
FFG-152 12.2 - - 56.4

FFG-155 4.0 8.5 4,3 7.3 63,1
FFG 156 1.8 - 11,0 57.9 ,
FFG-157 10.7 8.2 3,0 5.5 -
FFG-158 4.6 6.1 3,0 10,1 61.2

FFG_-159 45.1 19.5 7.9 30.2 7.0 32.0
FFG 160 52.4 20.4 5.5 29.0 9,1 30.5

FFG-161 30.5 21.3 6.1 29,0 6,1 38.1
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TABLE B-2. WELL NAMES AND THICKNESSES (m) OF THE SUPRA-RUSTLER (SURF) AND THE
RUSTLER FORMATION MEMBERS (FORTY-NINER [FORTHM], MAGENTA [MAGTHM],
TAMARISK [TAMTHM], CULEBRA [CULTHM], AND UNNAMED LOWER [ULMTHM]) IN
THE LOS MEDANOS STUDY AREA (continued)

WlPPN SURF FORTHM MAGTHM TAMTHM CULTHM ULMTHM

FFG 162 32.9 22.6 7.9 33.5 7.3 26,9
FFG-163 33.5 21.4 6,1 30.4 9,2 32.0
FFG 164 - - 18.3 9.1 73,8
FFG-165 - - 22.9 10.6 63.4
FFG-166 38.7 18,3 7,6 28.4 8,2 33.5
FFG-167 82.9 '14,6 7.7 27,4 9.1 41.2
FFG-168 33,5 22,9 10.7 27.4 7.6 55.8
FFG-169 5,8 22,9 8,2 29.9 10,0 47.9
FFG-170 1,2 10,7 6.1 13.1 10.7 53.9
FFG-171 25.3 7,3 2.1 12,8 61.3
FFG 172 48,8 4,2 17,7 9.2 54.2
FFG-173 87.8 20,7 7.6 29.6 9.1 36.3
FFG-177 24.1 - 9.1 67.4
FFG-179 9,8 - 11.5 58.3
FFG 180 118,3 23,4 5,5 32,0 8,3 49,6
FFG-181 65,2 - 4.6 16,2 7,6 53.9
FFG-182 129.5 8.9 5.2 29,8 8,3 47.2
FFG-183 81,4 - 34.7 11,0 56.1
FFG 184 120.1 - 3,0 33.6 7.6 32.0
FFG-185 88.1 - 4,6 30.4 7.7 51.8
FFG-186 149.7 - 6.1 29.8 8,6 53,0
FFG-188 104,9 - 5.1 23.2 8,2 56.4
FFG 189 123.4 20,5 7,9 26,5 8.2 54.6
FFG-190 136.2 19,2 7.7 31.1 8.5 41.7
FFG-191 140.2 23,2 7.6 25.0 6,1 59,4
FFG-192 196.9 19.2 8.8 32.0 10.1 56.4
FFG-194 235,7 17,6 6.5 27.1 7.9 41.8
FFG-195 203.9 21.3 5,2 25.3 10.7 39,3
FFG-196 144.8 20.7 7.0 32.9 9,5 35.0
FFG-197 135,0 21,4 7,3 29,8 9.8 41.1
FFG-198 133.2 20.7 6,1 30,5 9.1 47.9
FFG-199 150.0 21,3 7.6 32.9 8.3 38.1
FFG-200 138.4 21,6 7.9 34.8 10,1 42,9
FFG-201 179.5 21,4 7.6 27.4 8,2 51.3
FFG-202 241.4 17.7 8,2 34,5 10.6 39.6
FFG-203 230,1 18,3 7.3 39,7 8.5 39.9
FFG-204 231.6 18,3 8.6 24,4 8.2 38.1
FFG-205 201.4 20,1 7,3 28.1 8.5 48.1
FFG 206 171,9 21,3 7.1 30.4 8.9 48.7
FFG-207 180.4 19.9 7.3 31.4 7.6 50,3
FFG-208 157.3 20,7 7.9 31.1 8.6 54.2
FFG-209 200.9 7.0 28.0 8.5 42.4
FFG-210 180.4 19,9 7.0 31,4 8,8 52.7
FFG-212 207.9 17.7 7.6 27.7 8.5 40.6
FFG-213 148.1 29.0 6.1 30,5 9.1 33.5
FFG-214 183,8 22.9 6,7 29.8 9.8 50.9
FFG-215 189.3 21.3 7.6 30,5 8.2 50.3

i FFG-216 256.6 20.2 6.4 21.6 6.1 162.1 B- 23

|M
qn

i



AppendixB', PreliminaryGeohydrologloDataBases

TABLE B-2, WELL NAMES AND THICKNESSES (m) OF THE SUPRA-RUSTLER (SURF) AND THE
RUSTLER FORMATION MEMBERS (FORTY-NINER [FORTHM], MAGENTA [MAGTHM],
TAMARISK [TAMTHM], CULEBRA [CULTHM], AND UNNAMED LOWER [ULMTHM]) IN
THE LOS MEDAI_OS STUDY AREA (continued)

WlPPN SURF FORTHM MAGTHM TAMTHM CULTHM ULMTHM

FFG 217 184,1 22,2 7,7 28,9 9,2 49.3
FFG-218 189.6 19.5 8.2 32,3 9,2 50,3
FFG-219 125,9 20,7 9,8 31,1 8,5 57,0
FFG-220 191.1 23,2 4,5 33,6 9,1 47,3
FFG-221 213,4 18,2 9.2 30.5 12,2 59.4
FFG-222 249,3 20.8 8,2 28.3 8,3 100.5
FFG-224 456,6 21,3 7.6 50,3 7,7 32,0
FFG-225 454,6 21.3 6.1 52,8 5.5 31.7
FFG-226 467.1 22,2 7,0 52.2 7,0 32.9
FFG-228 459.9 22,0 8,5 54,9 7,6 31.4
FFG-229 444.4 22.2 7.4 57,3 7.6 35.0
FFG-230 445.9 23,5 7.0 57,0 6,1 36,6
FFG-231 416.1 22.2 7,6 54,3 6,1 35,6
FFG-232 406.3 22,2 7,4 56.7 5,7 39.7
FFG-233 405,4 23,5 7,0 54,8 6.1 36.0
FFG-234 367.0 23,1 7.7 54,8 6,7 37,2
FFG-235 394.7 23.8 7,3 55.8 7,0 32,6
FFG-236 332,8 22.0 7,9 55.8 5,5 35.3
FFG-237 402.5 23,2 7,3 58,6 11,8 33.6
FFG-238 436.2 25,6 5,5 57,0 7.0 37.2
FFG-239 474.0 24.0 5,8 52,8 7,0 43,0
FFG-240 467,0 24,0 6,7 54,6 7,3 33,8
FFG-241 476.4 22,6 7,3 53,9 7,0 35,4
FFG-242 315.2 16.7 6.4 44,5 8,0 42.9
FFG-243 389,9 20.7 7,6 67.1 9.1 44.2
FFG-244 321,6 17,6 7.7 51.8 6,1 25.9
FFG-245 573,6 24,1 6,1 56,1 7.3 32,9
FFG-246 560,2 23,2 5,5 57.0 7,9 35,0
FFG-247 556.3 25,3 5,8 56,7 7,6 33,6
FFG-248 555.3 23.5 5,2 59,4 8.3 33,8
FFG-249 575.5 24,0 5.5 58,9 7,0 34,1
FFG-250 485.7 22,6 7.0 57.0 7,0 35.0
FFG-251 570.3 23.8 6,4 61,2 7,3 37,8
FFG-252 425,5 24.7 6,1 58,2 7.0 45.1
FFG-253 448.1 21.3 6,7 65,8 5.2 39.6
FFG-254 460.6 21,0 6,1 61.9 7,3 36,9
FFG-255 512.7 22.2 7.6 65.6 8.2 39.0
FFG-256 578.2 22,6 5,4 51,9 7.0 32,0
FFG-257 536.8 21.0 5,8 50,3 6,1 33,2
FFG-258 505.4 20.1 7.3 41,4 9,8 38.7
FFG-259 554.7 23.8 7,6 50.3 8,3 38.1
FFG-260 489.2 18.0 6.4 41,1 7,4 33,8
FFG-261 495.9 17,4 6,4 44,2 4,9 34.7
FFG-263 562.2 26,8 5,5 64.6 8,0 41.7
FFG-264 343.5 17.1 7.3 49.4 7.6 42.7
EFG-265 355.4 19,5 6.1 63.7 8.8 42.7
FFG-266 372.5 22,2 5,8 65.5 8.6 47,2
FFG-267 384.0 22.9 5.2 67.0 8,6 50.0
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TABLE B-2. WELL NAMES AND THICKNESSES (m) OF THE SUPRA-RUSTLER (SURF) AND THE
RUSTLER FORMATION MEMBERS (FORTY-NINER [FORTHM], MAGENTA [MAGTHM],
TAMARISK [TAMTHM], CULEBRA [CULTHM], AND UNNAMED LOWER [ULMTHM])IN
THE LOS MEDAI_OS STUDY AREA (continued)

WIPPN SURF FORTHM MAGTHM TAMTHM CULTHM ULMTHM

FFG 268 399,9 25.3 6.1 71,0 7,3 43,0
m

FFG 269 376,6 26,8 5.5 69,2 10.1 49.3
FFG 270 265,2 17,3 5.2 39,0 9.2 31,7
FFG 271 215,5 18,9 6.1 35,0 6,1 34,5
FFG 272 226,9 24,1 6.1 64,6 7,9 46,7

w

FFG 273 262,3 19,5 7,3 36,9 7,9 43,6
FFG 274 286,2 16.8 7,0 34.1 7.3 38,4
FFG 275 277,1 18,3 6.0 33,6 6,1 27,4
FFG 276 264.3 16,4 7.6 34,8 7,0 29.6
FFG 277 269,7 16,8 7,6 33.6 6,4 35.6
FFG 278 229,8 22,6 7.3 61,9 11.2 43,0
FFG 279 247,8 19.2 7.6 56.4 9,2 32.0
FFG 280 261.7 21.3 6,4 42.1 8.8 41,8
FFG 281 311,5 21,6 6,8 44.8 8,2 45.1
FFG 283 506,3 20,7 5,8 61,9 7.0 38,7
FFG 284 386,8 18,3 6,1 57,9 6,7 45,1
FFG 285 352,3 18,9 6.4 65,3 9,1 44,5
FFG 288 264.0 17.3 6.1 40,3 7,6 37,5
FFG 287 282.6 18,9 7,0 47,9 4.9 40.2
FFG 288 344.7 20,8 6,1 70,1 6,1 45,7
FFG 289 345.6 16,4 6,1 33,2 6,7 34.8
FFG 290 277.7 19,2 7,0 28,6 10,1 27.4
FFG 291 365,8 23.7 5.8 68,0 7.9 45.7
FFG 292 316.4 15.8 6.1 27.5 7,0 31.1
FFG 293 319,1 15,3 6.1 26,5 7.6 38.1
FFG 294 500,2 22,5 5.8 62,5 7,0 39,3
FFG 295 504.7 22,6 5,5 65,2 9.5 41,1
FFG 297 537,4 28,3 6,7 63,4 13.7 35.1
FFG 298 500,8 16.8 5.7 18,6 7.7 30.4
FFG 299 484,0 25,3 4,9 66,4 8,0 48.4
FFG 300 518,5 23,1 5,2 34,8 7,6 56.1
FFG 301 531.6 23,7 5,5 49.7 5.5 71,0
FFG 302 550,2 24,0 4.3 70.7 6,7 16,5
FFG 303 563,4 24.7 6,1 56,1 7.0 37.2
FFG 304 547.7 22,9 4,6 67,0 7,0 39.6
FFG 305 559.3 25,3 6,1 60.0 8.6 35,0m

FFG 306 583.7 22,9 4.2 52,1 7,7 43,9
FFG 307 560.8 24.4 5,5 55,8 7,9 40.5m

FFG 308 584,6 25.6 5,2 84.4 8.3 44.8
FFG 309 558,4 27,1 4,9 68.6 6,7 39.3
FFG-310 523.3 25,0 4.6 59.4 6.1 39.1
FFG 311 586.7 12.2 5.5 52.4 8.3 32,9
FFG 312 539,5 26,8 6.1 74.7 5.8 39.9
FFG 313 171.8 19.2 7,0 37.8 8.3 29,8
FFG 314 258.8 19,2 7.0 47,2 7.3 46.7
FFG 315 348.2 18.6 5,8 57,0 7.3 43.3
FFG 316 361.8 23.5 5,8 63,7 8,2 46.0
FFG 317 305.4 15,2 4.3 40.3 7,3 32.0

m

B-25



AppendixBt PreliminaryGeohydrologloDataBases

TABLE B-2,' WELL NAMES AND THICKNESSES (m) OF THE SUPRA-RUSTLER (SURF) AND THE
RUSTLER FORMATION MEMBERS (FORTY-NINER [FORTHM], MAGENTA [MAGTHM],
TAMARISK EFAMTHM], CULEBRA [CULTHM], AND UNNAMED LOWER [ULMTHM])IN
THE LOS MEDAI_IOSSTUDY AREA (continued)

WlPPN SURF FORTHM MAGTHM TAMTHM CULTHM ULMTHM

FFG 318 365,5 15.8 7,6 24.4 7,6 36,6
FFG-319 351.4 17.7 5.8 41,2 8.2 34,4
FFG-320 367,3 21,0 5.8 66,1 7,4 46,0
FFG-321 364,2 22,6 5,8 63,7 6,7 48,8
FFG-322 369,6 21,9 5,8 57.6 7,6 45,4
FFG-323 369,3 21,6 6,1 48,2 7,3 41.1
FFG 324 360.3 16.4 7,3 38,5 7,3 39,0
FFG-325 260,3 19.2 7,0 31,1 9,1 39,7
FFG-326 363,3 18,3 7.0 22,6 8,5 40,5
FFG-327 353,9 19,2 5,5 33,8 7.9 36,6m

FFG 328 364,4 22,5 5,8 54,9 9,1 44,2
FFG-329 364.8 21,7 5,5 59,4 7,6 48,2
FFG-330 360,7 21,7 5.2 58,5 8,5 49,4
FFG-331 350,2 25,0 5,8 69,8 6,1 44,2
FFG-332 380,7 24,7 5.5 74.3 6,7 45,8
FFG-333 384,2 23,5 5,5 66.7 7,6 44,2
FFG-334 382,8 25,0 5,5 67.7 7.9 47.9
FFG-335 372.5 23,4 8,9 61.5 8,3 47.2
FFG 336 369,7 23,8 5,5 67.0 7.7 47,2
FFG-337 385.9 24,7 5,8 66,1 7.6 49,7
FFG-338 378.7 24.1 5.5 68,3 7.9 49,4
FFG-339 396,8 26,3 4.5 68,6 7,6 50,3
FFG-340 385,6 27.4 5,2 71,0 8.5 49,4
FFG-342 308,5 20,7 6,7 37,5 6.4 24,7
FFG-344 327,2 20.7 7,6 26,0 8,2 28.3
FFG-345 297.7 23,4 5,5 68,0 7,3 42,7
FFG 347 273.7 21,3 8,0 37.2 6,7 37.5
FFG-348 244.8 17,6 5,2 29,6 5.5 46,9
FFG-349 270,6 22,0 4,2 23,5 5,2 30.5
FFG-350 232.6 19,8 6.1 37,8 5,5 27.4
FFG-351 370.6 26.6 4.5 71,7 8,2 49.7
FFG-352 371.6 25.9 6.1 70.1 7.6 48,7
FFG-353 344,1 25.0 5.5 70,1 7.0 45.7
FFG-354 233,2 17.0 5.5 33,3 6.0 33,6

w

FFG 361 1,5 24,1 4.3 27.4 6,7 42.7
FFG-362. 54,3 37,1 8,3 69,5
FFG-363 36.6 25.9 9.1 56, 4
FFG-364 50,9 24,4 8.5
FFG 366 50.0 19.8 6,7 22.3 7,6 40.2
FFG-367 30,5 21.3 6,1 16,8 9.1 45.7 ,
FFG-370 - 44,2 6.1 43,3
FFG-371 - 15.2 3,1 28,9 7.1 38.7
FFG 372 57,3 7,6 -
FFG-373 53.1 36,0 7,0 -
FFG-374 48.8 5.5 11.2 21.4 6.1 47,2
FFG-376 25.6 - 37,2 7.9 43.3
FFG 381 - 106.7 6,1 33,5
FFG-383 90.8 16,5 7.6 22,9 6.1 35,0
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TABLE B-2, WELL NAMES AND THICKNESSES (m) OF THE SUPRA-RUSTLER (SURF) AND THE
RUSTLER FORMATION MEMBERS (FORTY-NINER [FORTHM], MAGENTA [MAGTHM],
TAMARISK [TAM THM], CLJLEBRA[CULTHM], AND UNNAMED LOWER [ULMTHM])IN
THE LOS MEDANOS STUDY AREA (continued)

WlPPN SURF FORTHM MAGTHM TAMTHM CULTHM ULMTHM

FFG 384 - 30,2 7,9 16.8 8.8
FFG-385 68,6 6.1 9,1 50,3
FFG-387 53.3 26,3 5.7 23,5 9.5 39,6
FFG-388 60,4 22,5 7,3 28,7 7,0 -
FFG-389 31.4 51,8 7.3 -
FFG-390 48,2 20,4 8,5 25,9 6,1 50.0
FFG-391 51.8 22,0 7,0 25,3 6,1 44.8
FFG-392 51,8 19,2 6,7 31.4 6.1 41.2
FFG-393 226,0 19,5 5,5 25,0 4.6 28.3
FFG-394 124.4 17,3 5,5 20.7 5.2 30.5
FFG-395 140.8 16.8 5,8 21,3 7.0 25.3
FFG-396 188,4 17,3 7.1 23,4 6,7 59.8
FFG-398 185,9 20.1 7.1 26.8 4,5 -
FFG-399 163.1 - 53,3 4,6
FFG-401 97.5 35.1 6,1
FFG-402 20.6 23.1 7,4 24,9 10,4
FFG-403 32.2 21.6 6,1 20,7 11,3 56.4
FFG-404 50,9 24,1 4,2 24.1 6.1 -
FFG-407 11.6 18,3 7,6 24,4 9.1 -
FFG-408 51.8 4,6 1,5 6.1 73.2
FFG-409 - - 27,4 10.7 -
FFG-411 70.4 - - - 13,4 84.8
FFG-413 53.6 - - - 8,9 71.0
FFG-418 50,6 - - 53,0 7.3 -
FFG-419 55,5 20,4 7.6 26,2 6,1 -
FFG-420 52.4 19,2 9,2 27.4 9,1
FFG-421 63.4 23,5 5.1 31.7 9,5 34,4
FFG-422 77.7 18,3 12,2 22,9 7.6
FFG-426 34.1 - 35,1 7,6 62.8
FFG-432 46.6 7,7 6,1 33,5 7.6 39,6
FFG-433 47,5 22.9 5,2 75.6
FFG-438 189.6 18,0 7.9 31.1 5,8 32,3
FFG-445 40.5 - 8,6 84.4
FFG-453 187,3 79.9 9.4 46.4
FFG-455 223.7 20.1 7,1 40.2 8,8 37.5
FFG-456 234.4 16.5 7.3 28,6 6.7 39.0
FFG-457 138.4 17,0 6,8 30,1 8.6 38,1
FFG-458 137.6 15.6 10,3 29.0 8.2 39.6
FFG-459 253,9 17.1 7.6 30.5 9.1 35.1
FFG-462 148.0 18,3 8,3 28.9 7,9 39.4
FFG-463 107,6 20.4 6,7 32.0 10,7 32.3
FFG-464 135.0 20.4 7,7 28.9 9,8 46.0
FFG-465 128,6 19.8 7.7 30,4 9,8 51.2
FFG-467 519,5 18,0 4,9 52,4 7,9 42.7
FFG-468 571.2 28,0 5.5 82,3 4.6 50.9
FFG-470 557,5 24,7 4,8 72.0 5,5 42,6
FFG-471 510.8 25.3 5,5 68.9 5.5 48,2
FFG-472 468,2 25.9 5,5 31.1 6.1 56.3
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TABLE B-2, WELL NAMES AND THICKNESSES (m) OF THE SUPRA-RUSTLER (SURF) AND THE
RUSTLER FORMATION MEMBERS (FORTY-NINER [FORTHM], MAGENTA [MAGTHM],
TAMARISK [TAMTHM], CULEBRA [CULTHM], AND UNNAMED LOWER [ULMTHM]) IN
THE LOS MEDAI_OS STUDY AREA (continued)

WIPPN SURF FORTHM MAGTHM TAMTHM CULTHM ULMTHM

FFG 473 569,1 23.4 4.6 73.2 6,7 44.2
FFG-474 349,9 21.3 6.1 45,8 5.8 36,8
FFG-475 354,0 20,8 5.1 37.5 8,6 39,9
FFG-476 268,3 16,8 7,6 37,2 8,5 40,3
FFG-477 328,3 13,7 9,1 25,0 7,9 39.1
FFG-478 349,2 15,9 6,1 31,0 8.6 38,7
FFG-479 353.9 16,1 6.4 23,2 7,9 37,8
FFG-480 341,7 21.9 6,1 38,4 6,7 39,7
FFG-481 359,1 16.1 6,7 27.4 7.1 39,3
FFG-482 342,0 17,1 5,7 26,9 7,9 38,4
FFG 483 309,1 17.3 6,4 20.2 8,5 41,8
FFG-484 323.4 18.6 5,5 22,2 5,2 48,5
FFG-485 317.1 16,8 5.8 26.5 7,3 40,2
FFG 486 331,3 16.8 6.1 27.4 7.6 39,7
FFG 487 333,1 17.4 6,1 25,0 8.5 37,5
FFG-488 340.6 16,8 4.6 28,3 5.8 43.6
FFG-489 322.0 16.2 6,1 25.0 8,5 45.7
FFG-490 217.0 16,8 6.1 25.9 5,5 35,6

m

FFG 491 221,6 19.5 6,1 30,5 6,7 40.5
FFG-492 249,9 18,9 6,1 26,9 8,5 36,6
FFG-493 265.6 18,3 5,5 27.4 9,2 33,5
FFG-494 258.2 19,2 6,1 32,0 7,0 33.8

w

FFG 495 272,9 16,4 5.8 27.4 6,7 46,7
FFG-496 392.9 26.8 4,3 68,3 11,8 48,8
FFG-497 369.1 20,4 5,5 45.7 7,7 40.5
FFG 498 367.9 22.9 5.7 62,8 8,0 48,4
FFG 499 376,1 25,9 4.9 72,2 9,2 53,3
FFG-5(X) 365.5 21,3 6,1 55,2 8,2 52,4
FFG-501 344.1 21.4 6,1 31,0 7,4 40.2
FFG 502 367.6 21.9 5,5 59,2 7,3 63,7
FFG 503 358.7 21.4 4.6 55,4 7,7 42.6
FFG-504 346,9 17,6 6.1 25,6 6,7 48.8
FFG-505 323,1 15.2 5.2 32,0 6,1 45,7
FFG-506 320.6 18.3 5.5 25,3 9.5 41,1
FFG 507 339.1 20.4 4.0 81.4 7,6 50,3
FFG-508 288,6 19.2 5,5 49,7 8,2 51,9
FFG 509 298.7 22.6 6,1 71.0 5,8 46,0
FFG 510 313,2 ,22.5 6,1 68,6 11.3 43.6
FFG 511 374,6 25.9 5.8 67.4 9.7 48.8
FFG-512 325,2 27,5 6,0 71.1 9.1 57,9
FFG 513 298.0 22.3 5.8 67,9 7,7 53,3
FFG-514 305.4 23,5 5,2 80.1 8.9 59,7 "
FFG-515 359.7 24.7 5.1 75,6 6,4 54,6
FFG-516 359.1 24.6 5,8 72.9 11.0 55,7
FFG-517 243.8 20.5 5.1 28.4 4,6 18.2
FFG 518 238.4 19.8 6.1 29.8 6.4 15,6

M

FFG 519 268.2 22.0 3.6 36.0 7.6 36.6
FFG 520 377.8 17.6 3.7 40,8 5.5 42.7

n
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TABLE B-2. WELL NAMES AND THICKNESSES (m) OF THE SUPRA.RUSTLER (SURF) AND THE
RUSTLER FORMATION MEMBERS (FORTY-NINER [FORTHM], MAGENTA [MAGTHM],
TAMARISK [TAMTHM], CULEBRA [CULTHM], AND UNNAMED LOWER [ULMTHM])IN
THE LOS MEDA_OS STUDY AREA (continued)

WIPPN SURF FORTHM MAGTHM TAMTHM CULTHM ULMTHM

FFG 521 355,4 18,3 4,6 17,3 4,9 23.5
FFG-522 523,5 27,4 4,6 65.5 6,7 45_1
FFG-523 500,5 24,4 7.6 60.0 6,1 54,3

', FFG-524 331,0 18,0 4,3 54,8 8.6 45.7
j FFG-525 503.7 29,6 5,2 64,6 7.3 48,2
i FFG-526 60.4 - 22,8 7,6 32,0

FFG-527 72,8 20,2 5,1 39,4 6,1 17,0
] FFG-528 71,9 17,4 8,2 29,9 4,6 27.4
: FFG-530 16.2 - 34,4 8,2 27,5
I FFG-531 78,9 - 24,4 6.1 33,6
J FFG-532 74,7 8,5 27,4 6,7 34,5
I FFG-534 74,7 - 53.6 9.5 "

FFG 535 56,2 19.8 7,1 30.7 6,4 25,31 w

'1 FFG 536 67.7 - 35,9 8.0 31,0
J FFG-537 80,8 - 24,7 7.3 32,0
- FFG-543 27.0 - 38.7 5,5 -
4 FFG-548 116.7 16,5 6,4 24,4 6,1 -
| FFG-552 190.2 . - 10.7 -

FFG-562 310.9 18,3 7,0 23,5 7.3 -FFG-563 387,4 17.7 7,3 20,1 9.2

I FFG-568 322.5 - 2,7 6.1

FFG-569 263.0 18,6 7,4 30,4 8 '3
FFG-584 233.6 5.5 3.4 21,6 6,1 45.7
FFG-585 294.1 - 44.2 8,3 35.0

=_ FFG-600 274,3 1,5 5.5. 22,0 7.6 -
I FFG-601 338,3 22,6 7.3 35,7 7,3 -

FFG-602 - 249,6 9.2 50.6
FFG-606 289,9 19,5 7,6 22.2 6.1 64.4

;| FFG-607 258,2 19.8 4.9 37.1 9.5 47.5

,.| FFG 608 264,0 22,8 5,2 63.4 8,5 61.0
= FFG-609 267,0 19,5 6,1 76,2 9.8 60.6
J FFG-610 276.5 24,3 9.2 64.0 9,1 51.8

FFG 611 277.4 24,4 4.2 59.2 8.5 56.1
FFG-612 243,7 17.7 3,0 33,6 9.4 44.8
FFG-613 217,4 15,0 7.6 28.0 9.2 46.9
FFG-618 195.1 " - 15.2 7,6

" FFG-620 150,1 21,3 7,3 - -
i FFG-621 210,9 - - " "! _ ,

FFG 638 363,7 18,6 5.8 80.5 6.7 -
= FFG-639 395.2 22.5 6.4 29.3 9.7 -

FFG-640 317.t 18,3 7,7 25,3 11.2 67.1
FFG-643 286.5 19.2 7.3 20.1 5.2 61.0

: FFG-644 213.2 17.1 5,2 24,0 6.7
FFG-648 402,3 17.1 5,2 22.8 12.8 -
FFG-652 227.7 18.9 6,1 30,8 7.0 29.5
FFG-653 216,1 20.1 5,8 31,4 7,0 27.1

ii FFG-654 199.0 19,5 5,2 29.0 6.7 26.8

FFG-655 195.7 19.2 4.9 25.9 7.0 27.4
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TABLE B-2. WELL NAMES AND THICKNESSES (m) OF THE SUPRA-RUSTLER (SURF) AND THE
RUSTLER FORMATION MEMBERS (FORTY-NINER [FORTHM], MAGENTA [MAGTHM],
TAMARISK [TAh_I"HM], CULEBRA [CULTHM], AND UNNAMED LOWER [ULMTHM]) IN
THE LOS MEDAI_IOS STUDY AREA (continued)

WlPPN SURF FORTHM MAGTHM TAMTHM CULTHM ULMTHM

FFG 656 197.5 17.4 6.1 25.6 6.7 29.6
FFG-657 177.1 16._ 6.1 20.8 6.7 26.2

N

FFG 658 189.9 16,4 7.4 25,0 6.7 26.5
FFG-659 170.7 15.8 6.4 22.9 8.2 27.5

_1 FFG-660 151.9 17.7 4.6 23.5 7.0 21.3
•| FFG-662 191.1 18.3 5.5 27.4 6.1 27.1

iU FFG 664 196.3 19.8 6.4 25.6 5.5 36,0
1.. FFG-666 125,0 17.6 6.1 24.4 6.1 23,8
| FFG-667 135.9 17.7 6.1 23.8 6.4 23.5
ii FFG-668_ 95.6 21.6 6,7 14.3
=_! FFG 669 102.1 21.3 7,1 15.2
"! FFG-670 103.0 19.2 7.6 22.0 8.2 13.1
_=?_, FFG-671 127.2 - 17.7 8.8 17.7
'| FFG-672 114.3 18.0 5,8 22.8 7.3 21.7

_,i FFG 673 122.5 - 20.5 6.7 17.0
' FFG-674 127.7 15.3 6.7 21.6 7.9 25.3

gl FFG-675 182.4 18.3 6.1 20.1 7.3 25.0
|! FFG-676 179.5 13.1 7.7 21.9 7.6 22.9

i -FFG 677 132.0 14.6 7.3 20.8 6.4 26.2
FFG-679 125.9 17.7 6.7 19.2 7.3 22,8

FFG-685 85.4 - - 7.0 85.4FFG-689 242.0 17.7 5.8 29.2 7.7 38.7

i_ FFG-690 227.4 19.8 6.1 30.2 7.9 42.7FFG-691 236.2 20.1 5.8 29.6 7.9 41.5

FFG-692 251.5 19.8 6.1 30.4 8.3 -

FFG-693 232.9 20.7 6.1 30,5 6.7 41.1
FFG-694 232.3 20,7 6.1 32.9 7.3 62.8
FFG-695 234.4 19.2 6.1 32.3 7.3 46.6.J

FFG-696 234.7 18.9 6.4 32.3 6.7 48.5
-q FFG-697 227.7 18.9 5.5 33.5 6.1 54.2
• FFG-698 178.3 19.8 6.1 33.5 6.7 60.4i,

FFG-699 218.5 18.3 6.1 31.1 6.1 58.5
FFG-700 225.7 18,9 5.5 27.7 4,9 62.2

= FFG-701 221.5 22.0 6.7 32.3 8.8 54.3
m

FFG 702 224.9 18.9 6.1 31.1 8.6 53,3
m

FFG 703 229.8 18.3 7.3 29.9 7.9 36.9
= FFG-704 226.5 20.7 6.1 33.8 8.3 50.9
-= FFG-705 288.3 19.9 6.0 29.9 7.9 61.0

FFG 706 270.7 18.9 5.4 28.4 7.9 5'7.3
FFG-707 278.3 20.7 6.1 27.4 9,8 60.3

= FFG-708 235.0 18,3 6.1 30.5 7.9 59.1
FFG-709 327.1 17.0 5.8 25.9 7.0 -

" FFG 710 324.9 17.1 6.1 27.7 6.4 46.0
FFG-711 318.5 19.2 7.0 33.6 8.5 55.5
FFG"712 282.4 16.8 7.9 32.6 8.8 -
FFG-71_ 338.8 16.7 7.7 27.4 7.0 -
FFG 714 233.8 20.1 8.3 30.4 6.4 -
FFG-715 225.6 16.7 8.2 33,0 6.7 -

i -

ii
!
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TABLE B-2. WELL NAMES AND THICKNESSES (m) OF THE SUPRA.RUSTLER (SURF) AND THE
RUSTLER FORMATION MEMBERS (FORTY-NINER [FORTHM], MAGENTA [MAGTHM],
TAMARISK [TAMTHM], CULEBRA [CULTHM], AND UNNAMED LOWER [ULMTHM]) IN
THE LOS MEDA_OS STUDY AREA (continued)

WlPPN SURF FORTHM MAGTHM TAMTHM CULTHM ULMTHM

FFG 716 362.7 17.1 4.2 71.7 7.6 44.2
m

FFG 717 333.6 19.2 5.2 25.9 7.0 43.3
FFG 718 321.4 16.8 5.8 36.2 8.6 43.3
FFG-719 343.7 17.3 5.2 48.2 7.3 47.5
FFG 720 320.3 20.5 7.6 45.7 11.3 43.9
FFG-721 328.9 18.9 5.5 27.4 6.7 45.1
FFG 723 246.1 16.5 6.4 22.5 7.7 42.6
FFG-724 305.3 19.8 5.5 27.1 8.5 44.2
FFG-725 317.3 17.4 5.2 36.8 6.4 36.0
FFG-726 319.7 16.2 5.2 28.9 7.6 51.9
FFG-727 317.9 22.9 5.1 35.7 8.5 55.2
FFG-728 315.8 18.6 4.5 26.6 8.5 47.8
FFG-729 307.8 17.7 5.2 34.8 7.9 45.1
FFG-730 294.1 19.2 4.3 27.7 8.3 42.6
FFG-731 301.6 17.7 5.2 27.4 7.6 45.1
FFG-732 300.8 18.9 7.4 26.8 8.2 -
FFG- 733 221.9 18.9 6.4 31.4 7.9 43.6
FFG-734 270,4 16.7 4.9 29.6 8.2 45.1
FFG 735 312.4 19.5 5.5 40.2 8.6 46.3
FFG-736 266.9 19.6 6.7 56.0 8.6 52.4
FFG-737 337.9 19.8 4.0 58.5 8.5 52.5
FFG-738 304.5 16.8 4.5 30.5 7.6 44.2
FFG-739 261.2 19.5 4.6 35.0 11.0 55.2
FFG-740 260.9 18.0 6.1 68.0 9.4 44.2
FFG-741 293.5 18.3 5.2 39.0 7.6 48.8
FFG-742 249.3 20.8 5.1 47.9 10.0 44.2
FFG-743 256.0 16.8 5.2 49.1 10.9 44.5
FFG-744 272.8 16.8 5.1 40.6 6.4 40.8
FFG-745 276.1 21.4 3.0 48,2 7.3 52.1
FFG-746 287.7 20.7 6.1 47.5 8,3 55.4

m

H-1 153.0 18,6 7.9 26.5 7.1 38.1
H-2 139.3 17.7 8.5 24.4 6.7 36.3
H-3 153.0 17.4 7.6 26.8 6.7 38.7
H-4 96.0 18.9 7.9 26.6 7.9 33.5
H-5 223.1 17.1 7.3 26.5 7.6 35.7
H-6 130.1 19.3 7.3 27.4 7.0 28.7
H-7 26.5 9.2 7.0 29.5 11.3 2.8
H-8 121.6 20.4 6.7 30.5 7.9 36.3
H-9 138.7 20.7 9.5 28.3 9.1 3.4.8
H-10 367.0 15.8 7.3 24.4 9.5 33.5
H-11 241 - - - 7.6 -
H-12 251.0 - - 8.2 -
H-14 166.1 - 7,3 7.9
H-15 262.4 - - 6.7
H-16 213.9 - 7.9 6.7

= H-17 215.2 - - 7.6
H-18 210.0 7.3

i P-1 109.1 19.8 7.7 27.4 8.2 34.1
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TABLE B-2. WELL NAMES AND THICKNESSES (m) OF THE SUPRA-RUSTLER (SURF) AND THE
RUSTLER FORMATION MEMBERS (FORTY-NINER [FORTHM], MAGENTA [MAGTHM],
TAMARISK [TAMTHM], CULEBRA [CULTHM], AND UNNAMED LOWER [ULMTHM])IN
THE LOS MEDANOS STUDY AREA (concluded)

WIPPN SURF FORTHM MAGTHM TAMTHM CULTHM ULMTHM

P-2 210.3 17.7 7.6 25.6 7.9 38.1
P-3 142.6 18.6 7.4 27.1 7.0 36.9
P-4 185.6 16.2 7.3 27.1 8.2 39.1
P-5 189.9 19.2 7.6 28.4 7.0 36.5
P-6 108.8 18.3 7.9 28.7 7.0 30.2
P-7 95.1 18.6 7.6 29.9 7.9 32.9
P-8 119.2 18.0 7.3 27.1 7.6 38.7
P-9 171.3 16.8 8.2 27.4 7.0 37.8
P-10 209,1 21.6 7.3 45.8 7.9 39.3
P-11 227.1 16,1 7.7 27.1 7.9 36.6
P-12 140.5 17.7 7.3 27.4 7.0 28.4
P-13 130.1 19.3 7,3 27.4 7.0 28.7
P-14 118.0 20.1 7.3 29.3 6.7 28.0
P-15 70.4 19.2 8.2 28.1 6.7 32.6
P-16 96.3 18.3 7.6 30.2 7.0 37.5
P-17 116.4 17.1 7.6 29.0 7.6 40.2
P-18 191.4 23.2 7.9 54.6 8.8 45.7
P-19 231.0 17.1 7.6 39.0 9.2 36.6
P-20 237.7 18.0 8.3 26.5 7.9 37.8
P-21 223.7 16.5 7.3 26.5 7.6 36.3
ERDA-6 163.4 18.0 7.9 27.1 7.6 24.4
ERDA-9 164.0 17.7 7.3 25.6 7.0 36.9
ERDA-10 111.6 - 5.7 27.8 8.5 37.8
AEC-7 201.8 21.6 7.9 33.9 7.9 29.0
AEC,-8 201.2 16.7 7.0 29.0 7.9 38.4
WIPP-11 202.1 19.5 7.0 28.7 7.0 25.6
WIPP-12 191.4 18.9 7.6 29.0 7.6 36.6
WIPP-13 157.6 14.3 5.8 36.0 7.0 36.6
WIPP-15 - -
WIPP-16 349.9 12.5 3.1 7.0 -
WIPP-18 186.8 18,0 7.3 27.5 6.7 36.6
WIPP-19 179.5 17.7 7.6 25.6 6.4 35.7
WIPP-21 170.7 17.7 7.0 26.8 7.3 35.1
Wl PP-22 174.7 17.3 7.3 26.9 6.7 36.2
WIPP-25 70.7 21.3 8.0 36.2 7.7 28.3
WIPP-26 3.0 18.3 8.9 26.5 7.0 30.5
WIPP-27 46.6 7.0 5.5 29.9 7.9 29.9
WIPP-28 65.5 21.4 7.6 33.5 7.9 25.9
WIPP-29 - 3.7 9.1 30.8
WlPP-30 136.9 19.5 7.3 28.6 7.0 29.0
WIPP-32 - 5.8 5.2 7.6 8.8 23.2
WIPP-33 121.3 15.6 5.7 25.0 8.6 24.1
WIPP-34 200.3 18.5 7.1 28.3 7.9 34.5
B-25 162.5 18.2 7.4 26.5 7.3 35.0
USGS-1 " "
ENGLE 200.9 - - 6.7
DOE-1 250.2 - 6.7 -
_ARIN-1 153.3 - 7.9 -

--m ........

_=

-I
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TABLE B-3. DATA BASE FOR SUPRA-RUSTLER FORMATION UNITS (ALLUVIUM THICKNESS
[ALLUVM], TOP OF DEWEY LAKE RED BEDS [DLTOPM], DEWEY LAKE THICKNESS
[DLTHKM] IN METERS]. UTMX AND UTMY ARE THE UNIVERSAL TRANSVERSE
MERCATOR COORDINATES

OBS TN RNG SEC UTMX UTMY AI.LUVM DLTOPM DLTHKM

1 20 29 25 590555 3601690 0.0 1010.4 25.6
2 20 29 28 586752 3600672 0.0 996,7 117.9
3 20 29 32 593958 3598805 66.4 921.1 14.0
4 20 29 36 600006 3599298 7.3 1027.4 53,3
5 20 30 32 595208 3599627 17.6 1007.6 34.1
6 20 30 35 607676 3598841 11.5 1025,0 217.0
7 20 31 30 603243 3600398 46.6 1043.3 141.7
8 20 32 10 616468 3606754 114.6 931.4 132,5
9 21 27 13 636745 3594033 10.0 954,0 27,4
10 21 27 35 636184 3590214 0,0 954.0 14.9
11 21 27 36 639526 3589243 0,0 945.1 4.5
12 21 28 2 588017 3597286 49.0 962.5 136,8
13 21 28 5 583564 3596707 30.4 950.0 43,8
14 21 28 12 590847 3595289 0,0 1023.2 21.0
15 21 28 15 586424 3593240 8.2 986,9 24,0
16 21 28 20 583988 3592021 17,3 959.2 33,5
17 21 28 27 587665 3590039 0.0 970.1 15,2
18 21 28 29 583988 3590814 0.0 969.8 11.5
19 21 28 29 583610 3590146 0.0 968.3 2,1
20 21 28 33 584528 3588367 0.0 957.8 70,4
21 21 28 35 588569 3588322 32.0 933.9 15,5
22 21 28 35 589481 3589846 0.0 968,6 18,5
23 21 28 35 588369 3589536 10,3 959.8 4,5
24 21 29 3 596362 3598010 14.6 1019.2 35,9
25 21 29 4 594776 3597648 16,4 1036.0 39.0
26 21 29 6 592332 3597631 0,0 1057.6 246,5
27 21 29 18 591979 3593600 39.6 964.0 0.0
28 21 29 19 592398 3591591 15.2 -15.2 21.3
29 21 29 22 596801 3592441 0,0 1048,5 85,9
30 21 29 34 596430 3589626 0,0 1044.2 55.4
31 21 30 5 602380 3597026 0.0 1031.1 45,1
32 21 30 21 604425 3593073 24,0 944.2 22,5
33 21 30 26 607832 3590109 42.3 941.2 93.8
34 21 30 35 607401 3588903 7.3 966.8 24.0
35 21 31 18 611265 3594687 3.6 1016.5 61.8
36 21 31 33 613718 3589700 0,0 1044.8 136,8
37 21 31 35 618226 3589011 21.6 1057.3 141.7
38 21 32 1 628708 3596750 311.5 838.8 155,1
39 21 32 2 627501 3596750 314.5 834.8 ! 55.7
40 21 32 2 626669 3597926 292.6 840,9 167.3
41 21 32 4 623730 3598370 230.1 883.3 175.2
42 21 32 10 625894 3595919 240.1 912,8 195,9
43 21 32 31 621117 3589387 34.1 1079.6 167.6
44 21 32 31 621117 3589387 34,1 1079,6 167,6
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TABLE B-3. DATA BASE FOR SUPRA-RUSTLER FORMATION UNITS (ALLUVIUM THICKNESS
[ALLUVM], TOP OF DEWEY LAKE RED BEDS [DLTOPM], DEWEY LAKE THICKNESS
[DLTHKM] IN METERS], UTMX AND UTMY ARE THE UNIVERSAL TRANSVERSE
MERCATOR COORDINATES (continued)

OBS TN RNG SEC UTMX UTMY ALLUVM DLTOPM DLTHKM

45 22 28 2 588569 3588121 10,0 957.9 37.4
46 22 28 22 586813 3582740 0.0 943.3 32.9
47 22 28 25 590526 3580760 0.0 965,6 40,5
48 22 28 27 586796 358'1108 0.0 936,9 19.8
49 22 30 1 609459 3587000 -3.0 1020.1 93.2
50 22 30 2 608244 3586901 43.8 923.8 0.9
51 22 30 11 608252 3586095 75,8 898.8 0.9
52 22 30 13 609629 3584019 12.1 1000.6 109.1
53 22 30 15 606391 3584037 3,0 976.2 67.6
54 22 30 24 610454 3583452 2.4 1025.9 138.0
55 22 30 24 609083 3581974 12.8 1011.3 105.1
56 22 30 27 606666 3581659 0,0 1001.5 56,6
57 22 30 27 606666 3581659 20.4 983,8 39.0
58 22 30 29 604006 3581161 0.0 960.7 3,0
59 22 30 36 609954 3578869 8,8 1005,2 57.3
60 22 31 1 618629 3586910 36,8 1045,4 153,0
61 22 31 6 610665 3587721 0.0 1029.0 117.6
62 22 31 9 613819 3586474 49.0 995,1 153.0
63 22 31 9 614333 3585141 46.9 999,4 153.3
64 22 31 11 617522 3586435 50.2 1026.2 150.8
65 22 31 14 618541 3583770 79.5 1003,4 158.1
66 22 31 15 616315 3584158 57.6 1001.5 156.9
67 22 31 15 616900 3584802 68.5 1000.3 154.5
68 22 31 15 616901 3584847 68.5 1000,9 155.1
69 22 31 17 613686 3583535 44.5 1013.4 145.3
70 22 31 17 613709 3583524 47,2 1011,0 144.1
71 22 31 17 612652 3584241 20.1 1017.7 137,4
72 22 31 18 610609 3585027 11,5 1008.8 118.5
73 22 31 18 610539 3585079 11,5 1007,9 118.5
74 22 31 20 613532 3563327 13.7 1025.3 148.7
75 22 31 20 612799 3581888 12.4 1018,6 130.1
76 22 31 20 613697 3581958 15.5 1026,5 148.4
77 22 31 20 613731 3583179 42.0 1011.3 144.7
78 22 31 20 613747 3582787 29.2 1017,1 150,2
79 22 31 20 613747 3582349 22.2 1019,2 148.4
80 22 31 20 613747 3582652 24.3 1019,8 150.2
81 22 31 20 611695 3580609 13.7 1025,3 148.7
82 22 31 23 618474 3582021 66.1 1026,8 161.5
83 22 31 23 617016 3563462 68.2 9<39,7 158.8
84 22 31 23 617687 3582410 70,7 1009,8 160,3
85 22 31 26 617074 3581193 46.0 1023,5 163.0
86 22 31 26 618367 3580352 26.5 1033,2 164,8
87 22 31 28 615315 3581850 49.9 1010,4 160.3
88 22 31 28 614936 3580324 30.1 1019.5 155,4



AppendixB

TABLE B-3. DATA BASE FOR SUPRA-RUSTLER FORMATION UNITS (ALLUVIUM THICKNESS
[ALLUVM], TOP OF DEWEY LAKE RED BEDS [DLTOPM], DEWEY LAKE THICKNESS
[DLTHKM] IN METERS]. UTMX AND UTMY ARE THE UNIVERSAL TRANSVERSE
MERCATOR COORDINATES (continued)

OBS TN RNG SEC UTMX UTMY ALLUVM DLTOPM DLTHKM

89 22 31 29 613420 35,81687 10,6 1025.0 142.3
90 22 31 29 612663 3581662 11.5 1018.0 127.7
91 22 31 29 613735 3580895 6.7 1026.5 146.3
92 22 31 29 612339 3580339 12.1 1007.3 96.9
93 22 31 30 610591 3581133 5.4 1016,8 103.3
94 22 31 31 610624 3578793 9.7 999.1 60.6
95 22 31 33 615365 3579125 20.1 1019.8 151.1
96 22 32 14 627262 3583857 105.1 1028.7 180.1
97 22 32 17 622836 3584196 120.0 1O01.8 144.4
98 22 32 18 621627 3583775 103.6 1018.3 166.1
99 22 32 19 621646 3582157 67,3 1033.2 162.1
100 22 32 25 628878 3581872 163.0 984.2 147.8
101 22 32 36 629713 3580287 178.3 963.4 167.6
102 23 29 28 595692 3570883 0.0 908,3 1.8
103 23 30 1 610081 3577672 0.0 1006.1 56.6
104 23 30 14 608086 3574632 17.3 946.7 9.1
105 23 30 24 609182 3573205 38.1 957.6 0.9
106 23 30 24 609182 3573205 8.2 987.5 30.4
107 23 30 34 606684 3570523 46.0 981.4 65.5
108 23 31 2 618415 3578487 15.5 1033.8 171.6
109 23 31 4 613827 3578467 11.8 1005.8 107.2
110 23 31 4 613929 3577459 14.0 1002.7 102.4
111 23 31 5 612404 3578497 8.8 1007.3 87.1
112 23 31 5 612305 3578476 13.7 1001.8 81.3
113 23 31 5 612704 3577312 9.7 1001.5 86.5
114 23 31 11 618558 3575680 55.4 1005.8 168.5
115 23 31 14 617677 3574462 71.0 990.9 164.5
116 23 31 21 615274 3572430 97.8 927.8 40.2
117 23 31 23 618192 3572457 101.4 950.0 131.9
118 23 31 26 618192 3571652 54.8 994.8 173.1
119 23 31 26 618091 3571652 47.8 999.'7 173.4
120 23 31 27 615699 3571221 17.0 1016.2 130.4
121 23 31 29 613285 3571206 106.0 915,6 0.0
122 23 31 32 612475 3570378 0.0 1021.0 109.7
123 23 31 36 618940 3569255 58.8 1011.6 171.2
124 23 32 3 626522 3578211 189.8 942.7 158.4
125 23 32 9 624541 3575777 174.0 950.0 169.7
126 23 32 11 627739 3576635 188.9 944.2 172.2
127 23 32 15 626158 3575003 189.8 940.9 165.2
128 23 32 18 621734 3574920 140.5 957.0 165.2
129 23 32 20 622977 3572600 199.0 924.4 166.4
130 23 32 20 622976 3572449 200.5 923.2 166.4
131 23 32 21 624563 3573759 187,1 937.8 163.3
132 23 32 24 629928 3572946 208.7 922.0 164.2
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TABLE 8-3. DATA BASE FOR SUPRA-RUSTLER FORMATION UNITS (ALLUVIUM THICKNESS
[ALLUVM], TOP OF DEWEY LAKE RED BEDS [DLTOPM], DEWEY LAKE THICKNESS
[DLTHKM] IN METERS]. UTMX AND UTMY ARE THE UNIVERSAL TRANSVERSE
MERCATOR COORDINATES (continued)

OBS TN RNG SEC UTMX UTMY ALLUVM DLTOPM DLTHKM

133 23 32 24 629827 3572644 209.3 922.0 _ 163,0
134 23 32 25 629946 3571133 193.8 929,9 170,9
135 23 32 25 629107 3572102 196.5 934.2 170,6
136 23 32 25 629107 3572102 198.1 927.2 169,4
137 23 32 26 627420 3570965 201.7 910.1 167,0
138 23 32 26 628323 3571395 198.4 928,4 169,1
139 23 32 28 624184 3572130 190,5 933.3 169,1
140 23 32 31 620546 3569268 g8,7 981.1 161.5
141 23 32 34 626737 3569761 189.2 914.1 164.5
142 23 32 35 627842 3569787 191,7 923.8 167.0
143 23 32 35 627521 3570060 188.3 932.9 172.5
144 23 32 35 627018 3570160 198.1 915,9 165,2
145 23 32 35 628122 3570289 197,5 924.1 164,5
146 23 32 35 627719 3570289 192,6 929,9 172.2
147 23 32 36 628625 3570188 194.7 918.6 170,6
148 23 32 36 629464 3569834 179.2 937.2 181.3
149 24 29 27 596315 3560963 0.0 888.1 133,8
150 24 30 23 607685 3562746 98.7 939,0 37.7
151 24 30 23 608656 3563541 46.6 999.7 74,9
t52 24 30 25 609337 3561151 110.6 930,8 33,2
153 24 30 29 604032 3561080 0.0 993,9 133.5
154 24 31 1 619350 3568028 57.3 1019,2 177.0
155 24 31 2 617729 3568422 69,1 991.2 183.4
156 24 31 3 616941 3567'315 27.7 1036.3 175,2
157 24 31 4 614612 3568483 19,8 1017.7 114.3
158 24 31 4 614511 3568385 14,3 1022,6 114,3
159 24 31 4 615316 3568812 10,6 1033,5 133,8
160 24 31 4 613965 3568233 7.3 1030.8 131.3
161 24 31 6 611273 3568414 38.7 'i002,1 99.6
162 24 31 6 611273 3568414 38.1 1002.7 100.2
163 24 31 7 612154 3565951 0.0 1074,1 178.3
164 24 31 7 612154 3565951 43.8 1030.2 135,6
165 24 31 11 618143 3567223 60.0 1011.3 170.0
166 24 31 17 613758 3565566 39.9 1041,8 161,5
167 24 31 18 612171 3564340 33,5 1034,1 138.6
168 24 31 20 612992 3562725 45,1 1014.9 112,4
169 24 31 20 613776 3563957 24.0 1048,5 156,9
170 24 31 21 615380 3563980 40.8 1033.2 166,7
171 24 31 21 614199 3562745 28,9 1037.2 151.4
172 24 31 24 619811 3562825 45.1 1033.5 162,4
173 24 31 28 615418 3561157 40.2 1020.1 134.4
174 24 31 35 617438 3559994 53,9 1007.6 130.4
175 24 32 1 629485 3567808 190.5 909,8 166.7
176 24 32 2 628244 3568580 165.8 937.8 187,4
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TABLE B-3. DATA BASE FOR SUPRA-RUSTLER FORMATION UNITS (ALLUVIUM THICKNESS
[ALLUVM], TOP OF DEWEY LAKE RED BEDS [DLTOPM], DEWEY LAKE THICKNESS
[DLTHKM] IN METERS], UTMX AND UTMY ARE THE UNIVERSAL TRANSVERSE
MERCATOR COORDINATES (concluded)

OBS TN RNG SEC UTMX UTMY ALLUVM DLTOPM DLTHKM

177 24 32 2 627444 3568551 185,0 918,9 171.9
178 24 32 6 621409 3568885 104,8 985.1 163,3
179 24 32 10 626275 3566554 173.7 929,0 154.2
180 24 32 11 628292 3566167 191.1 914.1 168.2
181 24 32 15 626701 3564948 150.5 940.9 164,7
182 24 32 15 625893 3564517 142.0 952.2 167,0
183 24 32 15 626299 3564546 149,3 951.5 170.6
184 24 32 15 626683 3564546 173.7 922,3 165.2
185 24 32 22 626323 3563337 145.9 950.3 170,6
186 24 32 22 626299 3564143 148,4 946.1 171,9
187 24 32 23 628316 3564175 151,7 943,9 176.4
188 24 32 23 627104 3563741 154.5 943.0 176.1
189 24 32 33 625107 3559688 88,3 978.4 161.5
190 25 '.."9 E, 594349 3556099 0.0 888.1 6.4
191 25 29 14 598396 3554904 0,0 945.1 162.4
192 25 29 15 596378 3554488 0,0 926,5 89,3
193 25 32 9 625251 3556373 76,2 0.0 160.9
194 25 32 10 625526 3557677 76,5 980,5 157.5
195 25 32 10 626238 3557256 74.9 978.1 161.8
196 25 32 10 625526 3557677 106,3 944,8 128,0
197 25 32 10 625553 3556776 108,8 945.4 130.1
198 25 32 10 626263 3557002 59,1 994,8 174.0
199 25 32 10 625955 3556876 85.9 -85,9 153,3
200 25 32 10 625928 3557677 88,3 968.6 149.3
201 25 32 10 625928 3557275 0.0 0.0 231.9
202 25 32 10 625526 3557275 97.5 957.6 138.9
203 25 32 15 626364 3555694 112.7 934.8 117.6
204 25 32 31 620746 3550770 174,6 833,9 152.4
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TABLE B-4. UNIVERSAL TRANSVERSE MERCATOR (UTM), AND STATE (STATE) COORDINATES FOR
THE WIPP TEST HOLES

WELL NAME UTM-X UTM-Y STATE-X STATE-Y

_" ,_WASTESHAFT 613 579 3,582,079 666,919.9 499,287.2
'_ 'EXHAUST SHAFT 613 717 3,582,080 667,370.4 499,287.2

_,IR-INTAKE SHAFT 613 159 3,582,200 666,270.0 499,687.1
C&SH SHAFT 613 574 3,582,202 666,894.9 499,687,2
AEC-7 621 126 3,589,381 691,829 523,133
AEC-8 617 525 3,586,442 679,951 513,567
CABIN BABY 613 191 3,578,049 665,559 486,111
DOE-1 615 203 3,58_,333 672,206 493,563
DOE-2 613 683 3,5&5,294 667,317 509,876
ENGLE (est.) 615,108 3,587,466 671,622 451,337
ERDA-6 618,220 3,589,008 682,279 521,970
ERDA-9 613 696 3,581,958 667,303 498,888
ERDA-lO 606 685 3,570,515 644,058 461,520
H-1 613 423 3,581,684 666,400 497,991
H-2A 612 663 3,581,641 663,898 497,913
H-2B1 612 651 3,581,651 663,860 497,943
H-2B2 612 661 3,581,648 663,890 497,934
H-2C 612 666 3,581,668 663,907 498,002
H-3B1 613 729 3,580,895 667,377 495,440
H-3B2 613 701 3,580,906 667,283 495,476
H-3B3 613 705 3,580,876 667,298 495,376
H-3D 613 721 3,580,890 667 350 495,421
H-4A 612 407 3,578,469 662 993 486,962
H-4B 612 380 3,578,483 662.906 487,554
H-4C 612 406 3,578,499 662 991 487,607
H-5A 616 888 3,584,776 677 828 508,111
H-5B 616 872 3,584,801 677 777 508,194
H-5C 616 903 3,584,802 677,878 508,198
H-6A 610 580 3,584,982 657 132 508,881
H-6B 610 594 3,585,008 657 180 508,969
H-6C 610 610 3,584,983 657,232 508,884
H-7A 608 102 3,574,670 648,790 475,132
H-7B 608 124 3,574,648 648,862 475,061
H-7B2 608 111 3,574,612 648,812 474,967
H-7C 608,095 3,574,640 648,766 475,035
H-SA 618,658 3,563,566 650,392 438,678
H-SB 608,683 3,563,556 650 473 438,646
H-SC 608,664 3,563,537 650 409 438,581
H-gA 613,958 3,568,260 667 879 453,977
H-,9B 613,989 3,568,261 667 979 453,978
H-gC 613,974 3,568,234 667 929 453,890
H-10A 622,949 3,572,457 697 463 467,561
H-1OB 622,975 3,572,473 697 549 467,613
H-10C 622,976 3,572,443 697 550 467,513
H-11 B1 618,346 3,579,130 672,647 489,617

_6urce: Modifie_ from Gonzalez, 1989



AppendixB

TABLE B-4. UNIVERSAL TRANSVERSE MERCATOR (UTM), AND STATE (STATE) COORDINATES FOR
THE WIPP TEST HOLES (continued)

WELL NAME UTM-X UTM-Y STATE-X STATE-Y

H-11 B2 615,348 3,579,107 672 653 489,542
H-11 B3 615,367 3,579,127 672 716 489,608
H-11 B4 615,313 3,579,131 672 523 489,622
H-12 617,023 3,575,452 678 079 477,535
H-14 612,641 3,580,354 662 815 493,697
H-15 615,315 3,581,859 672 606 498°572
H-16 613,369 3,582,212 666 231.8 499,726,1
H-17 615,718 3,577,513 673 837 .484,304
H-18 612,264 3,583,166 662,621 502,926
P-1 612,338 3,580,341 662 804 493 651
P-2 615,316 3,581 848 672 609 498 536

I

P-3 612,799 3,581 898 664 351 498 747
, P-4 614,935 3,580 319 671,327 493 521
°' P-5 613,685 3,583 535 667 290 504 103
il P-6 610 609 3,581 084 657 144 496 090
•'_ P-7 612 308 3,578 478 662 669 487 090
_i P-8 613 830 3,578 467 667 664 487 471

P-9 615 356 3,579 125 672 678 489 599
P-lO 617 08'7 3,581 203 678 410 496.383
P-11 617 016 3,583 457 678217 503 781
P-12 610 456 3,583 452 656 692 503 896
P-13 610 531 3,585 029 656 973 509 039
P-14 609 084 3,581 976 652 159 499 082
P-15 610,624 3,578 793 657 148 488 610
P-16 612,695 3,577321 663 914 483 737

= P-17 613,926 3,577 466 667 953 484 185IN
P-18 618,367 3,580 350 682,589 493 556

.; P-19 617,681 3,582 418 680,377 500 362
J P-20 618,532 3,583 768 683,197 504 767
.| P-21 616,898 3,584 849 677,862 508 351i

WIPP-11 613,791 3,586 475 687,700 513 751
•, WIPP- 12 613,710 3,583 524 667,371 504,068
,,!

WIPP-13 612,644 3,584 247 663,885 506,464
.1;, WIPP-14 613,080 3,585 103 665,336 509,260
_' Wl PP-15 (approx) 649,871 3,575 041 765,854 475,695

WIPP-16 603,987 3,597 048 632,738 548 644
= WIPP-18 613,735 3,583,179 687,446 502 935
-- WIPP-19 613,739 3,582,782 667 453 501,632
m,. Wl PP-21 613,743 3,582,319 667 459.4 500,071.3

WIPP-22 613,739 3,582,653 667 453.8 501 165.7
WIPP-25 606,385 3,584,028 643 343 505 868
WIPP-26 604,014 3,581,162 635 509 496 516
WIPP-27 604,426 3,593,079 637 103 535 612

== WIPP-28 611,266 3,594,680 659 579 540 722
= WIPP-29 596,981 3,578,694 612 378 488.559

Wl PP-30 613,721 3,589,701 667 536 524,337

Source: Modified from Gonzalez, 1989

"i_

B-39

.|
i

, ,



AppendixB: PreliminaryGeohydrologloDataBases

TABLE B-4, UNIVERSAL TRANSVERSE MERCATOR (UTM), AND STATE (STATE) COORDINATES FOR
THE WIPP TEST HOLES (concluded)

WELL NAME UTM-X UTM-Y STATE-X STATE-Y

WIPP-31 617,318 3,598,952 679,527 554,620
WIPP-32 595,904 3,579,081 608,848 489,850
WIPP-33 609,630 3,584,019 653,981 505,790
WIPP-34 614,334 3,585,142 669,449 509,375
WIPP-35 613,614 3,586,322 667,122 513,251

Source: Modified from Gonzalez, 1989
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GLOSSARY

accessible environment - The accessible environment means (i) the atmosphere,

(2) land surfaces, (3) surface waters, (4) oceans, and (5) ali of the

lithosphere that is beyond the controlled area (40 CFR 292.]2[k]).

algal- Composed of photosynthetic, almost exclusively aquatic plants that

range in size from simple u_icellular forms to giant kelps several meters :

long.

algorithm - A procedure for solving a mathematical problem in a finite number

of steps that frequently involves repetition of an operation.

anhydrite - A mineral consisting of anhydrous calcium sulfate (CaSO4). lt is

gypsum without water, and is denser, harder, and less soluble.

i anisotropic - Pertaining to any material property, such as hydraulicconductivity, that varies with direction.

anticline - A fold of rocks, generally convex upward, whose core containsstratigraphically older rocks.

n aquifer - A body of rock is sufficiently permeable to ground

that conduct

water and to yield significant quantities of ground water to wells and

---= springs.I
-

_', aquitard - A confining bed that retards but does not prevent the flow of

water to or from an adjacent aquifer.

,I

i argillaceous - Containing clay-sized particles or clay minerals.
l

basin - A depression in the Earth's crust in which sediments have

: accumulated.
-=n

, Bell Canyon Formation - A sequence of rock strata that form the topmost
_

formation of the Delaware Mountain Group (Early Permian).
i

z biogenic - Produced directly by the physiological activities of organisms,

either plant or animal.

- borehole - (I) A manmade hole in the wall, floor, or ceiling of a subsurface

room used for verifying geology, making observations, or emplacing canisters

_;_ of remote-handled transuranic (Pdz-TRU) waste. (2) A hole drilled from the

!I O -I

n



Glosssry

surface for purposes of geologic or hydrologic testing, or to explore for

resources; sometimes referred to as a drillhole.

breccia - A rock consisting of very angular, coarse fragments held together

by a mineral cement or a fine-grained matrix (as sand or clay).

breccia pipe - A vertically cylindrical feature filled with collapse debris.

lt is formed when relatively fresh water from a deep-seated aquifer moves

upward through fractures, dissolving evaporites and causing collapse of the

surrounding rock material.

trine aquifer - The Rustler-Salado residuum, a zone of residual material,

left after dissolution of the original salt at the interface of the Rustler

and Salado Formations, that is highly permeable and contains much brine.

brine pocket - Hydraulically isolated, stagnant pocket of pressurized fluid

in the Castile Formation; also referred to as "brine occurrence" or "brine

reservoir, _

brine reservoir - See brine pocket.

caliche - A calcareous material commonly found in layers on the surface of or

within stony soils of arid or seml-arld regions. It occurs as gravels,

sands, silts, and clays cemented together by calcium carbonate (lime) or as

crust_ at the surface of the soil.

Capitan Reef - A fossilized limestone reef of the Permian Period that

surrounds most of the Delaware Basin.

Castile Formation - A stratlgraphlc unit of evaporite rocks (interbedded

halite and anhydrite) of the Permian Period that immediately underlies the

Salado Formation (in which the WIPP disposal level is being built).

cementation - The process by which coarse clastic sediments become

consolidated into hard, compact rocks, usually through deposition or

precipitation of minerals in the spaces among the individual grains of the

sediment.

Cenozoic - An era of geologic time from the beginning of the Tertiary Period

(about 66 million years ago) to the present.

chertf - Containing chert, a hard, extremely dense or compact,

_=_ microcrystalline or cryptocrystalline sedimentary rock.

-
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Glossary

clastic- Rock or sediment composed principally of broken fragments thai: are

derived from preexisting rocks or minerals.

claystone - An indurated clay having the texture and composition of shale but

lacking the fine lamination and fissillty.

compaction - Mechanical process by which the pore space in the waste is

reduced prior to waste emplacement.

compliance evaluation or assessment - The process of assessing the regulatory

compliance of a mined geologic waste repository.

compressibility - A measure of the ability of a substance to be reduced in

volume by application of pressure; quantitatively, the reciprocal of the bulk

modulus.

computer model - The appropriately coded analytical, quasi-analytical, or

numerical solution technique used to solve a mathematical model.

conceptual model - The set of hypotheses and data that postulate the

description and behavior of the disposal system (e.g., structural geometry,

material properties, and ali significant physical processes that affect

behavior). For WIPP, the data pertinent for a conceptual model are stored in

the secondary data base. Several secondary data bases exist because each

scenario may have a slightly different conceptual model.

conductivity - A shortened form of hydraulic conductivity.

confined ground water - Groundwater under pressure significantly greater than

atmospheric pressure. Its upper surface is the bottom of an impermeable bed

or a bed of distinctly lower permeability than the material in which the

water occurs.

conglomeratic - Having a sparse to liberal amount of pebbles or cobbles.

connate - Fluids or volatile materials trapped in sediments at the time the

deposits were laid down.

controlled area - The controlled area means "(i) a surface location, to be

identified by passive institutional controls, that encompasses no more that

i00 km and extends horizontally no more than 5 km in any direction from the

- outer boundary of the original location of the radioactive wastes in a

disposal system; and (2) the subsurface underlying such a surface location."=

i
i (40 CFR 191.12[g7)
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Cretaceous - Last period of the Mesozoic Era, about 66 to 144 million years

ago.

Culebra Dolomite Member - The lower of two layers of dolomite within the

Rustler Formation that are locally water bearing.

Darcian - Pertaining to a formula derived by Darcy for the flow of fluids,

with the assumption that the flow is laminar and that inertia can be

neglected.

darcy - An English standard unit of permeability, defined by a medium for

which a flow of i cm3/s is obtained through a section of I cm 2, for a fluid

viscosity of i cP and a pressure gradient of I atm/cm. One darcy is equal to

9.87 x 10 "13 m2.

Delaware Basin - The part of tile Permian Basin in southeastern New Mexico and

adjacent parts of Texas where a sea depc_sited large thicknesses of evaporites

between approxilnately 260 and 250 million years ago. It is partially

surrounded by the Capitan Reef.

Delaware Mountain Group - A set of three formations of the Permian Period

that underlie the Castile Formation at the Los Medafios site.

depocenter - An area or site of maximL_ deposition.

depositional - The accumulation of loose rock material by an natural agent.

deterministic - An exact mathematical relationship between the dependent and

independent variables in a system.

Dewey Lake Red Beds - A formation of the Permian Period that overlies the

Rustler Formation and is composed of reddish-brown marine mudstones and

siltstones interbedded with flne-grained sandstone.

diastrophism - Ali movement of the crust produced by tectonic processes,

including the formation of ocean basins, continents, plateaus, and mountain

ranges.

disconformable - Formations that exhibit parallel bedding but have between

them a significant interval of erosion or non-deposition that indicates a

break in the time sequence.

discordance - Lack of' parallelism between adjacent rock units.

I
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disposal - "Disposal means permanent isolation of spent nuclear fuel or

radioactive waste from the accessible environment with no intent of recovery,

whether or not such isolation permits the recovery of such fuel or waste.

For example, _os<. ai of waste in a mined geologic repository occurs when ali
of the shafts to tb@_ r6pository are backfilled and sealed." (40 CFR

/,

191.o2117)

disposal system - Any combination of engineered and natural barriers that

isolate spent nuclear fuel or radioactive waste after dispos_l (40 CFR

191.12(a)). The natural barriers extend to the accessible e_=vironment. The

WIPP disposal system comprises the underground repository, shafts, and

controlled area.

Dockum Group - A geologic sedimentary sequence of the Triassic Period that

overlies the Dewey Lake Red Beds over part of the Los MedaNos area.

dolomite - A carbonate sedimentary rock consisting of more than 50% of the

mineral, dolomite [CaMg(CO3)2].

drawdown - The lowering of water level in a well as a result of fluid

withdrawal.

Eocene - An epoch of the early Tertiary Period (or Paleogene Period),

subsequent to the Paleocene Epoch and preceding the Oligocene Epoch (about 37

to 58 million years ago).

equipotential - Points with the same hydraulic head elevations.

equipotentiometric - Pertaining to equal levels of water rise in wells.

evaporite - A sedimentary rock composed primarily of minerals produced by

precipitation from a solution that has become concentrated by the evaporation

of a solvent, especially salts deposited from a restrleted or enclosed body

of seawater or from the water of a salt lake. In additlon to halite (NaCI),

these salts include potassium, calcium, and magnesium chlorides and sulfates.

evapotranspiration - Loss of water from a land area through transpiration of

plants and evaporation from the soil.

exploratory drilling - Drilling to an unexplored depth or in territory having

unproven resources.

facies - An areally restricted part of a rock body that differs in

mineralogic composition, grain size, or fossil content from nearby beds

I G-5
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deposited at the same time and that broadly corresponds to a certain

environment or mode of deposition.

flowpath - The path traveled by a neutrally buoyant particle released into a

groundwater-flow field.

fluvial - Of or pertaining to a river or rivers.

fossiliferous - Containing remains, traces, or imprints of plants or animals

that have been preserved in the Earth's crust since some past geologic or

prehistoric time.

fusullnids - A type of protozoan characterized by a multichambered elongate

external shell that is composed of mlcrogranu].ar calcareous material and

resembles the shape of a grain of wheat.

geochemistry - The study of the distribution and amounts of the chemical ele-

ments in minerals, ores, rocks, soils, water, and the atmosphere.

geohydrology - The study of the hydrologic or flow characteristics of sub-

surface waters.

geology - The study of the Earth, the materials of which it is made, the pro-

cesses that act on these materials, the products formed, and the history of

the planet and its life forms since its origin.

geomorphology - The study of the classification, description, nature, origin,

and development of present landforms and their relationships to underlying

structure, and of the history of geologic changes as recorded by these

surface features.

geophysics - The study of the Earth by quantitative physical methods such as

electric, gravity, magnetic, seismic, and thermal techniques.

glauberite - A brittle, light-colored, monoclinic mineral: Na2Ca(SO4) 2. lt

has a vitreous luster and saline taste and occurs in saline residues.

gradational - Gradual change in rock characteristics from one rock body to

another.

gralnstone - A carbonate sedimentary rock composed almost entirely of grains

(either inorganic or organic particles) and virtually no mud.

_i G-6
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Guadaluplan - A North American geologic series, above the Leonardlan Series

and below the Ochoan Series, that corresponds to portions of the Early and

Late Permian Period (about 253 to 263 million years ago).

gypslferous - Containing gypsum, hydrous calcium sulfate (CaSO4 • 2H20), a

mineral frequently associated with halite and anhydrite in evaporites.

halite - A dominant mineral irlevaporites; salt, NaCI.

headward erosion - The lengthening and cutting upstream of a young valley or

gully above the original source of its stream.

Holocene - A geologic epoch of the Quaternary Period, subsequent to the

Pleistocene Epoch (about i0,000 years ago) and continuing to the present

horizon - In geology, an interface indicative of a particular position in a

stratigraphlc sequence. An underground level; for instance, the waste-

emplacement horizon at the WIPP is the level about 650 m (2,150 ft) deep in

the Salado Formation where openings are mined for waste disposal.

I

i host rock - The geologic medium in which radioactive waste is emplaced.

hydraulic - Pertaining to a fluid in motion.

hydraulic conductivity - The measure of the rate of flow of water through a

i cross-sectional area under a unit hydraulic gradient.

hydraulic gradient - A quantity defined in the study of ground-water

=_= hydraulics that describes the rate of change of total hyraulic head per unit

, distance of flow in a given direction.
i
l

_-= hydraulic head - The elevation to which water rises at a given point as a

result of reservoir pressure.

J

i hydrochemical - The diagnostic chemical character of ground water occurring

in hydrologic systems.

hydrogeology - The study of subsurface waters and of related geologic aspects

of surface waters.

=

hydrologic properties - Those properties of a rock that govern the entrance_

of water and the capacity to hold, transmit, and deliver water, such as

porosity, effective porosity, specific retention, permeability, and the

directions of maximum and minimum permeabilities.

il
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hydrology - The study of global water, its properties, circulation, and

distribution.

hydropad - A complex of hydro-wells closely spaced for testing on

hydrostratigraphic units.

hydrostratlgraphlc - Pertaining to a body of rock having considerable lateral

extent and composing a geologic framework for a reasonably distinct

hydrologic system.

in situ - In the natural or original position; used to distinguish in-piace

experiments, rock properties, and so on, from those in the laboratory.

Interbeds - Sedimentary beds that lie between or alternate with other beds

having different characteristics.

interfinger - The disappearance of sedimentary bodies into laterally adjacent

masses by splitting into many thin layers, each terminating independently.

intergranular - Between the grains or particles of a rock.

intertongulng - The lateral intergradation of different rock types through a

vertical succession of thin, interlocking or overlapping, wedge-shaped

layers.

isolith - A line on a map through points of equal aggregate thickness of a

particular type of material within a formation.

isopach - A line drawn on a map through points of equal true thickness of a

designated stratigraphic unit or group of stratigraphic units.

Isopleth - A llne on a map along which ali points have the same numeric

constant or equal value for a specified variable.

Isotroplc - Independent material properties that are constant regardless of

direction of movement.

3urasslc - The second period of the Mesozoic Era, subsequent to the Triassic

Period and preceding the Cretaceous Period (about 144 to 208 million years

ago).

karat - A topography formed from solution of limestone, dolomite, or gypsum;

characterized by sinkholes, caves, and underground drainage.

G-8
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i
karstification - The formation of karst features by the solutional and

I mechanical action of water.
Laguna Grande de la Sal - The largest lake in the Les Medafios area, located

southwest of the WIPP.
-

| lamprophyre ,. A group of dark-colored, porphyritic, igneous rocks

characterized by a high percentage of mafic (Mg, Fe) minerals (esp, biotite,

hornblende, and pyroxene).

langbeinite - A colorless to reddish mineral [K2Mg2(S04)3] used as a sourcei

| of potassium in fertilizers and formed as a saline residue from evaporation.

I
lenticular - Having the cross-sectional shape of a lens, esp. of a double-!
convex lens. The term may be applied to a body of rock or a sedimentary

structure.

4

Leonardian - A North _uerican geologic series, above the Wolfcampian Ser_es

and below the Guadalupian Series, that corresponds to the Early Permiani

Period (about 263 to 268 million years ago).

I

ii limey - Containing calcium carbonate (CaC03).
lithologic - The descriptive characteristics of rock composition.

i lithostatic pressure - Subsurface pressure caused by the weight of overlying

I] rock or soil, about 14.9 MPa at the WIPP repository level.
m
I
i

_! Livingston Ridge - Topographic feature marking the eastern boundary of Nash
Draw.

i

!

lognormal distribution - A frequency distribution whose logarithm follows a

normal distribution.

I Los Medafios - Literally "the dunes." The area in which the WIPP is located.
=

low - A general geologic term for such features as a structural basin, a syn-

cline, a saddle, or a sag.

-

Malaga Bend - Prominent bend in the Pecos River, southwest of the WIPP.

Mescalero caliche - Informal name for mid-Pleistocene (approximately 510,000

| years ago) caliche occurring in southeastern New Mexico.

I G-9
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Mesozoic - The era of geologic time from about 66 to 245 million years ago.

mlcrocrystalllne - Crystals too small to see with the naked eye.

mlcrodarcy (#d) - A unit of measurement of fluid permeability, equivalent to

10.6 darcy or 9.87 x 10'19 m2.

millldarcy (md) - Unit of measurement of fluid permeability, equivalent to

I0"3 darcy or 9.87 x 10 -16 m2.

Miocene - An epoch of th_ early Tertiary Period, subsequent to the Oligocene

Epoch and preceding the Pliocene Epoch (about 5 to 24 million years ago).

modeler - One who formulates a working hypothesis or precise simulation, by

means of description, statistical data, or analogy, of a phenomenon or

process that cannot be observed directly. _

monocllne - A local steepening in an otherwise uniformly gentle dip.

mudstone - A blocky or massive, fine-grained sedimentary rock in which the

proportion of clay and silt are approximately equal.

multlpad - See hydropad.

nanoil........:oy (nd)- A unit of measurement of fluid permeability, equivalent to

10 .9 darcy or 9.87 x 10.22 m2.

Nash Draw - A shallow, 5-mile-wide valley located to the west of the WIPP and

open to the southwest.

Ochoan - A North American geologic series, above the Guadalupian Series and

below the Lower Triassic Series, corresponding to the Late Permian Period

(about 248 to 253 million years ago).

Ogallala Formation - A sequence of late Tertiary Period (Miocene and Pliocene

Epochs) sandstones and conglomerates widely distributed in the American Great

Plains.

Oligocene - An epoch of the early Tertiary Period, subsequent to the Eocene

Epoch and preceding the Miocene Epoch (about 24 to 38 million years ago).

Ordovician - The second earliest period of the Paleozoic Era, subsequent to

the Cambrian Period and preceding the Silurian Period (about 408 to 505

million years ago).

G-10
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Glossary

Paleocene - An epoch of the early Tertiary Period, subsequent to the Late

Cretaceous Period and preceding the Eocene Epoch (about 58 to 66 million

years ago),

paleosol - A buried soil horizon of the geologic past.

panel - A group of several underground rooms bounded by two pillars and con-

nected by drifts. Within the WIPP, a panel usually consists of seven rooms

connected by 10-m-wide drifts at each end.

pascal (Pa) - Unit of pressure produced by a force of i newton applied over

an area of i m2. One pound per square inch is equal to 6.895 x 103 Pa.

Pecos River - Major river in eastern New Mexico and western Texas,

Pennsylvanian - Second to the last Paleozoic period (about 286 to 320 million

years ago).

perched groundwater - Unconfined groundwater separated from an underlying

body of groundwater by an unsaturated zone. Its water table is a perched

water table. Perched groundwater is held up by a perching bed whose

permeability is so low that water percolating downward through it is not able

to bring water in the underlying unsaturated zone above atmospheric pressure.

performance assessment - The process of assessing the compliance of a deep,

geologic, waste repository with the containment requirements of 40 eFR 191,

Subpart B. Performance assessment is defined by Subpart B as "an analysis

that (i) identifies the processes and events that might affect the disposal

system, (2) examines the effects of these processes and events on the

performance of the disposal system, and (3) estimates the cumulative releases

of radionuclides, considering the associated uncertainties, caused by ali

significant processes and events. These estimates shall be incorporated into

an overall probability distribution of cumulative release to the extent

practicable." (40 eFR 191.12(q))

permeability - A measurement of the ability of a rock or soil to allow fluid

to pass through it.

Permian - The last period of the Paleozoic Era, subsequent to the

Pennsylvanian Period (about 245 to 286 m_.llion years ago).

Permian Basin - A region in the south-central United States, where during the

Permian Period (245 to 286 million years ago), there were many shallow sub-

basins in which vast beds of marine evaporites were deposited.
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Phanerozolc - That part of geologic time represented by rocks in which the

evidence of life is abundant, i.e., Cambrian Period (570 million years ago)

and later time.

phreatlc - Pertaining to a subsurface zone in which all the interstices are

filled with water under pressure greater than that of the atmosphere.

phreatophyte - A plant that obtains its water supply from the phreatic zone

or from the zone immediately above the water table (capillary fringe) and is

characterized by a deep root system.

physico-chemlcal - Pertaining to physical chemistry.

playa - An intermittently dry, vegetation-free, flat area at the lowest part

of an undrained desert basin, underlain by stratified clay, silt, or sand,

and commonly by soluble salts.

Pleistocene - An epoch of the Quaternary Period, subsequent to the Pliocene

Epoch of the Tertiary Period and preceding the Holocene Epoch (about 1.6

million years ago to I0,000 years ago); corresponds to the "Great Ice Age."

Pliocene - An epoch of the Tertiary Period, subsequent to the Miocene Epoch

and preceding the Pleistocene Epoch (about ]..6 to 5 million years ago).

pluvial - Of a geologic episode, change, deposit, process, or feature re-

sulting from the action or effects of rain.

polyhalite - An evaporite mineral: K2MgCa2(SO4)4.2H20; a hard, poorly soluble

mineral.

porosity - The percentage of tot;al rock volume occupied by voids.

porphyritic - Refers to the texture of an igneous rock in which larger

crystals (phenocrysts) are set in a finer-grained groundmass.

post-deposltlonal - Occurring after sediments have been laid down.

potash - Specifically K2CO3. Also loosely used for many potassium compounds,

especially as used in agriculture or industry.

potential - A function or set of functions of position in space, from whose

first derivatives a vector can be formed, such as that of a static field

intensity.
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potentlometrlc surface - An imaginary surface representing the total head of

ground water and defined by the level to which water will rise in a well.

probabilistic - Using the probability of a given set of events from a family

of outcomes.

Quahada Ridge - Topographic feature marking the western boundary of Nash

Draw.

Quaternary - The second period of the Cenozoic Era, subsequent to the

Tertiary Period, starting about 1.6 million years ago and continuing to rh=

present.

radioactive waste - Solid, liquzd, or gaseous material of negligible economic

value that contains radionuclides in excess of threshold quantities.

radionuclide - A radioactive nuclide.

radiochemistry - The chemical study of irradiated and naturally occurring

radioactive materials and their behavior.

• recharge - The processes involved in the addition of water to the ground-

water zone of saturation.

z

recrystallization - The formation, essentially in the solid state, of new

crystalline mineral grains in a rock. The new grains are generally larger

than the original grains and may have the same or a different mineralogical

composition.

reentrant - A prominent, generally angular indentation in a land form.

repository - The portion of the WIPP repository/shaft system within the

Salado Formation, including the access drifts, waste panels, and experimental

areas, but excluding the shafts.

Rustler Formation - A s,.quence of Late Permian age clastic and evaporite

sedimentary rocks that contains two dolomite members and overlies the Salado

Formation.

sabka - A supratidal environment of sedimentation, formed under arid to

semiarid conditions on restricted coastal plains Just above normal high-tide

- level.

|
!

C-13



Glossary

Salado Formation - A Permian age sequence of salt with minor amounts 9f clay

and anhydrite. Host unit for the WIPP.

saturated - All the pores in a given volume of rock contain fluid.

scenario - A combination of naturally occurring or human-lnduced events and

processes that represents realistic future changes to the repository,

geologlc, and geohydrologic systems that could effect the escape of

radionuclides from the repository, and release to the accessible environment.

sedimentation - The action or process of forming or depositing rock partlcles

in layers.

semlperched water table - The water table of a body of unconfined ground

water separated by a low-permeabillty but saturated bed from a body of

confined water whose hydrostatic level is below the water table.

shaft - A man-made hole, either vertical or steeply inclined, that connects

the surface with the underground workings of a mine.

slliciflcation - The introduction of, or replacement by, silica, generally

resulting in the formation of flne-grained quartz, which may fill pores and

replace existing minerals.

siltstone - A sedimentary rock composed of at least two-thirds silt-slzed

grains (1/256 to 1/]6 mm); it tends to be flaggy, containing hard, durable,

generally thin laye_:s.

sinkhole - A hollow in a limestone region that communicates with a cavern or

passage.

solute - The material dissolved in a solvent.

Standar6 - 40 CFR Part 191, Environmental Standards for the Management and

Disposal of Spent Nuclear Fuel, High-Level and Transuranic Radioactive

Wastes; Final Rule.

storatlvity - The volume of water released by an aquifer per unit surface

area per unit drop in hydrologic head.

stratabound - A deposit confined to a single stratigraphlc unit.

stratigraphy - The study of rock strata; concerned with the original

succession and age relations of rock strata, their form, distribution:

I
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lithologlc composition, fossil content, and geophysical and geochemical

properties.

supratidal - Pertaining to the shore area Just above high-tlde level.

sylvlte - A white or colorless mineral (KCI), the principal ore mineral of

potassium compounds, that occurs in beds as a saline residue from

evaporation.

syncllne - A fold having stratigraphically younger rock material in its

center; it is usually concave upward.

syndepositional - Forming contemporaneously with deposition.

Tamarisk Member - A sequence of anhydrite, claystone, and siltstone within

the Late Permian Rustler Formation of southeastern New Mexico.

tectonic - The forces involved in, or the resulting structures and features

of, movements of the Earth's crust.

tight - Pertaining to a rock that has ali interstices filled with fine grains

or with matrix material so that porosity and permeability are almost non-

existent.

topographic - The configuration of a land surface, including its relief and

the position of its natural and man-made features.

transgressive - The spread or extension of the sea over land areas, and the

consequent evidence of such an advance (such as strata deposited

unconformably on older rocks).

transmlsslvlty - The rate at which water of the prevailing viscosity is

transmitted through a unit width of the aquifer under a hydraulic gradient.

transuranlc radioactive waste (TRU waste) - Waste that, without regard to

source or form, is contaminated with more than i00 nCi of alpha-emittlng

transuranic isotopes with half-lives greater than 20 yr, per gram of waste,

except for (I) HLW; (2) wastes that the DOE has determined, with the

concurrence of the EPA Administrator, do not need the degree of isolation

required by 40 CFR 191; or (3) wastes that the NRC Commission has approved

for disposal on a case-by-case basis in accordance with 10 CF_ 61. Heads of

DOE field organizations can determine that other alpha-contaminated wastes,

peculiar to a specific site, must be managed as TRU waste.
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Triassic - The first period of the Mesozoic Era, subsequent to the Permian

Period and preceding the Jurassic Period (about 208 to 245 million years

ago).

turbidity current - A density current in water, air, or other fluid, caused

by different amounts of matter in suspension; specifically a bottom-flowlng

current laden with suspended sediment moving swiftly (under the influence of

gravity) down a subsqueous slope and spreading horizontally on the floor of a

body of water.

unconfined - Not confined under pressure beneath relatively impermeable

rocks.

unconformably - Not conformable, i.e., a break in deposition of sedimentary

material.

unconformity - A substantial break or gap in the geologic record in which a

rock unit is overlain by another that is not normally next in stratlgraphlc

succession.

unconsolidated - Material that is loosely arranged or whose particles are not

cemented together.

unsaturated - Refers to a rock or soil in which the pores are not completely

full of water.

Uranium-234/Uranlum-238 activity ratio - Comparison of the radioactivitles of

U-234 and U-238; the change in this ratio is directly related to the passage

of time because the two isotopes have very different half-llves, allowing the

calculation in years of the age of a substance.

vadoBe - Refers to subsurface water under pressure that is less than that of

the atmosphere, usually found below the land surface but above the water

table.

varve - A sedimentary bed or lamina or sequence of lamina deposited

cyclically in a body of still water.

water table - In saturated rock, the surface of the water that is at

atmospheric pressure.

Wolfcampian - A North American geologic series, above the Virgilian Series

and below the Leonardlan Series, that corresponds to the Early Permian Period

(about 268 to 286 million years ago).
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CFR - Code of Federal Regulations

cm - centimeter

DOE - The U.S. Department Of Energy, established in 1978 as a successor to

ERDA and the AEC.

DST - drill-stem test

EPA - Environmental Protection Agency of the U.S. Government

ERDA - Energy Research and Development Administration

fm - formation

ft - foot

40 CFR 191 - Code of Federal Regulations, Title 40, Part 191

g - grams

gal - gallon

kg - kilogram(s)

km - kilometer(s)

2- liter

Ib - pound

m - meter(s)

M - Molar (molarity)" Concentration of a solution expressed as moles of

solute per liter of solution.

mg/2 - milligrams per liter

mi - mile(s)

_d - microdarcy
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Nomellclsture

md - mtlltdarcy

MPa - megapascal (10 6 Pa)

NM - New Mexico

Pa - pascal

SNL - Sandia National Laboratories

TRU - TRansUranic

U - uranium

WIPP - Waste Isolation Pilot Plant

yr - year
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