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Adams, J.E. 1944. "Upper Permian Ochoa Series of the Delaware Basin, West Texas and
Southeastern New Mexico." American Association of Petroleum Geologists Bulletin, Vol.
28, No. 11, 1596-1625. WPO 37540.

p 1612, para 4, line 4;
" It seems probable, however, that the uppermost Castile saits were dissolved to form a
shallow solution valley along the original margin of these salts. This and the tilting of the
Delaware basin northward probably mark a time break between the two formations. The
unconformity between the Salado and the overlying Rustler formation is marked by extensive
erosion and solution.

It is probable that the Salado should be correlated with the Tessey formation of the
Glass Mountains. The Tessey is made up of practically pure, almost non-fossiliferous
dolomites and probably reprssents the back-reef facies of a post-Capitan reef, into which the
limed-up section of the southern Salado appears to grade.'®

RUSTLER FORMATION

Deposition of the Rustler, the third formation of the Ochoa series, was preceded by a
period of uplift and erosion in the area along the west edge of the Delaware basin. This
erosion stripped off all the western Salado and may have truncated the entire Castile
formation as well. The lowest Rustler outcrops observed are about 100 feet above the top of
the Delaware Mountain group. As a result of uplifts beyond the limits of the Delaware
basin, the oldest deposit of the Rustler formation, in its western outcrops, is a clastic
member. Included are coarse, siliceous conglomerates with well rounded pebbles up to 2 or
3 inches in diameter, coarse gray sandstones, traces of red and yellow shale, coarse dolomite
conglomerates, and bedded gray and buff dolomite. Many of the siliceous pebbles are etched
in a peculiar manner with all the broken crystals of the original surface spalled out, leaving
well rounded pebbles covered with unmarred crystal faces. The bedding in all these deposits
seems to be distorted. Toward the east the conglomerates grade into sandstones.”

p 1614, para 3;

" The first five members in the foregoing section belong to the upper Rustler, the others
to the lower part of the formation. The 30-foot gypsiferous dolomite, No. 2 in the sequence,
is a persistent marker in the north half of the Delaware basin. For this stringer Lang favors
the name Magenta member of the Rustler formation, after Magenta Point north of the Laguna
Grande salt lake, and this name is used on the stratigraphic sections. For the 35-foot
dolomite, No. 6 in the section, he favors the name Culebra member of the Rustler formation,
from Culebra Bluff on the east side of the Pecos River where the member is well exposed.
Because this member is a good marker in the subsurface, the name Culebra is also used in
the cross sections."

p. 1614, para 5;
" Local features include a zone of euhedral quartz crystals in the anhydrite between the
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magenta and Culebra dolomites, and odlites in one or the other of the two main dolomite
members. The odlites are most common in that part of the Rustler overlying the Capitan
reef and the back-reef areas.”
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Algermissen, S.T., and Perkins, D.M. 1976. A Probabilistic Estimate of Maximum Ground
Acceleration in the Contiguous United States. Open-file Report 76-416, pp. 1-45. U.S.
Geological Survey.

INTRODUCTION, p 1;

" This paper presents a probabilistic estimate of the maximum ground acceleration to be
expected from earthquakes occurring in the contiguous United States. It is based primarily
upon the historic seismic record which ranges from very incomplete before 1930 to
moderately complete after 1960. Geologic data, primarily distribution of faults, have been
employed only to a minor extent, because such data have not been interpreted yet with
earthquake hazard evaluation in mind.

The map provides a preliminary estimate of the relative hazard in various parts of the
country. The report provides a method for evaluating the relative importance of the many
parameters and assumptions in hazard analysis. The map and methods of evaluation
described reflect the current state of understanding and are intended to be useful for
engineering purposes in reducing the effects of earthquakes on buildings and other structures.

Studies are underway on improved methods for evaluating the relative earthquakes
hazard of different regions. Comments on this paper are invited to help guide future
research and revisions of the accompanying map.

The earthquake hazard in the United States has been estimated in a variety of ways
since the initial effort by Ulrich (see Roberts and Ulrich, 1950). In general, the earlier maps
provided an estimate of the severity of ground shaking or damage but the frequency of
occurrence of the shaking or damage was not given. Ulrich’s map showed the distribution of
expected damage in terms of no damage (zone 0), minor damage (zone 1), moderate damage
(zone 2), and major damage (zone 3). The zones were not defined further and the frequency
of occurrence of damage was not suggested. Richter (1959) and Algermissen (1969)
estimated the ground motion in terms of maximum Modified Mercalli intensity. Richter used
the terms ‘occasional’ and ‘frequent’ to characterize intensity IX shaking and Algermissen
included recurrence curves for various parts of the country in the paper accompanying his
map.

The first probabilistic hazard maps covering portions of the United States were by
Miline and Davenport (1969a). Recently, Wiggins, Hirshberg and Bronowicki (1974)
prepared a probabilistic map of maximum particie velocity and Modified Mercalli intensity
for the entire United States. The maps are based on an analysis of the historical seismicity.
In general, geological data were not incorporated into the development of the maps."
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Anderson, R.Y., 1978. Deep Dissolution of Salt, Northern Delaware Basin, New Mexico,;"
Report to Sandia National Laboratories, Albuquerque, NM. WPQ 29527 - WPQ 29530.

; 1 LY e
AL
Abstract, p v: -

" Deep-seated dissolution in the Delaware basin has developed in association with the
Capitan (reef) and the underlying Bell Canyon (Delaware) aquifers and at a more permeable
horizon between the Castile and Salado formations. The uplift, erosion, and exposure of the
reef in the Guadalupe and Glass mountains has channeled meteoric waters through the reef
aquifer. These waters gained access to the salt through fractures around the reef margin, and
dissolved overlying and superjacent salt by means of brine density flow. This type of deep
dissolution moved into the salt beds laterally at a horizon of increased permeability between
the Castile and Salado formations and dissolved a wedge that undercut the overlying
evaporites. The deep-seated dissolution also produced a number of large-scale collapse
structures along the basin margin and along the western edge of salt. This wedge-like effect,
combined with surface dissolution, has removed 50 percent of the original salt from the basin
and removed 70 percent of the original salt at the lower Salado horizon.

The water in the aquifers, by gaining access to overlying chambers though fractures,
have also dissolved smaller scale localized chambers in overlying salt beds that subsequently
collapse to form breccia pipes, deep-seated sinks, and other collapse structures. These
features have been exhumed to different stratigraphic levels in the tilted and eroded basin,
resulting in surface expression as limestone buttes (Castiles), collapsed outliers, domal —~—
structures with collapsed centers (breccia pipes), and deep-seated sinks. Many of the deep-
seated sinks are associated with salt anticlines which probably formed as a result of
differential stress from unloading related to dissolution. Localized collapse, as well as
regional dissolution, is an ongoing process.

The W.I.P.P. site lies in a corner of the Delaware basin that has been relatively
protected from regional but not localized effects of deep dissolution. Deep seated, wedge-
like dissolution, however, has progressed from north to south in the basin and salt in the
northern part of the Delaware basin will eventually be dissolved at the lower Salado horizons
before overlying salt has been removed from the basin by processes of near-surface
dissolution (suberosion)."

Introduction, p 1, para 1;
" Two types of salt dissolution, deep and shallow, can be recognized in the Delaware
Basin. The more familiar shallow type is the result of the subsurface movement of
undersaturated ground water across the upper surface of salt. Near-surface dissolution has
left a residue at the top of the salt body of the Salado Formation referred to by Vine (1963)
as the leached zone. Estimates of the rate of dissolution and surface lowering (suberosion)
for this process can be obtained from ground water flow data or, indirectly, from the rate of
retreat of the dissolving edge of the salt (Bachman and Johnson, 1973, p. 41; Jones, 1973, p
4; Bachman, 1974, p. 68; Piper, 1973).

A second type of salt dissolution can be recognized as having dissolved salt from
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somewhere within the body of evaporites, generally resulting in the collapse and lowering of
the overlying stratigraphic units. This type of salt dissolution was recognized by Anderson
and others (1972) as a blanket dissolution breccia which occurs to the west of the present sait
edge in the basin. In addition, abundant evidence exists that deep-seated dissolution within
the evaporites has resulted in more localized collapse features around the margin of the basin
and within the basin. The origin of these deep dissolution features and breccias is more
problematical than the origin of surface dissolution and the rates of dissolution more difficult
to assess. This report summarizes investigations to recognize and delineate the effects of
deep dissolution in the northern Delaware basin. It relates observed patterns of deep
dissolution to probable hydrologic and tectonic factors and offers some explanations
concerning the origin of the dissolution features. Finally, the report briefly summarizes the
implications of the findings for the stability of the W.I.P.P. site.”

POTENTIAL GEOLOGIC HAZARDS FROM DEEP-SEATED DISSOLUTION
(Implications for the W.I.P.P. Site), p. 76;
" Long-term Hazards:

The northern part of the Delaware basin has been relatively protected from the effects
of advancing deep dissolution from the west and from the development of large dissolution
depressions and a wedge along the reef margin. The area selected for the site is about
equidistant from large-scale dissolution features to the southwest, southeast, and northwest.
Of the possible locations in the basin, the present site is probably the best available from the
standpoint of large-scale features of deep dissolution.

The Delaware basin itself, however, has been extensively affected by deep dissolution
and the disposal horizons selected are the ones most susceptible to the process. I hesitate to
make estimates of long-term site stability on the basis of what little information is available
concerning the timing of the uplift and the age of the dissolution-related deposits. A general
idea can be obtained by a slightly different approach than using the rate of advance of a
dissolution edge as was done by Bachman and Johnson (1973). About 50 percent of the
original volume of salt from the salt beds of the Castile and Salado formations has been
dissolved from the basin. The removal of salt from the beds below the middle Salado
probably did not begin until the western edge of the basin was well exposed and until a
considerable volume of salt had already been removed from the upper Salado units. If we
assume as Bachman and Johnson (1973, p. 39) did, that the stripping of the protective
Ogailala Formation began about 4 m.y. ago, we can use this figure as a starting point for the
beginning of deep dissolution. If we also assume a linear relationship (probably not a valid
assumption) and that 73 percent of the lower Salado sait has been dissolved since that time,
then the salt from that unit will be gone from the basin in about another million years.

For the site area, this would probably be a minimum estimate of the time until total
dissolution of the lower Salado unit because of the protection afforded by the northeast
corner of the basin, unless, of course, the 4 m.y. assumptlon is mcorrect or if the dissolution
rate should be nonlinear and faster during later stages."”
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Anderson, R.Y., and Kirkland, D.W. 1980. Dissolution of Salt Deposits by Brine Density
Flow. Geology, Vol. 8, No. 2, pp. 66-69.

ABSTRACT, P 66;

" The origin of collapse structures and breccias that vertically penetrate or occur within
impermeable evaporites has never really been understood. The density of the brine that
develops as salt deposits are dissolved can generate continuous gravitational brine movement.
If the source of the dissolving water is artesian, or continuous, a flow cycle is developed in
which the salt itself supplies the density gradient that becomes the vehicle of its own
dissolution. The Delaware Basin in western Texas and southeastern New Mexico provides a
particularly good example of how brine density flow can produce dissolution chambers that
collapse to form breccias. The potential for dissolution by brine flow is an inherent property
of partly exhumed evaporites and may constitute a risk factor in the storage of radioactive
waste in evaporite deposits. "
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Anderson, R.Y., 1981. "Deep-Seated Salt Dissolution in the Delaware Basin, Texas and
New Mexico." In Environmental Geology and Hydrology in New Mexico, S.G. Wells and
W. Lambert, eds., Special Publication No. 10., pp. 133-145. New Mexico Geological
Society.

ABSTRACT, p 133, col 1;

" Patterns of salt dissolution in the Delaware Basin are related to the bedrock geometry
and hydrology that developed following uplift, tilting, and erosion in the late Cenozoic, and
the greatest volume of salt has been removed since that time. During the Permian, some salt
was dissolved from the top of the Castile Formation before deposition of the Salado
Formation and from the top of the Salado before deposition of the Rustler Formation. In
addition, some salt dissolution occurred after the Permian and before the Cretaceous. Post-
uplift surface dissolution has progressed across the Delaware Basin from south to north and
from west to east and generally down the regional dip. Deep-seated dissolution has occurred
around the margin of the basin where the Capitan Limestone aquifer is in contact with the
Permian evaporites and within the basin where selective dissolution in the lower Salado has
undercut the overlying salt beds of the middle and upper Salado. Dissolution has not
advanced down regional dip uniformly but has left outliers of salt and has progressed
selectively into structurally predisposed areas. This selective advance has significance for the
stability of the U. S. Department of Energy’s Waste Isolation Pilot Plant (WIPP) site.”

Reef and Reef-Margin Dissolution, p 137, col 2;

" The inner margin of the reef, where buried around the northern and eastern sides of
the basin, is the locus of a number of deep-seated dissolution features. Some of the small
isolated domes in the northern part of the basin described by Vine (1960) (fig. 2) have
recently been cored as part of the WIPP exploration, and Dome A exhibits collapse and
brecciation to a depth equivalent to the top of the reef (D. Powers, personal commun.). The
eastern chain of large dissolution depressions of Maley and Huffington (1953) occupy an
equivalent position with respect to the reef margin. The absence of Salado salt in the deeper
part of these depressions indicates that they ‘root’ in or above the Capitan reef aquifer. A
depression occupying the same position with respect to the reef appears to have controlled
the western edge of Salado salt where it crosses the reef in the northern part of the basin
(fig. 2 and illustrated by Brokaw and others, 1972). Both San Simon Sink and its
surrounding depression, San Simon Swale (fig. 2), have developed relatively recently along
the inner reef margin in the northeastern corner of the basin. A new sink developed in June,
1980 between Kermit and Wink, Texas (fig. 2)(Baumgardner and others, 1980) on the edge
of one of the depressions defined by Maley and Huffington (1953)."

STAGE AND RATE OF DISSOLUTION, p. 144, col. 1, para. 4;

! Compared to some other evaporite basins on the continental platform containing even
older salt beds, such as the Michigan Basin or the evaporites in Saskatchewan, the Delaware
Basin with 50 percent of the salt removed has reached a rather mature stage of dissolution.

-
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This is reflected in the size, abundance, and distribution of dissolution features.

This schedule of uplift and exhumation agrees quite well with the age of the
stratigraphic and geomorphic units associated with dissolution in the basin for which some
age information is available. Substantial dissolution is associated with Gatuna Formation
which is probably early Pleistocene and pre-Kansan in age (Bachman, 1974, P. 28). The
Mescalero surface, which is developed on top of Gatuna sediments and which developed after
the formation of the major features in the central part of the basin (i.e., Big Sinks
depression) has been dated indirectly with an ash bed at about 600,000 years (Bachman,
1980). Deposits associated with the recent development of Nash Draw was placed in the
Wisconsin. San Simon Swale and Sink sediments are no older than about 50,000 years."”
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Anderson, R.Y. 1993. "The Castile as a "Nonmarine’ Evaporite.” In Carlsbad Region,
New Mexico and Texas, New Mexico Geological Society, Forty-Fourth Annual Field
Conference, Carlsbad, NM, October 6-9, 1993, D.W. Love et al., eds., pp. 12-13. New
Mexico Geological Society, Socorro, NM.

p 12, col 2;

" After King (1947) showed that the low proportion of halite to anhydrite in the Castile
evaporite could be explained by the reflux of brine from the Delaware Basin, the Castile
became the classical example of a marine, ‘deep water’ evaporite. Anderson and Dean (in
press) have reexamined the distribution of evaporites units, as well as geochemical evidence
and they suggest that reflux is not the only way to explain the compositional and stratigraphic
relationships of the Castile. According to the alternate explanation, the brine was not a
residual of sea water flowing directly into the basin. Rather, it is suggested that chloride
recharge was from ground water seeping into the basin from the south, especially during
lowstands (Fig. 1.12a), with the brine derived from a partly marine source or from
previously deposited evaporites. In this model, the Delaware Basin was a hydrologically
closed basin with water level subject to extreme highstands (Fig. 1.12b) and lowstands, a
type of response similar to that observed in existing closed basins in western North America.

Support for a closed-basin model can be found in the record of climatic variability
that is preserved in the Castile. For example, millennial oscillations in climate and lake level
are strongly expressed in the closed hydrologic basins in western North America during the
late Pleistocene. Millennial cycles also are dominant in the Castile and determine the
incidence and duration of halite accumulation (lowstands). Cycles of precession and
eccentricity also are well defined in the Castile and in the record of the ocean and cryosphere
over the past millicn years. The occurrence of climate cycles recognized in the Pleistocene
and Holocene does not address the question of marine recharge for the Castile. However,
strong expression of the same climatic periodicities within the Castile is consistent with a
closed-basin hydrologic setting and meteoric recharge.

More direct evidence for meteoric recharge can be seen in the depletion of *0 in
limestone beds along the western margin of the basin (Magaritz et al., 1983) and in rapid,
synchronous changes in the seasonal rate of accumulation of calcium sulfate (freshening
events) that resulted in beds of laminated limestone. Such events can be traced from the
western margin to the center of the basin, suggesting that a significant volume of meteoric
recharge entered the basin from the west during those times when water level was at or near
a highstand (Fig. 1.12b). Other evidence for meteoric contributions can be found in the low
bromine concentrations in halite, which give the Castile an affinity with other nonmarine
evaporites. Ground-water recharge of ions derived from preexisting evaporites provides an
alternate mechanism to account for the low ratio of halite to sulfate.

The geometrical relationships of stratigraphic units provides indirect evidence for
ground-water recharge and for large changes in water level within the Delaware Basin. For
example, as the basin filled with sediment there was a southward shift in the locus of thick
accurnulation of halite (Fig 1.12c) that can best be explained if water level was nitially
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drawn down to a minimum pool several hundred meters below the basin rim (Fig 1.12a).
Reflux during such lowstands seems unlikely. Also, beds of laminated halite are thicker to
the north, implying that seasonal accumulation of halite was less continuous in the south,
even during lowstands, as would be expected if chloride entered the basin in ground water.

Although no single line of evidence eliminated direct marine inflow as a source for
the brine, the strong response to climate forcing, combined with evidence for drawdown and
meteoric contributions, leaves the clear possibility that the Delaware Basin was isolated from
the sea.”

Figures are not included. Unable to scan into document without breaking backing of
original document. This document is otherwise totally included.
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P g
Anderson, R.Y., Dean, W.E., Jr., Kirkland, D.W., and Snider, H. I. 1972. "Permian = . & &

Castile Varved Evaporite Sequence, West Texas and New Mexico." Geological Society of
America Bulletin, Vol. 83, No. 1, pp. 59-85.

ABSTRACT; p 59, col 1;

" Laminations in the Upper Permian evaporite sequence in the Delaware Basin appear
in the preevaporite phase of the uppermost Bell Canyon Formation as alternation of siltstone
and organic layers. The laminations then change character and composition upward to
organically laminated claystone, organically laminated calcite, the calcite-laminated anhydrite
typical of the Castile Formation, and finally to the anhydrite-laminated halite of the Castile
and Salado.

Laminae are correlative for distances up to 111 km (70.2 mi) and probably throughout
most of the basin. Each laminae is synchronous, and each couplet of two laminated
components is interpreted as representing an annual layer of sedimentation--a varve.

The thickness of each couplet in the 260,000-varve sequence (a total thickness of
447.2 m, (1465 ft) has been measured individually and recorded and provides the basis for
subdividing and correlating major stratigraphic units within the basin. The uppermost 9.2 m
(30.3 ft) of the Bell Canyon Formation contains about 50,850 varve couplets; the Basal
Limestone Member of the Castile about 600; the lowermost anhydrite member of the Castile
(Anhydrite I) contains 38,397; Halite [, 1,063;Anhydrite II, ??,414; Halite II, 1,758;
Anhydrite III, 46,592; Halite III, 17,879; and Anhydrite IV, 54,187. The part of the Salado
collected (126.6 m) contains 35,422 varve couplets. The Bell Canyon-Castile sequence in
the cores studies is apparently continuous, with no recognizable unconformities.

The dominant petrologic oscillation in the Castile and Salado, other than the
laminations, is a change from thinner undisturbed anhydrite laminae to thicker anhydrite
laminae that generally show a secondary or penecontemporaneous nodular character, with
about 1,000 to 3,000 units between major oscillations or nodular beds. These nodular zones
are correlative throughout the area of study and underly halite when it is present. The halite
layers alternate with anhydrite laminae, are generally recrystallized, and have an average
thickness of about 3 cm. The halite beds were once west of their present occurrence in the
basin but were dissolved, leaving beds of anhydrite breccia. The onset and cessation of
halite deposition in the basin was nearly synchronous.

The Anhydrite I and II Members thicken gradually across the basin from west to east,
whereas the Halite I, II, and III Members are thickest in the eastern and northeastern part of
the basin and thicken from southeast to northwest. This distribution and the synchroneity
indicate a departure from the classical model of evaporite zonation."
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SUBDIVISION AND DISTRIBUTION OF THE CASTILE AND UPPERMOST BELL
CANYON FORMATION, p. 73, col. 1, para. 3;

" The Castile Formation has been subdivided here into eight members which permit
examination of the present areal distribution patterns of halite and anhydrite. "

TABLE 2. SUBDIVISIONS OF THE UPPER BELL CANYON-CASTILE
SEQUENCE, DELAWARE BASIN, TEXAS AND NEW MEXICO.

UNM-Phillips #1

Number of Average thickness of
Formation varve couplets Thickness calcite-anhydrite varve
couplets

Saladc Formation 35,422 12,660 cm 0.36 cm
{partial section,

undifferentiated)

Members
Castile Formation
Anhydrite IV 54,187 9,842 cm 0.18 cm
Halite III *17,879 2,748 ¢cm C.16 cm
{including anhydrite beds)
Anhydrite III 46,592 9,554 cm 0.21 cm
Halite II + 1,758 801 cm 0.45 cm
{including anhydrite beds)

Anhydrite II 14,414 2,738 cm 0.19 cm
Halite I + 1,063 330 cm 0.31 cm
Anhydrite I 38,397 5,092 cm 0.13 em
Basal Limestone €00 28 cm 0.04 cm
Estimated totals

{Castile Formaticn) 174,890 31,133 cm

Average thickness of
clastic-organic varve

Units couplets

Bell Canyon Formation

Claysteone III 5,800 78 cm 0.01 cm
Siltstone III 24,814 551 cm 0.02 cm

Claystone II 15,650 166 cm 0.01 cm

Siltstone II 1,086 44 cm 0.04 ¢m
Claystone I ++ca 2,000 24 cm ca. 0.01 om
Siltstone 1 ++ca 1,500 61 cm ca. 0.04 ¢m
Estimated totals

(Bell Canyon Formaticn) 50,850 924 cm N
Combined totals 261,162 44,717 cm i

* HNumber of layers i halite fraction determined by extrapclaticn.

+ MNumber of layers determined in Union-University “37" #4 core; thickness of
calecite-anhydrite fractions only.

L++ Number of layers in UNM-Cowden #4 core.
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EFFECTS OF SOLUTION, p 81, col 1;

" The interpretation that breccia beds in the University of New Mexico-Phillips no. 1
core represented halite beds in the eastern part of the basin had been made on the basis of
sonic log correlations prior to the availability of the Union-University ‘37" halite core. The
Winkler County core, however, revealed that thin anhydrite beds of only a few decimeters
thick within more massive halite units maintained their position and character after halite
solution. This fact, and the observation that single anhydrite laminae, once separated by
several centimeters of halite, were sometimes little disturbed upon solution, showed that the
withdrawal of halite was a very gentle process.

With the exception of one halite bed in Anhydrite IV, every halite bed observed in the
Winkler County core from the eastern part of the basin has an equivalent breccia bed in the
University of New Mexico-Phillips no. 1 core. Inasmuch as this core locality is only about
32 km (20 mi) from the western edge of the basin, there is every reason to suppose that
halite deposition once extended to, or nearly to, the western margin. The present western
solution margin of halite units within the Castile shifts progressively eastward, with Halite 11
more areally restricted than Halite I. The halite in the Salado, however, extends farther
westward than the present western solution limit of Castile halite (fig. 8). This suggests that
an episode of solution might have taken place prior to Salado deposition. The isopach map
of the halite beds within Anhydrite IV (Fig. 17) shows a very irregular distribution of halite
in the east-central and northeastern part of the basin that is not present in any of the lower
Castile halites and could also represent solution prior to Salado deposition.

It seems more likely, however, that all of the solution took place after Salado time
and that the irregular distribution pattern in Anhydrite IV developed later. A comparison of
the Anhydrite IV isopach for halite and the published map of Tertiary basin fill of Maley and
Huffington (1953) shows a very close agreement between the locus of Cenozoic basin fill in
the Delaware Basin and the areas of thin or missing halite in Anhydrite IV. Similarly, there
is also a correlation between the Cenozoic basins and thin areas in the Salado.”
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Anderson, R.Y., and Powers, D.W. 1978. "Salt Anticlines in the Castile-Salado Evaporite
Sequence, Northern Delaware Basin, New Mexico." In Geology and Mineral Deposits of
Ochoan Rocks in Delaware Basin and Adjacent Areas, G.S. Austin, ed., Circular 159.

pp. 79-83. New Mexico Bureau of Mines and Mineral Resources, Socorro, NM.

ABSTRACT, p 79, col 1, para 1;

" A number of structures have been encountered within the body of the Castile-Salado
evaporites that can reasonably be interpreted as salt anticlines. One such structure,
associated with brine, H,S, and dissolution effects, was found during exploratory coring for
the proposed nucilear waste disposal site near Carlsbad, New Mexico. Correlation of
stratigraphic units in the recovered core with cores and logs from nearby boreholes shows
that the middle anhydrite unit (A-II) of the Castile Formation, which attains dips of as much
as 70°, has been displaced vertically by as much as 950 ft (290 m). Extension fractures in
the A-II unit suggest that it has been stretched over a pod of exceptionally thick salt of the
lower halite unit (H-I) of the Castile Formation that moved into the axis of the anticlinal
structure. Exceptionally thick and thin units of lower salt (H-I) occur in other nearby
boreholes in a zone of deformation marginal to the reef. Suspected salt anticlines also occur
at scattered localities in the northern part of the Delaware Basin. The association of
extension fracturing to microfolding in the middle anhydrite unit (A-II) suggests that salt
deformation accompanied or followed Cenozoic uplift and tilting of the basin."

p 83, col 1, para 1, line 7,
" . It is even conceivable that original dissolution, particularly around the margin of
the basin, may have developed the differential loading required to initiate salt movement."
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Anderson, R.Y., Kietzke, K.K., and Rhodes, D.J. 1978. "Development of Dissolution
Breccias, Northern Delaware Basin, New Mexico and Texas.” In Geology and Mineral
Deposits of Ochoan Rocks in Delaware Basin and Adjacent Areas, G.S. Austin, ed., Circular
159. New Mexico Bureau of Mines and Mineral Resources, Socorro, NM.

ABSTRACT, p. 47;

" Beds of dissolution breccia are persistent in Castile-Salado evaporites in the western
part of the Delaware Basin. Dissolution breccia consists of subangular to somewhat rounded
and elongate fragments of individual laminae of calcite-laminated anhydrite set in an
anhydrite matrix. Collapse breccias consisting of angular fragments of laminated anhydrite
with little or no matrix often overlie dissolution breccias or may occur separaiely within the
anhydrite some distance above dissolution horizons. Correlation of individual calcite-
laminated anhydrite laminae associated with dissolution breccias with the same laminae
associated with halite beds shows that dissolution breccias are equivalent to halite beds.
Even the thinnest halite beds in the eastern part of the basin once extended west of their
present distribution, probably to near the western margin of the basin. The tracing of
identified dissolution horizons to large areas of deep dissolution west of existing halite beds
shows that it is removal of salt from the lower part of the Salado and upper part of the
Castile Formation that has caused collapse of the depressions."
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Bachman, G.O. 1973. Surficial Features and Late Cenozoic History in Southeastern New
Mexico. Open-File Report 4339-8. U.S. Geological Survey, Reston, VA..

ABSTRACT, p. 1;

" Since deposition of the Ogallala Formation during Pliocene time, southeastern New
Mexico has been subjected to erosion, solution, subsidence, and widespread eolian activity.
These processes have combined to influence the formation and morphology of major drainage
systems. Aligned drainage patterns resulted from solution of caliche localized by
longitudinal sand dunes. San Simon Swale appears to have formed by processes of erosion
and solution-subsidence of Permian evaporites, and was formerly an important tributary to
the Pecos River. The combination of processes that formed San Simon Swale was similar to
the combination of erosion and coalescing sinks that formed the lower Pecos Valley in
southern New Mexico. _ \\\

&
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!

Caliche on the Mescalero Plain, p 17;

" A prominent caliche formed on deposits overlying the Mescalero Plain is the most

extensive physiographic surface in southeastern New Mexico. The surface is an uneven one =~

that has been disrupted by solution-subsidence. It is about 150-250 feet above the floodplain e

of the Pecos on the west and rises gradually toward the High Plains on the east. To the

northeast, near Mescalero Ridge, the surface rises to 3,800-4,100 feet in altitude; south of

Big Sinks, it descends to about 3,100 feet. —
Caliche on the Mescalero Plain is 3-3 feet thick, light gray to white, and sandy. The

beds are nodular, with some concretionary growth on the nodules; but the concretionary

growth is not as pronounced as on the pisolitic limestone of the Ogallala. Most of the

nodules are randomly oriented, but the long axes of some are horizontal. Vertical caliche

veinlets indicate several generations of solution and recementation. Occasional pipes 1 foot

in diameter or more penetrate 2 or 3 feet into the caliche from the top and are filled with

light-reddish-brown sandy soil. Some of these pipes pass entirely through the caliche bed.

They presumable represent the former position of roots. Dissolution of this caliche is greater

at the depressions. At numerous places on the Mescalero Plain the caliche thins towards

depressions, and in some of these depressions the caliche is entirely absent.
The caliche on the Mescalero Plain is the remnant of an extensive soil profile. At

places a younger sandy soil is preserved above the caliche but the surface is covered over

broad areas by Pleistocene or Holocene windblown sand. This surface is correlative with

Surface II of Leonard and Frye (1962, p. 11-12) in the Pecos region of Texas. The

Mescalero Plain is analogous to the Jornada-Ia Mesa surface in the Rio Grande trough in

southern New Mexico. Faunal remains indicate that rounded gravels on the Jornada-La

Mesa surface are Kansan or younger (Ruhe, 1962, p. 163). Owing to lack of more positive

evidence, it is here suggested that the Mescalero Plain formed in early to middle Pleistocene

tirne. "

e
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Bachman, G.O., 1974. Geologic Processes and Cenozoic History Related to Salt Dissolution
in Southeastern New Mexico, Open-File Report 74-194, U.S. Geological Survey. Denver,
CO.

ABSTRACT, P 1;

! Salt of Permian age in the subsurface of an area near The Divide, east of Carlsbad,
N. Mex., is being considered for a nuclear waste repository. The geologic history of the
region indicates that dissolution of salt has occurred in the past during at least three distinct
epochs: (1) after Triassic but before middle Pleistocene time; (2) during middle Pleistocene;
and (3) during late Pleistocene. Thus, destructive geologic processes have been intermittent
through more than 100 million years.

Nash Draw, near The Divide, formed during late Pleistocene time by the coalescing
of collapse sinks. The rate of its subsidence is estimated to have been about 10 cm (0.33 ft)
per thousand years. The immediate area of the Divide adjacent to Nash Draw has not
undergone stress by geologic processes during Pleistocene time and there are no present
indications that this geologic environment will change drastically within the period of concern
for the repository.”

SUMMARY OF EROSION AND SALT DISSOLUTION, p 6, para 3;

" 1. The western part of the Delaware basin (fig. 2) was exposed to erosion, and
presumably salt dissolution, possibly as early as Triassic time and certainly as early as
Jurassic time. This period of exposure may have been as long as 50 m.y. However, surface
relief was probably low and erosion was not deep. Rocks of Triassic age covered much of
the Delaware basin and helped to protect some of the underlying Permian beds. In the
western part of the basin, however, Triassic rocks were stripped away, if they were ever
deposited, and some erosion and dissolution of Permian rocks probably occurred.

2. During Cretaceous tine the Delaware basin was submerged beneath the sea, but at
the close of cretaceous time regional uplift and major erosion occurred. This period of
erosion lasted from the close of Cretaceous until late in Tertiary (Miocene) time, possibly a
period of as much as 50 m.y. At the beginning of Tertiary time Cretaceous rocks blanketed
the basin and protected the underlying rocks, but before the Ogallala Formation was
deposited most of these Cretaceous rocks had been eroded away from the western half of the
basin. Erosion again exposed the Permian rocks to dissolution. Some dissolution of Permian
salt occurred at this time in the vicinity of San Simon Swale.

3. While the Ogallala Formation was being deposited there was very little, if any,
erosion in the Delaware basin. During the past 3-4 m.y. since Ogallala time, wide
fluctuations in climate have occurred and erosion and dissolution have been intermittent. The
most humid climate and the greatest erosion were during middle Pleistocene time when the
Gatuna Formation was being deposited. Then streams were capable of severely eroding the
western escarpment of the High Plains as well as eroding and carrying pebble debris from as
far to the west as the Sierra Blanca and Capitan uplifts (fig. 9). Rainfall probably exceeded
600 mm (25 in.) per year and it is assumed that major dissolution of salt in the Delaware
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basin occurred at this time--more than 600,000 years ago.
4. After Gatuna time, but still during the middle Pleistocene, the region became
more stable and semiarid. The Mescalero caliche accumulated in this climate. During late
Pleistocene time, however, there were again periods of humidity accompanied by erosion and
dissolution of salt. As a result of these processes the Mescalero caliche has subsided locally
and collapsed into sinks. IR
5. Although erosion and dissolution are still, active processes, the climate during K BN
Holocene time has been somewhat more arid than during the late Pleistocene. Present
climate is neither as humid nor as arid as extremes of the past and it may represent an
average of the past 1 m.y. .
6. I have estimated that at one place in Nash Draw, dissolution of salt and T e
accompanying subsidence of the surface has been about 58.5 m (180 ft) during the past
600,000 years."

Gatuna Formation, p. 22, Para. 2;

" The Gatuna Formation of Pleistocene age was named for exposures of light-reddish-

brown sandstone and conglomerate more than 25 m (80 ft) thick in Gatuna Canyon, eastern

Eddy County (Robinson and Lang, 1938, p. 84-85). A type section has not been described.

The physical stratigraphy and field relationships of this formation indicate that it was

deposited during the most moist conditions that prevailed in southeastern New Mexico during

Pleistocene time. Because of the indications of climatic conditions inherent in the Gatuna —
Formation it was examined carefully at many exposures during the present study.

The Gatuna Formation is well represented along the east side of Clayton Basin where
it rests on rocks of Permian age and is overlain by the Mescalero caliche that formed during
Pleistocene time. The Gatuna is also present around Nash Draw where it was mapped by
Vine (1963, p. 31) who stated that Gatuna deposition ‘followed immediately after, or in part
accompanied, a period of active solution in the Rustler and Salado Formations.” In the
vicinity of Crow Flats, Chaves County, the Gatuna Formation is also associated with
extensive solution of gypsum and salt and subsequent collapse of the surface. The Gatuna is
well exposed in Long Arroyo, Chaves County, and is present at many outlying localities
along the Pecos River drainage.

The Gatuna Formation was examined in the type area during the present study. A
stratigraphic section was measured on the north side of Gatuna Canyon (SW 1/4 SW 1/4 sec.
36, T. 19 S., R. 30 E.). Although the Gatuna is estimated to be thicker at other localities,
this locality is the least disturbed by slumping and is one of the better exposed in Gatuna
Canyon. For these reasons it is here proposed that this locality be regarded as a reference
section for the Gatuna Formation in the type area.”
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Figure 2.-=Index map showing subsurface features in
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Figure 9.--Map showing middle Pleistocene drainage systems
in southeastern New Mexico.
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Bachman, G.O., 1976. "Cenozoic Deposits of Southeastern New Mexico and an Outline of
the History of Evaporite Dissolution.” Journal of Research, Vol. 4, No. 2, pp. 135-149.
U.S. Geological Survey.

ABSTRACT, p 135;

" Sedimentary records of Cenozoic history in Southeastern New Mexico begin with the
Ogallala Formation , Miocene and Pliocene age. Later records include the Gatuna Formation
of early or middle Pleistocene age, Mescalero caliche, an informal term, of middle
Pleistocene age, and fluvial deposits of late Pleistocene age but there are many gaps in some
record. The modern landscape is the result of erosion and deposition in climates that have
ranged from semihumid to semiarid as well as dissolution of soluble rocks in Permian
Formations in the subsurface. This dissolution may have been as early as Jurassic time and
has continued intermittently to the present.
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TABLE 1.--Summary of late Tertiary and Quaternary events in southeastern New Mexico

Age Stratigraphic unit Deposits Events Probable climate " Tentative correlations
Holocene Young sand dunes Sand . UL L. L Working wind from More dry than present.
southwest
Odsoil ........... 0 ... ... . ... ... .o More moist than present.
Oldsanddunes . ..... | ................. V..o ... o o More dry than present.
P Late Lakewood terrace River conglomerate, Pecos River developed as More moist than Wisconsin.
1 deposits. pond, marsh, and axial stream from Fort present. Probably cooler.
e lake silts. Sumner to Roswell.
i
s Orchard Park alluvial Limestone-porphyry Reworking of More moist than Probably early
t deposits. conglomerate. Blackdom deposits. present. Probably Wiscensin,
0 Caliche caprock. cooler.
¢ Blackdom alluvial Limestone-porphyry Major erosion of More moist than Do.
€ deposits. conglomerate. back siope of present. Probably couler,
n Caliche caprock. Sierra Blanca and
e Sacramento and
Capitan Mountains,
Hiatus .. .......... | - o e e
Muddle Mescatero caliche, Cahche .. ... .. .. Land surface stable. Soil More dry than present. Yarmouth{7).
an informal name. evolopment over much of Probably warmer. Unnamed gravel surface
southeast New Mexico. West of Pecos.
Middle Gatuna Formation . ., .. Gravel. Stream gravels, Pediments formed In area Much more moist than Analogous to Kansan
or pond sediments, solution between Carlshad and San present. Probably cooler. deposits in Trans-Pecos
carly basin fill. Conglomerate, Simon Swaie. Streams cut Texas.
sand, silt, some gypsum, High Plains escarpment
eastward. Extensive
solution of salt and gypsum
in subsurface. Collapse of
Nash Draw and Clayton
Basin. San Simon Swale
may have been of major
stream,
Early
)] Hiatus ... ......... | ..o oo e e
Pliocene Ogallala "climax- Caliche ........... Land surface stable. Similar to, or mote dry

soil."

Soil development.

than, present.
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CENOZOIC DEPOSITS, NEW MEXICO AND KVAI'ORITE DINSOLUTION HISTORY
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Bachman, G.O., 1980. Regional Geology and Cenozoic History of Pecos Region,
Southeastern New Mexico. Open-File Report 80-1099, U.S. Geological Survey, Denver, CO.

ABSTRACT, p 1;

" This report summarizes the Cenozoic history of the Pecos drainage in the Delaware
basin, southeastern New Mexico, and incorporates an outline of the dissolution and karst
development in Permian evaporites in the region.

Evaporites include anhydrite, gypsum, halite and related minerals. They are included
in the Castile, Salado and Rustler Formations of Late Permian (ochoan) age. These
formations have been transgressed by strata of the Dockum Group of Late Triassic age and
unnamed formations of early Cretaceous age.

Complex karst features include collapse sinks, karst mounds (new term), karst domes
(new term) and caves. Karst mounds are erosional remnants of regional breccia. Karst
domes are structural features which have formed on a very irregular dissolution surface.

They are analogous to towers, kegelkarst or mogotes in tropical regions except that karst
domes are almost buried by their own dissolution restdue.

Breccia chimneys are collapse sinks which have formed over the Capitan aquifer - %
system. They appear to be the result of unsaturated water rising under a strong hydraulic = §.
head through fractures and dissolving upward into the evaporite sequence. o

Breccia chimneys, karst mounds and karst domes studied during this work were \\-w«‘
formed during middle Pleistocene time.

Dissolution has been an active process in the Delaware basin at least since Triassic
time and it is impractical to attempt to calculate a rate of dissolution for the basin. Earlier
estimates of the rate of dissolution are considered to be conservative. Subsurface evidence
does not suggest that deep dissolution is presently an active process in the Castile Formation
beneath the thick beds of Salado salt.

Pleistocene glaciation in the northern and central United States was probably
accompanied by ‘pluvial’ periods in southeastern New Mexico. Pluvials are characterized by
less extreme temperatures, less evaporation and more effective moisture than at present.”

Rocks of Cretaceous Age, p. 28, para 4,

" Rocks of Early cretaceous age are preserved at a few localities in the Pecos drainage
system as collapse debris in areas of dissolution. Lang (1947) reported an occurrence of
fossiliferous Lower Cretaceous sandy limestone in Black River Valley about 9.6 km (6 mi)
southwest of Whites City (NW 1/4 sec. 31. T. 25 S., R. 25 E., Eddy County, N.M.) (fig.
9).

These rocks containing Cretaceous marine fossils are scattered as collapse debris on
the surface of the Castile Formation. This locality was examined during the present study
and the Cretaceous debris appears to rest in a collapse sink about 60 m (200 ft) in diameter
in the Castile Formation. Another occurrence of Cretaceous rocks and associated fossils
resting on the Castile Formation is about 11.5 km (7.8 mi) southwest of Whites City (NE 1/4
sec. 1, T. 26 S., R. 24 E.), Lower Cretaceous rocks are mingled with debris of Culebra

October 14, 1996 XRE2-28 APPENDIX XRE2



Compliance Certification Application Reference Expansion

Dolomite Member of the Rustler Formation and Triassic conglomerate.
All these Lower Cretaceous rocks in southeastern New Mexico are of equivalent age.
The locality northeast of Carlsbad contains the following marine fauna:
Echinoid (probably Holectypus)
Texigryphea washitaensis (Hill)
Ostrea quadriplicata Shumard”

Ogallala Formation, p 35, para 2;

" In southeastern New Mexico the Ogallala Formation consists largely of well-sorted
windblown sand. There are minor poorly sorted stream deposits and local carbonate pans.
Generally the sediments suggest that the climate during Ogallala time was not much different
from that in the region today. The pedogenic caliche caprock indicates a long period of
quiescence during which constructive and destructive processes approached a steady state.”

Mescalero caliche, p 42, para 3;

" many workers have attempted to develop techniques for measuring the rate of
carbonate accumulation in pedogenic caliche (Arkley, 1963; Gardner, 1972; Goudie, 1973;
Szabo, 1969; Bachman and Machette, 1977). Of the various methods studied the most
promising is a technique which measures uranium series disequilibrium. This technique has
been applied to the Mescalero caliche with notable results (table 3). Using this technique it
has been determined that the Mescalero began to accumulate about 510,000 years ago (J.N.
Rosholt, written commun., 1979). The upper crust of this caliche formed about 410,000
years ago."

Berino soil, p 44;

" The Berino soil is an informal stratigraphic unit, but the term ‘Berino series’ is used
by the U. S. Department of Agriculture for mapping soils in Eddy County (Chugg and
others, 1971). As used in this report the Berino is a dark red, sandy argillic paleosol which
overlies the Mescalero caliche at some places in the vicinity of the WIPP site. It is usually
overlain by windblown sand, but it is exposed along pipeline roads and at other construction
sites. It varies in thickness but is rarely more than 1 m thick.

It is probable that the Berino soil represents a remnant B horizon of the underlying
Mescalero caliche. The Berino is noncalcareous which suggests that the carbonates have
been leached. The uranium-series disequilibrium technique indicates that the Berino began to
form about 350,000 (60,000) years ago (J. N. Rosholt, written commun., 1979)(table 3).
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Hill A, p 62, para 3;

" Hill A of this report was designated ‘Dome A’ by Vine (1960, p. 1905). It is in
Eddy County about 38 km (18.5 mi) east of Carlsbad on U. S. Highway 62-180 (SW1/4 sec.
35, T. 20 S., R. 30 E.). It is about 0.4 km (0.25 mi) north of the highway and is transected
by a spur of the Atchinson, Topeka and Santa Fe Railroad. It is expressed as a low, circular
breached hill with relief of about 12-15 m (40-50 ft) and about 370 m (1,200 ft) in diameter.
During the present study, Hill A was mapped at a scale of 30 m to 25 mm (110 ft equals 1
inch) and the map was reduced for presentation in this report (fig. 12, in pocket).

The central part of Hill A has been eroded to form a shallow basin with an outlet to
the west. The rim of the hill is capped by Mescalero caliche which engulfs slopes dipping
rather uniformly about 15° away from the rim. Py

Dewey Lake Red Beds are exposed in the east, north, and west sides of the shallow »\
basin. These beds are lithologically typical of the formation and dip away from the center of <.~ _»
the hill. These dips average about 15° but locally steepen to 20°-22°. Rocks of the Triassic
Dockum Group are well exposed along the east and south side of the basin with dips
approximately parallel to the underlying Dewey Lake Red Beds.

Superficially Hill A has some of the characteristics of a collapse sink. Within the
basin, brecciated debris composed of angular blocks of Triassic claystone, sandstone, and
conglomerate are confined within a circular area about 245 m (800 ft) in diameter. The
circular contact surrounding the central brecciated core is a fracture and was termed a
‘peripheral fault or ring-fault’ by Vine (1960, p. 1905). He stated that the brecciated core is —
composed of blocks similar to the Triassic beds exposed around the flanks of the hill but with
greater range in lithologic character. He indicated that some breccia was derived from rocks
stratigraphically higher than any now exposed around the flanks. . . ."

Dissolution During Geologic History, p. 81, Para. 1;
! Major dissolution occurs while land masses are above sea level. Regional uplifts have

occurred in southeastern New Mexico following both Permian and Cretaceous times.
Consequently, there is a long history of dissolution in the Delaware Basin. Although Castile
and Salado rocks are transitional in the central part of the basin, some dissolution occurred
locally after Castile and before Salado time (Adams, 1944, p. 1622-1624). Dissolution
occurred again along the western edge of the basin after Salado and before Rustler time
during Triassic time (Adams, 1944, p. 1622-1624). In addition to being above sea level
throughout Triassic time the region was above sea level through Jurassic and again from the
beginning of Tertiary time to the present. In summary, the region has been above sea level
for a minimum of 154 million years and below sea level less than 71 million years since the
end of Permian time (see table 1)."

p. 85, Para. 2;

" The estimates for the age of Nash Draw proposed by Bachman (1974, p. 68-71) are
also too young. More recent work indicates that much of Nash Draw formed by solution-
and-fill before Mescalero, and even Gatuna, time. Although there are places in Nash Draw
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where the Mescalero caliche has slumped since its deposition, there are many localities along
the east side of Nash Draw where the caliche was deposited on the slopes and in the bottom
of an ancient topographic basin. This caliche has been weathered and eroded but remnants
of depositional morphology are present.”

SUMMARY AND CONCLUSIONS, p 97;

" The purpose of this study has been to determine if there are continuing geologic
processes in the Delaware Basin which may pose a threat to the proposed WIPP site. The
preserved geologic record of erosion and dissolution have been examined to learn the pattern
of these processes in geologic history.

The salt beds at the proposed site have been preserved for about 225 million years.
Some dissolution, in places of major proportions, has occurted in the Delaware Basin
intermittently during this long period of time. The Salado Formation itself has been
dissolved and preserved omly as a mass of chaotic breccia along its western line of outcrop.
The nearest exposures of this breccia to the WIPP site are in karst domes in the vicinity of
Malaga Bend 19 km (12 mi) southwest of the proposed WIPP site. The main belt of outcrop
of Salado breccia is 24 km (15 mi) to the west of Malaga Bend.

Evidence is presented here that dissolution of the Salado Formation along its western
belt of outcrop began at least as early as Triassic time more than 190 million years ago.
Dissolution in the subsurface near this belt of outcrop is presumed to be continuing today.
This dissolution has been intermittent throughout its history, and it is unrealistic to attempt to
calculate an average rate of dissolution for the region. However, if dissolution continues to
be no more severe than during the time since the formation of the Mescalero caliche about
500,000 years ago there is no reason to believe that the repository horizon will be threatened
by dissolution for another 500,000 years.

Deep-seated breccia chimneys collapsed over the Capitan aquifer system about
600,000 years ago. Dissolution is presently an active process over the Capitan aquifer
system along San Simon Swale about 32 km (20 mi) east of the WIPP site. However, this
aquifer system does not underlie the site and there is no presently known aquifer system or
process of dissolution in this area which is undermining the site. Near-surface dissolution
has been and is presently active along Nash Draw about 10 km (6 mi) west of the site but
this dissolution has not penetrated the major salt bodies in the Salado Formation.

Fluctuations in climate have not greatly accelerated the process of dissolution in terms
of geologic time and the longer history of the sait bodies. Dissolution during past glacio-
pluvial intervals was probably at a more rapid rate than today but the present state of the
evaporite deposits is a summation of the processes operating on them throughout 225 million
years. It is improbable that a continuation of these fluctuations on their past scale will pose a
threat to the deposits during the life of the WIPP repository."
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Bachman, G.O. 1981. Geology of Nash Draw, Eddy County, New Mexico. Open-File
Report 81-31. U.S. Geological Survey, Denver, CO.

ABSTRACT, p. 1;

" Nash Draw is a partially closed depression about 29 km (17 mi) east of Carlsbad,
Eddy County, New Mexico. It has been mapped geologically in conjunction with detailed
studies to evaluate the proposed nuclear Waste Isolation Pilot Plant (WIPP). Maps at scales
of 1:24,000 accompany this report.

The stratigraphic section exposed in Nash Draw includes the Rustler Formation and
Dewey Lake Red Beds of Late Permian (Ochoan) age, the Dockum Group of Late Triassic
age, and the Pleistocene Gatuna Formation. Other deposits of Middle to late Quaternary age
include the Mescalero caliche, spring deposits, and windblown sand.

Dissolution of evaporites has been a major process in the formation of Nash Draw.
Nash Draw formed before, and during, Gatuna time about 600,000 years ago. Near-surface
dissolution of gypsum in the Rustler Formation is presently active and is responsible for
numerous collapse sinks and related karst featres."
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Bachman, G.O., 1984. Regional Geology of Ochoan Evaporites, Northern Part of Delaware
Basin. Circular 184, pp. 1-22. New Mexico Bureau of Mines and Mineral Resources,
Socorro, NM.

ABSTRACT, p 5;

" The Ochoan Series (Permian) in the northern part of the Delaware Basin, southeastern
New Mexico, includes in ascending order the Castile, Salado, and Rustler Formations, and
the Dewey Lake Red Beds. The Castile and Salado Formations comprise a sequence of
evaporites which include anhydrite, gypsum, halite, and associated potash saits. The Rustler
Formation contains some halite and minor amounts of potash minerals. These evaporites
were deposited within the basin formed by the Capitan barrier reef, as well as across the
reef. The evaporites, as well as the Capitan reef, are all subject to dissolution with resulting
karst features analogous to those formed in limestone regions.

An Ancestral Pecos River was the major drainage system in the western part of the
Delaware Basin, New Mexico, during the Cenozoic time. That ancient river system was
responsible for the formation of an extensive karst terrain along the east side of the present
Pecos River in New Mexico and southward into Texas. During late Cenozoic time extensive
dissolution occurred in the Salado Formation within the karst area as a result of the ground-
water regime. The dissolution front was perched on the upper anhydrite member of the
Castile Formation.

On the eastern side of the Delaware Basin in New Mexico, a large collapse sink--San
Simon sink--overlies the Capitan reef which is a prominent aquifer system in that area. So-
called ‘breccia pipes’ are ancient sinks which collapsed into the caverns in the reef on the
northern margin of the basin. These have since been partially exhumed. The San Simon
sink is presumed to be a modern analog of these breccia pipes.”

Rustler Formation, p 11, col 2, para 6;

" The Rustler ranges in thickness from a thin dissolution breccia at places on the
surface to more than 550 ft in the subsurface in southwestern Lea County. Over much of the
study area it averages 300-350 ft in thickness. Much of the variation in thickness is the
result of the dissolution of salts. . . . At places where the salts have been dissolved, a
‘collapse breccia’ occupies their stratigraphic position. At these places the anhydrite is
usually altered to gypsum.”
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Bachman, G.O., 1985. Assessment of Near-Surface Dissolution at and Near the Waste
Isolation Pilot Plant (WIPP), Southeastern New Mexico. SAND®&4-7178, Sandia National
Laboratories, Albuquerque, NM. WPO 24609.

ABSTRACT, p. 3;

" The area at and near the WIPP site was examined for evidence of karst development
on the geomorphic surface encompassing the site. Certain surficial depressions of initial
concern were identified as blowouts in sand dune fields (shallow features unrelated to
karstification). An ancient stream system active more than 500,000 years ago contained
more water than any system since. During that time (Gatuiia, Middle Pleistocene), many
karst features such as Clayton Basin and Nash Draw began to form in the region. Halite was
probably dissolved from parts of the Rustler Formation at that time. Dissolution of halite
and gypsum from intervals encountered in Borehole WIPP-33 west of the WIPP site occurred
during later Pleistocene time (i.e., <450,000 yr ago). However, there is no evidence of
active near-surface dissolution within a belt to the east of WIPP-33 in the vicinity of the
WIPP shaft.”

p 19, column 1, para 2;

" Soil formation is a relatively slow process requiring a stable surface for development.
Soils do not mature on constantly eroding surfaces or surfaces disrupted by subsidence,
collapse, or persistent tectonic adjustment. Extensive soil development should not be
expected at places where specific karst processes are extremely active. Soil classes depend
on the nature of parent material, the amount of rainfall, the temperature, and the absence or
presence of organic material. Soils may change character or may even be destroyed by
radical changes in climate. For these reasons soils are a valuable tool for estimating the
duration of stability of a geomorphic surface and the persistence of a climatic regime."

p 20, column 1, para 1; fr ™
" The basal part of the Mescalero caliche began to form ~ 510,000 yr ago, as R
determined by measuring the disequilibrium of the uranium series. The upper crust of thg i *.
caliche began to form ~410,000 yr ago (Rosholt, written communication, 1979). The % ¥ ;;,»“?
technique used in these determinations has been described by Szabo (1969) and Rosholt I
(1980)."

Rt

- G

p 23, column 2, para 3;

Karst terminology should be defined with precision. Careless treatment of concepts of karst
phenomena, and even carelessly using karst terminology, can contribute to misunderstanding
and false impressions. The interpretation of karst activity in the vicinity of the WIPP site
depends in part on understanding the distribution and physical nature of the stratigraphic
units in the area. Although deep-seated dissolution has been active at localities around the
periphery of the Delaware Basin in units associated with the Capitan Limestone and in the
Pecos River drainage system overlying the Castile Formation (Lambert, 1983; Bachman,
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1980 and 1984), deep-seated dissolution within the Delaware Basin is less probable because
of physical limitations on the circulation of fresh water at depth. In contrast, dissolution of
near-surface evaporites is responsible for the visible karst features in Nash Draw and at other
places at and near the WIPP site. The caves, collapse sinks, and spring deposits in Nash
Draw indicate a relatively long geologic 