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I._Introduction

Whole Earth Environmental, Inc. (WEE) has prepared a Site Investigation Report and
Remediation Plan on behalf of New Mexico Salt Water Disposal Company (). This report
provides an overview of a salt-water leak site located in the south half of SW1/4 SW 1/4 of
section 15, T10S, R34E in northern Lea County. The results of the incident, emergency response
actions, and site investigations conducted by WEE are included herein.

Additionally, this report proposes a practical and cost effective method of restoring the
impacted area to its normal rangeland capability with minimal surface disturbance, while
ensuring that any underlying groundwater is protected. This site is located in a known habitat
area of the Lesser Prairie Chicken (LPC), which currently is a highly imperiled prairie grouse
species of the southern Great Plains. New Mexico holds a significant percentage of the
remaining population, which is threatened by habitat loss, degradation and fragmentation.

Unfortunately, this species is on the candidate list for federal listing. Attached is Figure 9, which
shows a BLM Timing Restriction Map. The site is located in the outer fringes of the habitat area.

All parties involved hopefully will agree that the state of NM is more in line with providing the
proper protection of the LPC than the Federal Government. It is this implication that NMSWD
and WEE wants to seek the expert advice of the State agencies in order to provide the
maximum protection of the species while at the same time allowing the industry to function in
order to provide good jobs and a tax base for the state of New Mexico.

The three main concerns regarding this site are:

A. Restoring the surface with as little surface disturbance as possible, in order to conserve
natural resources and minimize collateral damage to protect wildlife habitat.

B. Define the depth and extent of the vadose zone and groundwater contamination, if present,
and determine if the vadose zone is sufficient in its physiochemical composition to allow a
surface agronomic type treatment of the oily soils and an ionic exchange method for the salt-
contaminated areas.

C. Perform a cost effective remediation plan to accomplish the above concerns while ensuring
that the goals of the NMSLO, OCD and G&F are carried out in a timely and conscientious
manner.

Figure 1 shows the location of the leak site on a New Mexico  State Trusts Land Map. The
center of the site is located at approximately latitude 33°26’25.78” North and longitude
103°27°31.03” West.

NMSWD and WEE performed “Emergency Response Actions” in order to provide protection to
cattle and wildlife. Free liquids were picked up to prevent any further downward migration of
the fluids and damp to wet oily soils were stabilized by mixing with on site soils to mainly reduce
the exposure of the contamination to cattle and wildlife.

This is a quick down and dirty method of rendering the soils to an unsaturated condition to
prevent further downward and lateral migration. It enhances the natural microbes to start a
natural bio-remediation process.



Il. _Background Information

New Mexico Salt Water is a commercial company, which collects and disposes of upstream oil
and gas produce wastewater. The company employs a series of pipelines, tank batteries, and
disposal wells to accomplish the task.

In October of 2010, the company discovered that a section of their disposal pipeline had failed
in two places. The release was reported to the local OCD District office and a subsequent spill
report C-141 was filed. Please find a copy of the C-141 in the list of figures as Figure # 10.

The spill consisted of oily produced water and the release was reported at 1200 barrels. The
true amount of the spill is actually unknown, as the leak may have occurred over several hours
or days.

The 1200 barrels was a figured used since that was the amount of water that was actually
recovered. NMSWD recognizes that a more appropriate reporting number of barrels would
have indicated that an unknown or best flow rate estimate would have been more accurate. An
aerial photo of the spill site is included. (see figure #3.)

II.LA. Land Use

The surface property, and minerals at the leak site are owned by the State of New Mexico and
administered by the New Mexico State Land Office (NMSLO). Mr. Justin Johnson, a local
rancher, leases the surface for rangeland in a beef cattle operation. The area has for years been
an active oil and gas production area with numerous wells throughout. Presently, there are no
buildings, windmills or other improvements in the immediate vicinity of the leak site. NMSWD
has a right-of-way with the NMSLO for its pipeline operations.

I.B_Site Physical Setting

The leak site is located in northern Lea County, New Mexico about 8.4 miles southwest of
intersection between CR 170 and State Hwy 206 and 4.8 miles due south of CR 170 at the gate
entrance to the property. The leak site is located in an upland area at an elevation ranging
from about 4193 to 4199 feet above mean sea level (msl) and the land surface slopes gently to
the east.

Shallow soils at the site have a fine sand surface layer in excess of 20 inches over subsurface
layers of sandy clay loam to fine sand. These soils are classified as well drained to excessively

drained.

1I.C_Soil Resource

It was determined from the Lea County Soil Survey aerial shown in Figure 2 that the land
resource at the site is predominately a Tivoli-Brownfield fine sands complex. A complex is used
to describe a map unit of two or more component soils that are comingled on the landscape in
areas too small to be delineated at the scale of 1:24000. Tivoli and similar soils make up 50
percent of the map unit. Brownfield and similar soils make up about 40 percent of the map unit
with about 10 percent as small inclusions of Springer and Gomez soils.

Tivoli fine sands (Typic Ustipsamments) have no significant horizonation within the profile apart
from a change in color between the A and C horizons. These soils occur in dune areas.
Brownfield fine sands (Arenic Aridic Paleustalfs) have a thick fine sand surface layer over sandy



clay loam subsoil. Brownfield soils occur in areas between dunes and are well drained with
moderate permeability. Springer loamy fine sand (Typic Paleustalfs) and Gomez loamy fine sand
(Aridic Calciustepts) occur on similar landscapes as Brownfield soils. Springer soils do not have
as thick an A horizon and less clay in the B horizon. Gomez soils have secondary carbonates
throughout the profile and have a defined B horizon finer in texture than the A horizon but have
not developed an argillic horizon. Series descriptions and other pertinent soils information is
presented in Appendix A.

1.D _Groundwater Hydrogeology of the Area: (Layman’s Approach)

The site is located in Northern Lea County, New Mexico and is on the far extreme west side of
the Llano Estacado, which is the southern extension of the High Plains in southeastern New
Mexico.

The area of the leak site is located in a lineation of one of the well-defined entrances to the high
plains known as the “Sand Gate”. It has a significant signature as it represents an area where
the west side of the caprock per se, does not exist and has some of the same surface features
and formations as the Pecos Valley west of the site.

Most importantly is the fact that the Ogallala formation is either very thin or virtually missing in
this area. The rocks and soils of this area generally cannot be distinguished between Ogallala
materials from more older or recent deposited materials. Windblown sands generally cover the
area and in some areas are underlain by thin beds of Caliche.

Caliche (caprock) has always been associated with the Ogallala formation throughout
southeastern New Mexico. However, for one to make a generic conclusion that if caliche is
found, it would imply that the Ogallala may be present, probably is not totally accurate. Case in
point is the fact that in the Pecos Valley just west of the site, which is generally void of the
Ogallala formation, has vast sand dunes with underlying caliche.

At the entrance of the Sand Gate, Triassic Red Beds are exposed at the surface as is the Ogallala
formation, as is the limestone of the Lower Cretaceous unit, part of the Tucumcari shale.

There is a large area that has an irregular boundary (highlighted in Appendix D maps) where the
Tucumcari shale actually outcrops in several places and is generally overlain by alluvium
deposits. It is in this area where the release site is more or less located.

Please refer to the Ground-Water Conditions in Northern Lea County, New Mexico, reports by
Sidney R. Ash 1963 contained in its entirety in Appendix section of this report. (Appendix D)

Also Included in Appendix D is a copy of a 1988 report “ Hydrogeology of Lower Cretaceous
strata under the southern High Plains of New Mexico” by Fallin of the Texas Water Development
Board.

The irregular boundary is noted to be the approximate boundary of bedrock highs that interrupt
the water table in the deposits of the Cenozoic age, i.e. the Ogallala formation aquifer. Included
in Appendix F, is a highlighted section of this area Ts-10S R 34E depicting the location of the site
and records from the state engineers office showing that no water well records are registered in
this area.

Also included, are some well records that are just a few miles away from the site in an adjacent
Township Ts-11S. This information is included to basically show how quick a transition occurs
in this area. There are several water wells in this area, which is the Ogallala Aquifer.



It’s important to point out here that lack of well records is not a definite indication there is no
protectable ground water in this area, but it certainly shows this is an area where very little
water is found and beneficially used.

The water in this bounded area, where present, is generally derived from the lower Cretaceous
beds of the sandstone near the base of the Tucumcari shale. The Fallin report shows a good
composite stratigraphic section of this formation. The release site more likely sets in or over the
Duck Creek or Kiamichi formations, as confirmed by the yellow clay that is found at shallow
depths.

The average thickness of the yellow clay is approximately 25-35 feet across the site according to
the boring logs found in appendix B. The depth of this unit appears to be approximately 40-60
feet BGS. This unit probably is a very good barrier for any downward migration of infiltrated
water, natural or man-made.

The lower unit of the Tucumcari shale is generally where groundwater is normally found in small
usable quantities, i.e. for windmills and stock tanks. The depth is generally greater than 100
feet with a saturated thickness of usually less than 15 feet in the release area. The
groundwater flow rates are generally unknown in the study area, but most likely extremely low.
Even in areas of large flows such as in the Texas-New Mexico state line area, due east of the
site, flow rates are generally less than one foot/day.

The only occurrence of Tucumcari shale waters discharging into the Ogallala is found near the
New Mexico-Texas state line and in parts of Texas.

Exceptions are to the northwest in the Causey/Lingo area where irrigation wells pumped high
volumes during the very late homestead years and up to the dust bowl days. Some of these
wells are now dry and no longer used for irrigation farming.

The water quality of these waters is generally of lesser quality than the adjacent Ogallala
waters. NMSWD has collected water samples from three water wells located as shown on
Figure 11 and the analytical is included in Appendix E.

The chlorides for these wells are 400 mg/| for the Lucky well located approximately 2 miles
southwest of the site, 530 mg/| for the Sand well Located approximately 1.75 miles to the
northwest, and 60 mg/| for the Johnson Ranch well located about 2 miles south-south east of
the site.

It is obvious that the Lucky and Sand wells are most likely in the Tucumcari (Cretaceous) water
zone while the other well is probably in shallow sand alluvium or in a drainage course connected
to adjacent or up-gradient Ogallala water.

The geochemistry of the two Cretaceous wells has high relative calcium content versus the
other well on the order of 3:1. This most likely indicates the two wells are indeed being
produced from a limestone formation versus from sand and gravel bed.

The recharge of the Cretaceous water in this area has been suggested to be from the Ogallala
formation west and southwest of the site (see Falin fig 6 &7). Referring to Ash 1963, this area is
also where the Tucumcari shale outcrops at several playa lakes in the area. It’s likely this is
where the salt is being picked up where the Ogallala overflows into the Cretaceous formation.
The outcrops have been observed to consist of dark gray siltstone and thin interbedded
stringers of limestone. (Ash 1963)



Both reports point out that the general dip for both the Ogallala and the Tucumcari shale is
generally to the east and southeast. However, in the Sand Gate lineation, it thickens and dips
to the northeast with local deviations. This is consistent with the inferred groundwater
contours shown on the Ash report Sheet 2 of 2.

It is more than obvious there is no Ogallala Aquifer groundwater present at the release site.
There is a high probability of Cretaceous water in a deeper horizon. This water is considered an
Aquiclude, as noted in the referenced reports, since it’s over and underlain by clays of the upper
Cretaceous and Dockum group respectfully. Parts of the formation have demonstrated to be
under confined conditions with water levels rising to the surface. This occurrence is probably
not likely at the leak site, due to the fact it is so close to the recharge point.

An equally important question, is there protectable ground water lying on the upper Cretaceous
clay layer? Included in Appendix D is a copy of the “Geologic and Hydrogeologic Evaluation of
Borings and Monitor Well At And Around New Mexico Salt Water Disposal Co., Inc. Station 11-
APO053 located in Section 21, Township 10 South, Range 34 East.” Dr. Kay Havenor- Professional
Geologist authored this report.

This site is less than one mile west of the NMSWD Johnson release site, see topo map in the
figure section. (Fig. 12 ). Dr. Havenor’s report indicates the lower Cretaceous water zone has
not been impacted from Station 11 produced water spills. The report also concludes that the
sand found on top the upper Cretaceous clay unit “is not” a water zone that produces beneficial
use water.

What the report does show, is that man-made water is present on top of the clay and has the
same physical and chemical characteristics as oilfield produced water. The same conclusion
may be determined for the NMSWD Johnson site.

The Havernor report also correlated the fact that groundwater flow in the area is from the
southwest to the northeast. This was concluded by the fact that the #2 Lucky well, discussed
above, had nitrates, which migrated toward the Station 11 area. The discussion on the depths
of this well also correlates that the Tucumcari shale dip in the Sand Gate area, is to the
northeast.

This really substantiates why the water level in the Lucky well is producing at a shallower level
than at the Station 11 or the Johnson leak site. According to Justin Johnson, the local rancher,
the water level in this well is 50-60 feet BGS. This water well is approximately 1.5 miles to the
southwest of Station 11. Station 11 water level, in the lower unit, is reported to be about 117 ft
BGL.

The distance from Station 11 and North Lake is about three miles. Since there is documented
evidence of the lower Tucumcari shale outcropping in this area, an estimated water level depth
can be calculated in the Lucky Well.

Since the Lucky well is almost directly inline between Station 11 and North Lake, a formation
gradient (117 ft/ 3 miles) equates to about 39 feet/mile. The Lucky well is approximately 1.5
miles from Station 11, multiplying this distance by the gradient of 39 ft/mile equals to about 58
feet. Subtract this from 117-58 = 59 feet to the depth of water. This correlates with what the
rancher has indicated.

The significance of this is the fact that the agency (OCD) may have estimated or assigned a
ground water depth to a C-141 remediation project in order to determine a clean-up ranking.



Sometimes, the best estimation may be from a local landowner, water well driller or from some
database, or the local field inspectors general experience.

What the agency generally does not do is perform a hydro-geologic study as completed herein.

While the agency has a very good history of evaluating such sites, sometimes, as in this case, it
may provide a false positive. In this particular case, both in Station 11 and the Johnson leak site
area, it appears the agency may have inappropriately determined that high quality Ogallala
water is present in this area at shallow depths.

Such a conclusion is not unheard of since some maps or databases do not provide the proper
geologic data, water chemistry, or other essential information required to make an accurate
assessment. If the agency used water depths found in the adjacent Ogallala Aquifer formation
or from the Johnson House Well, this would have lead to a false conclusion that shallow high
quality ground water is present at the Johnson site.

On the other hand, companies assume that such determinations can be made on limited
data supplied, which hampers the agency’s ability to perform a proper assessment. Usually
when such data is not properly supplied, the project is stalled, and sometimes never completed.

However, there are cases where the agency never accepts data for what ever reason, and the
project is stalled. The bottom line on these situations is that the environment and wildlife
generally suffers.

Using these reports, along with other studies of the area, including anecdotal evidence,
experience working in the area, and input from other state agencies, NMSWD seeks to obtain a
technical determination and an approved path forward from the OCD concerning in-situ
remediation.

1ll._Site Investigation and Work Scope

llLA__ Preliminary Site Investigation

WEE conducted a preliminary investigation of the leak site consisting of an electromagnetic
induction (EM) survey to delineate the horizontal extent of produced water impacted soil and a
light drilling rig to collect soils for analysis to delineate impacted soil vertically. The EM survey
was made using an EM-38 device. EM devices work on the principal that soils are naturally low
in electrical conductivity. Since produced water is high in salt when spilled to soil it dramatically
increases the soils EM response with the response proportional to the amount of salt in the soil.

Stained areas captured in the aerial photograph presented in Figure 3 correspond well to the
findings of the EM-38 survey shown in Figure 4. The interpretation is that the stained areas
reflect the distribution or pattern of the release to the land surface. Soil samples summarized in
Table 1 showed elevated chlorides in the impacted area to the maximum depth sampled before
auger refusal. It was concluded that a larger drilling rig capable of advancing a hollow stem
auger to 100 plus feet and collecting undisturbed soil for analysis was necessary to delineate the
vertical extent of the produced water leak.

Following a review of the previous data, WEE prepared a work plan with specific objectives to
augment the existing data to provide a surface soil restoration plan, to fully characterize
chemicals of concern in subsurface soils, specifically their distribution with depth and potential
for an adverse impact to groundwater resources.



11I.B. _Scope of Work and Investigation Strateqy

The proposed scope of work was as follows:

e Conduct EM-38 and EM-31 surveys over a grid area extending to background soil
conditions in all directions from the leak sites.

*  Soil borings were completed at 5 target locations using a 2-in hand auger. Soils borings
will be advanced to a total of depth of 5-ft with the samples collected in 1-ft intervals
to develop salinity profiles for correlation to EM-38 readings.

e Atotal of 5 deep borings were completed in the vicinity of the two leak sites and at
three background areas to define background soil quality and/or groundwater, if
encountered. Additional borings may be necessary to determine the vertical and
lateral extent of impacted media.

e  Deep borings were completed using a hollow stem auger with discreet samples
collected using a split spoon device every 5-ft to a depth of 20 feet and at 10-ft
intervals to total depth.

e A portion of each sample was screened for petroleum hydrocarbon using an organic
vapor analyzer (OVA) equipped with a photoionization detector (PID) and for salinity
measuring the electrical conductivity (EC) in a 1:1 soil: water extract.

e A portion of each sample interval with a noted elevated PID reading was placed in 4-o0z
jars labeled as to borehole, depth, date and time then placed on ice for total petroleum
hydrocarbon (TPH), benzene, toluene, ethyl benzene, xylenes (BTEX) and chlorides.

e A minimum of 2 samples per boring reflecting the highest PID reading and the deepest
sample interval were transported under chain of custody to an analytical laboratory for

TPH, BTEX and chloride.

llI.C. EM-31 Survey

While the EM-38 survey identified anomalous high areas associated with the two separate leak
sites, initial borings at these locations indicated that salt levels were increasing with depth
below the range of the EM-38 device. This required a new survey with the EM-31 sensor. This
survey was conducted using a continuous data logger and Tremble GPS tracking device to define
the area surveyed in preparation of the 0-18 ft salinity contour map.

The EM-31 response was used to locate the deep borings and chart the distribution of salt
associated with the two leak sites.

lll.D __ Field and Laboratory Program

11I.D.1 _Shallow Borings

As noted previously, shallow borings were completed to a depth of 5-ft using a 2-in i.d. hand
held sand auger. Samples were collected in 1-ft intervals for the purpose of measuring soil EC
and calculating the profile EC. Profile EC is the test statistic used to correlate to the EM-38
response and determine soil salinity of the entire root zone. Profile EC is calculated from
saturated paste values. In practice the soil EC is measured using a 1:1 soil: water extract which



is then converted to a saturated paste EC (SPEC) using the saturated paste moisture (SP)
equivalent determined on another portion from the same depth interval expressed in percent
moisture. The computing formula is as follows:

SPEC = ECy.1 x 100/SP

11l.D.2 _Deep Borings

Deep borings were constructed using a hollow stem auger to advance the borehole. Samples
were collected using a 2-ft split spoon at the start of each boring and at 5-ft intervals to a depth
of 20 feet and at 10-ft intervals thereafter to total depth.

Samples were analyzed for TPH using EPA Method 8015 M with differentiation as to gas range
organics C6-C10 (GRO) and diesel range organics C10-C28 (DRO). Samples will be analyzed for
BTEX components benzene, toluene, ethyl benzene and xylenes using EPA Method 82608B.
Chloride was analyzed using EPA Method 9253 or other approved EPA method.

IV. Results and Discussion

IV.A_EM Surveys

Contour maps of the EM-38 and EM-31 soil electrical conductivity, measured in the vertical
dipole configuration, are presented in Figures 4 and 5, respectively. These plots show very
similar distribution patterns in that the anomalous high areas, which correspond to the two,
produced water leaks found. The east leak source was obviously the largest in terms of
volume. Both plots reflect the distribution pattern of the stained soil mentioned previously.

The magnitude of the EM-38 response compared to EM-31 values in anomalous high areas
suggests that the mass of salt is greater in the upper part of the profile but there has been
significant movement down. It was observed that the EM-38 device identified a surface area of
impact estimated at 70,000 ftz, compared to an area of about 65,000 ft? using the EM-31 unit
and the same EM response value of 150 mS/m.

It is instructive to note that the EM-38 device does not integrate soil electrical conductivity
linearly with depth. Readings are weighted proportionately with depth similarly to the way

plant roots absorb water from the soil.

IV.B___Shallow Soil Borings and Soil Salinity

Three shallow borings SB1, SB3 and SB4 (Figure 6) were constructed inside the anomalous high
area and SB2 at the background location to measure saturated paste electrical conductivity as a
function of depth to ground truth EM-38 survey results and evaluate soil quality in terms of
agronomic potential. The saturated paste electrical conductivity (SPEC) and paste moisture are
summarized in Table 2. In order to compare EM readings to the water-uptake-weighted
conductivity we first calculate the weighted profile EC from the measured SPEC values using the
following equation:

Profile EC = 0.43*EC0_1ft+ 0.21*EC1_2ft+ 0.1*EC2_3ft+ 0.06*EC3_4ft+ O.l*EC4_5ft
Profile EC was then correlated statistically to the corresponding EM38 reading in the vertical

mode to define a response curve. Regression analysis revealed the data best fit a multiplicative
model (Y = a*X”"b) with the ‘Profile’ EC = 0.000266507*EM38V~1.8337 and with a r’=99.1



(Figure 7). EM-38 values in the vertical mode ranged from a high of 950 mS/m at the east leak
source to a low of 50 mS/m in the background area. Corresponding profile EC calculated from
the regression model then range from EC 0.35 mmhos/cm to EC 78.7 mmhos/cm.

The magnitude of salt in the anomalous high, impact areas clearly show that this site cannot
recover without remediation to lessen the level of salt in the root zone. Paste moistures

confirm the sequence of sand over sandy clay loam and the Brownfield soil resource.

IV.C. Deep Soil Boring Findings:

Five deep borings listed in the order constructed are identified in Appendix B as the East Leak
Source Well, Northwest Background Well, Northeast Background Boring, South Background
Well and West Leak Source Boring locations. Each boring except the west source was
constructed using a hollow stem auger with the goal of sampling in 5 feet intervals to a depth of
20 feet, then in 10 feet intervals thereafter to total depth. Indurated caliche between the soil
mantle and lower soils resulted in a few no samples collected for some intervals.

Soil boring physical descriptions are presented in Table 3 with the drillers logs attached as
Appendix B. The lithology observed in each of the borings confirmed the sequence of soil over
caliche followed by dry tan loose sand, sandy clay, and sandstone and the upper and lower units
of the Tucumcari shale (Cretaceous units).

Field measurements and screening of salinity as chloride and total dissolved solids, and
petroleum hydrocarbon by organic vapor analysis (PID) are presented in Table 4A, 4B, 4C, 4D
and 4E This data reveals that salt levels were highest in the east source boring followed by the
west leak source. These are the two areas where the pipeline failed.

IV.C.1 East Leak Source Well

The presence of salt throughout the profile in the east source boring may have been attributed
to cross contamination from the upper media with produced water, carried down into the lower
horizons during the drilling process.

Soil analyses showed an abrupt decrease in salinity parameters between the 48 and 58 feet
sample intervals for the east boring (Table 4A). These were sampled on December 6, 2010 with
drilling suspended at a depth of 64 feet. The augers remained in the borehole over night with
drilling commencing the next day. The east source boring was completed to a total depth of 98
feet.

Drilling was stopped at this depth after a show of what appeared to be oil droplets and some
streaks in saturated brownish yellow clay circulated to the surface. Confirmation soil samples
were collected for laboratory analyses from the east source boring at 90 and 98 feet. Test
results summarized in Table 5 and presented in Appendix C showed high chlorides in the soil
most likely due to cross contamination with produced water from the upper zone carried down
during the drilling process.

TPH and volatile organics were not detected except for trace levels of toluene that was also
reported in the reagent blank at essentially the same level. Drilling was terminated at the east
source to prevent communication with the lower Cretaceous unit. This decision was made after
consulting with the NMOCD inspector Geoffrey Leking.



The bore hole was grouted back with bentonite clay to 49 feet and a monitoring well installed
with 15 feet of well screen and 20 feet of filter pack to collect water from 29 to 49 feet bgs (See
East Source Well, Appendix B).

Water samples were collected from the completed well and the results can be found in
Appendix E. The sample had chlorides reported at 66,000 mg/| with traces of BTEX (82608B).
This correlates fairly well with previous produced water samples collected from this system in
the past. While not included in this report, the source water has been noted to be as high as
80,000 mg/I as reported in the July 31, 2009 Havenor report. It was determined that any further
drilling in highly contaminated zones would be performed differently to prevent cross-
contamination from the different horizons.

IV.C.2 Northwest Background Boring:

Results for the northwest background boring presented in Table 4B show a slightly elevated
chloride level at 50 feet corresponding to water encountered in sandstone layer just above the
upper Tucumcari shale yellow clay unit at 58 and 59 feet bags.

The bore hole was grouted back with bentonite clay to 70 feet and a monitoring well installed
with 15 feet of well screen and 18 feet of filter pack to collect water from 52 to 70 feet bgs (See
Northwest Background, Appendix B).

Water samples were collected from this well with the results shown in Appendix
E. The results for chlorides were 14,400 mg/l with BTEX results showing slight hits. Table 4B
clearly shows that from the surface down to a saturated zone, is not impacted.

It appears that the same field mistake was made by drilling through the contaminated zone,
which probably carried the contamination down to the lower zones. From 60 feet to 100 feet
the chlorides were almost identical. This is an indication of cross-contamination from a single
source. Since this well was drilled in a non-contaminated area the issue of cross-contamination
appeared to be not relevant at the time of drilling.

It appears that mounding of produced water in both the east and west leak source areas have
caused produced water to flow somewhat in a horizontal radial direction along the yellow clay

barrier.

IV.C.3 Northeast Background Boring

Was constructed about 220 ft northeast of the east leak source (Figure 6). Test results
presented in Table 4C showed one sample collected in a sandstone layer just above the upper
Tucumcari shale yellow clay unit. This sample showed elevated chlorides with nothing else
remarkable about the results. Laboratory confirmation samples summarized in Table 5 revealed
a high of 434-ppm chloride.

Chloride levels for samples collected at the top and bottom of the hole was 74 ppm, and other
results showed similar results, apparently background. One area at 40 feet showed field
chlorides of 1843 ppm and with the laboratory confirmation value of 434 mg/kg is found in
Table 5.

Petroleum hydrocarbon measured as, TPH and BTEX, were not detected at the bottom of the
borehole corresponding well to the very low PID reading of 0.5 ppm (Table 4C).
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This well was a “dry hole” with no observed free liquid encountered and was grouted back to
the surface with bentonite clay. (See Northeast Background, Appendix B)

IV.C.4 South Background Well

Was located about 140 feet southeast of the west leak source and about 280 feet southwest of
the east leak source (Figure 6). Test results for this boring presented in Table 4D showed the
highest chloride level in a 4-inch layer sampled between 49 and 49.33 feet bgs. Water was
observed initially in this bore hole at about 42 feet bgs.

Chlorides observed in samples collected below 60 feet were attributed to cross contamination
of the above media where higher concentration of salt water was found. The same cross-
contamination issue as noted above was not anticipated for this well, since it was originally
labeled down-gradient well by the driller.

Field chloride measured 709 ppm for a sample collected at 79.5 feet and compares favorably to
the confirmation laboratory value of 781 ppm (Table 5 and Appendix C). The bore hole was
grouted back with bentonite clay to 43 feet and a monitoring well installed with 15 feet of well
screen and 18 feet of filter pack to collect water from 43 to 25 feet bgs

This well provided insufficient water to obtain a liquid sample. After the well was completed it
appears from the log that it may have been completed in the wrong zone. The log indicated a
wet zone at 50 feet. The well was completed above this noted wet area. (See South
Background Well in Appendix B)

IV.C.5 West Leak Source Boring

Due to drilling issues and cross-contamination that was experienced on previous wells drilled,
the west leak source (See West Source Well, Appendix B). was drilled to 66 feet using an air drill
rig to construct a hole to set steel casing and cement to isolate the expected infiltrated man-
made water i.e produced water from the lower soils and rocks.

The idea was to obtain quality information both above and below the wet zones without cross
contaminating the lower soils. The hole was advanced through the cement to a total depth of
110 feet below ground surface. Test results presented in Table 4E showed a significant
decrease in chloride with depth when the water was isolated from lower dry, stiff clays and the
underlying Cretaceous shale.

Field chloride ranged from 4823 ppm for the 8-10 foot sample, and 6128 ppm for the 38-40 foot
sample, and decreased substantially below 60 feet from 909 ppm to 103 ppm for the 100 foot
sample and 137 ppm for the 110 foot sample. Chloride results for laboratory confirmation
samples reported in Table 5 and presented in Appendix C measured 6650 ppm, 79 ppm and 206
ppm, respectively.

This well was used as an exploratory well to determine if the deeper zones had been
contaminated. The results were very favorable, as the deeper soils appeared to be at
background levels. This well was grouted back to the surface with bentonite clay in order to
prevent possible migration of contaminants to the deeper zones.
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IV.D __Discussion of Soil and Groundwater Findings

The only water encountered in this investigation appeared to be man-made water observed
above the stiff clays and sandy clays at the top of the Tucumcari shale and well above the
abrupt lithic contact with the lower dark gray to black Cretaceous shale.

The best demonstrated evidence that the shallow zone does not contain protectable water is
the fact that the Northeast Background Boring was a “dry hole.” This boring is actually down
gradient of the site as pointed out in the hydrogeology section above.

Chemical composition and mounded quantities underlying the leak area suggests that the
source of the water is the released produced water. The amount of produced water released
appears to have been very large compared to the amount reported on the spill report, as
previously discussed.

As mentioned, both the east and west leak sources appear to have a substantial amount of
produced water mounded in these areas. It can be concluded that radial or preferential flow
probably has and is currently occurring at this time. This is confirmed by the fact that the
Northwest Background Well was not located in the impacted spill area, but has evidence of this
release water in the zone just above the yellow clay unit. Figure 8 was constructed to illustrate
this phenomenon.

The same may also be true for the South Background Well, but of a lesser extent.
The boring soil results show this well was also completed in an area where the surface had not
been impacted by the release.

However, once the zone just above the yellow clay was encountered, elevated chlorides were
found at a value of 2803 ppm. It is possible due to the amount of time that had elapsed
between the spill events and investigation some produced water from the mounded area has
impacted this area.

Another valid conclusion, clay layers act as a natural depository over geologic time, and collects
metals and salts. There are several anecdotal observations noted in many reports that clays,
such as the red beds, will generally have a higher salt content than the above overlying vadose
zone soils. So the presence of an elevated salt content is not always an indication that
contamination has reached this point or imply usable groundwater is present at this locations.
Further investigation will most likely provide a better rational.

A good analogy for this area i.e. Sand Gate, is the comparisons to the Mescalero and Quercheo
sands where the Ogallala Aquifer is missing. Impermeable clays underlie both units. The Sand
Gate is underlain by the Tucumcari shale while the Mescalero and Querecho sand areas are
underlain by red beds of the Docken Group. Both areas receive about the same amount of
recharge from precipitation and have the same approximate evapotranspiration rates.

With very few exceptions, these vast areas are void of usable groundwater. The same can be
said of the shallow zones below both Station 11 and the Johnson release site.
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IV.E. Philosophical Issues:

NMSWD fully understands that the agency has the right and responsibility to protect
groundwater and has a responsibility to protect those very few exceptions mentioned above.
However, once valid evidence is presented that no usable ground water exists in a zone of
interest, and solid geologic evidence is provided showing any underlying groundwater will be
protected in the foreseeable future, then the agency should acknowledge such evidence and
has a responsibility to allow a path forward.

NMSWD also fully understands any such determination is very site specific and that continual
leaks and spills in the area may negate any further approvals.

NMSWD understands the agency may be concerned that this site and others like it, may become
nothing other than a solid waste management unit. Therefore, NMSWD would like to discuss
and understand if there has been a policy change concerning how waste management practices
of the Surface Waste Management and Pit Rules would come into play at this site.

In both cases, NMSWD understood that the Agency testified during hearings that long-term
intentional waste disposal onto or under the ground was a separate issue concerning how
accidental leaks and spills will be handled in the future. NMSWD wants to ensure that the
protocol being proposed will actually provide a better outcome than just burying waste.

While it is reasonable to assume that the clays associated with the upper Tucumcari shale
yellow clay unit will protect the lower Cretaceous groundwater, pumping this water would
provide an additional safeguard and the site would benefit by removing the source of the

contamination.

V. Remediation Proposal

V.A___Soil Surface Remediation

Based on the results of this investigation it was concluded that excessive salinity is the limiting
constituent requiring remediation to restore the agronomic potential of the affected area
estimated at 70,000 ft’ (1.6 acre). It was estimated that about 30,000 ft’ (0.7 acre) or about 43
percent of the total area is arbitrarily classed as marginally impacted with profile EC > 4
mmbhos/cm but < 12 mmhos/cm (corresponding EC-38 < 150 mS/m and > 350 mS/m,
respectively) meaning that the land can be restored to its full agronomic potential with the
incorporation of 20,000 Ib/acre organic matter in the form of high quality hay, a tease
application of fertilizer and seeding with a mixture of tall grasses, forbs and wild flowers
compatible with managed grazing and wildlife habitat.

This leaves about 40,000 ft* of salt impacted soil that can be managed on site by leaching with
water in conjunction with the use of a desalting amendment. The land is chiseled plowed to
break up any crust and loosen the soil to receive the amendment application. The amendment
of choice Desalt Plus™ is applied in aqueous solution to facilitate desorption of sodium by a
cation exchange reaction. The treatment is added in a total of 4.3 inches of water (equivalent to
4.7 acre/inches). An additional 8.6 inches of water (9.4 acre/inches) is added following this
treatment to flush salt deep into the soil profile and out of the root zone.

Hydrocarbon stained soils will be treated after desalinization using augmented bioremediation
where a mixture of oil eating bacteria and nutrients are injected into the surface 2-ft. Soils are
wet to field capacity during the treatment process adding an additional 4.3 inches of water to
profile.
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V.D.2 Partial Dig and Haul and Liner Installation:

Removing the top 20 feet, which is considered practical with today’s equipment, without
staging the hole downward. The dirt disposal would be approximately $ 1.72 million dollars.
Installation of a Liner would add additional $ 80,000 dollars, for a total of $1.8 million dollars.
This does not include all other site charges.

V.D.3 General Remediation Discussion

Neither option above is within the monetary capability for a small company like NMSWD. While
the agency has encouraged or recommended both of these options, neither is cost effective, or
practical in this situation.

If the goal of the agency is to punish and discourage NMSWD from doing business in New
Mexico, either above option will most likely put NMSWD out of business and be a severe
detriment to the industry until another system could be put in place.

In the past, the agency has allowed major source removal near the surface and approved liner
systems to prevent further downward migration to protect groundwater. This approach, at this
site simply does not make sense because the majority of the contamination, i.e. oilfield
produced water, already sets at a depth of 50 feet.

V.D.4 _Site Specific Approach

NMSWD proposes to install addition recovery wells and actually use fresh water to flush the
contaminants downward to be recovered along with produced water. This approach actually
removes the contamination rather than having it become a permanent burial site.

It must be assumed, that the landowner would perfer to have a major source of the
contamination removed rather than buried. Also, the in-situ surface restoration will provide a
significantly reduced footprint during remediation and bring the surface back to its original
condition in a faster, safer and more environmentally friendly manner.
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THE WATER TABLE IN THE DEPOSITS OF CENOZOIC AGE

The shape and approximate altitude of the water table is
shown (fig. 2) by contour lines based on water-level measure-
ments made mostly during 1952. A few measurements in
Tps. 9 and 10 S., were made in later years; the data are com-
parable because the level of the water table in these wells has
not changed appreciably for a number of years. The water
table slopes generally toward the southeast at about 12 feet
per mile, slightly less than the slope of the land surface, The
irregularities in the surface of the water table are caused by
differences in the permeability of the aquifer and heavy
pumping in certain areas.

Records of water levels in observation wells indicate that
since 1929 the water table has fluctuated erratically in the
east-central part of northern Lea County, but the overall trend
during the period 1929-60 has been downward.

The declines during the period 1929-40 were localized be-
cause of the relatively slight pumpage and average to above-
average precipitation. Above-average precipitation from
January 1940 to January 1950, caused the water table to rise
generally except in the vicinity of McDonald, Lovington,
Humble City, and Hobbs where pumpage increased appreci-
ably during 1947 to 1950 (fig. 4). During the period 1950-60
the water table declined over a much larger area than in the
previous 10-year period because of increased pumpage and

generally below average rainfall during that time. The

greatest decline during the period 1950-60 was 31.7 feet about
14 miles northeast of Lovington.
DEPTH TO WATER AND SATURATED THICKNESS OF THE
DEPOSITS OF CENOZOIC AGE

The depth to water ranges from a little less than 12 feet in
an area about 13 miles east of Caprock to almost 300 feet along
the Mescalero Ridge northwest of Maljamar (fig. 5). When
the Lea County Underground Water Basin was declared in
1931 it included an area of about 1,080 square miles where the
depth to water was known to be generally 50 feet or less; by
1952 the area in which the depth to water was 50 feet or less
had been reduced about one-sixth.

The saturated thickness of the deposits of Cenozoic age
generally ranges from less than 25 feet to about 250 feet. The
zone of saturation is thinnest in the northeast part of the
county where the Ogallala formation is thin and is underlain
by sediments of Cretaceous age. The thickest zone of satu-
ration generally is where the Ogallala formation is the thick-
est and where there has been little use of ground water. The
zone of saturation locally has become progressvely thinner as
water has been withdrawn for irrigation. The average thick-
ness of the zone in the declared basin was about 100 feet in
1952.

MOVEMENT OF GROUND WATER IN THE DEPOSITS OF
CENOZOIC AGE

Ground water moves southeastward down the slope of the

Line showing rise {+) or decline (—), in
feet, of water level
® Interval variable, dashed where ¢éstimated

AFPROXIMATE MEAR
DECULINATION, 1963

YRUE NORTH
AGuey,
< Nogy;
M

R.34 E. R.35E. R.36 E. R.37 E. R.38 E.
§
§
T. 38}
12 o+2.3 Tatum
’ AL o
A ] =
\ H
oo Y I
084 \ B
p .
T. + 125
13
S.
§
\ 1
MeDonald w
LY
0.3 m
H
1. i
14
S. i A
Plainview s13 .
o =10
220
ot 23
§
+1.5 i
o
T. o
15
s, ¥ —
0~038 "
i
A
£ = m
{ , B
\ LOVINGTON Z
: =
+1.5
TN (<3
&/ () B
T, B
16 M
S. .
Z
|4
i
i
T.
17
S.
H
. 4
-
0~
T .s.io /
ww n HOBBS
oHi2 34 s __§
L]
\91 \.ﬂlmmu m
/..,,,ﬂqf.r\ \_\1
§
ot 1 O] g
gh20
R.35E. R.36G E. R.37E. R. 38/E. R.39E}
Adapted from Berkstresser, 1959, p. 114
January 1940 to January 1950

water table throughout most of the area. The rate of move-
ment of ground water in the deposits of Cenozoic age is con-
trolled by the gradient of the water table and the permeability
of the material in the zone of saturation. Variations in the
grain size of the material, the degree of sorting of the deposits,
and the extent of cementation of the material cause the rate
of movement to vary from place to place. This is particularly
true of the Ogaliala formation especially near the base where
water moves more rapidly through stringers of coarse sand
and gravel than through the surrounding beds of fine sand
and clay. Data available indicate that the average rate of
movement of ground water in the Ogallala formation is on
the order of 150 feet per year (H. O. Reeder, U.S. Geol. Survey,
oral communication, 1960).
DISCHARGE OF GROUND WATER FROM THE DEPOSITS
OF CENOQZOIC AGE

Ground water stored in the deposits of Cenozoic age is being
removed by both natural and artificial discharge. Natural
discharge is by subsurface flow out of the area, evaporation
and transpiration, and through springs and seeps. Artificial
discharge is through wells.

Notural discharge.~The greatest part of the total natural
discharge of ground water from northern Lea County is by
subsurface outflow at the New Mexico-Texas State line. An
additional quantity moves out of the area by subsurface flow
along the southern and western boundary where the contact

between the Ogallala formation and the rocks of Triassic age
is covered by Quaternary alluvium.

The amount of ground water lost by evaporation and tran-
spiration is relatively small because there are no large bodies
of surface water and there are few areas where the water
table is shaliow.

Evaporation from the zone of saturation in general can take
place only where the water table is within 10 feet of the land
surface; such a condition prevails around the perennial lakes,
along Mescalero Ridge, and south of Mescalero Ridge from
Rgs. 35 to 38 E.

Most transpiration by native vegetation is near the peren-
nial lakes and the springs and seeps where the depth to water
is less than 20 feet. Native grass, weeds, mesquite, and hack-
berry and cottonwood trees are the principal users of ground
water by transpiration.

Flow from springs and seeps is small in proportion to the
total discharge from the Ogallala formation. Some of the

springs and seeps discharge along the eontaet between the

sediment of Tertiary and Triassic age exposed in the escarp-
ment of Mescalero Ridge in Tps. 11 and 12 S, R. 31 E,, other
springs discharge into the lakes; Ranger Lake and North Lake
receive the greater part of the water discharging to the lakes.
Artificial discharge.—The ground water discharged through
wells from the deposits of Cenozoic age is utilized for irriga-
tion, public supplies, rural-domestic supplies, industrial uses,
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and stock. The amount pumped each year is estimated by
the U.S. Geological Survey; and the data are published by the
New Mexico State Engineer.

The quantity of water pumped from the deposits of Ceno-
zoic age during 1952 was about 185,000 acre-feet; of this
amount 166,000 acre-feet was used for irrigation. About the
same quantities of water were pumped each year during the
period 1953-57. Because of above average precipitation dur-
ing the growing season of 1958, however, the amount of water
pumped for irrigation decreased to about 107,000 acre-feet;
the use for other purposes remained about the same—19,000
acre-feet.

The estimated amount of water pumped from the deposits
of Cenozoic age for irrigation during the years of record was
as follows:

Acre-feet
60,000
95,000

158,000
166,000
165,000
163,000
170,000
160,000
140,000

Year Acre-feet Year
1937 1,300 1949
1938 1,700 1950
1839 2,200 1951
1940 3,200 1952
1941 1,500 1953
1942 3,500 1954
1943 6,000 1955
1944 3,500 1956
1945 6,500 1957
1946 3,500 1958 107,600
1947 19,000 1959 149,000
1948 39,000 1860 105,000

RECHARGE OF GROUND WATER IN THE DEPOSITS
OF CENOZOIC AGE

The deposits of Cenozoic age are recharged chiefly by precip-
itation; in addition there is some recharge from subsurface
flow into the area from Chaves and Roosevelt Counties, from
irrigation return, and from seepage from brine disposal pits.

Recharge to the reservoir by the downward percolation of
water generally cannot take place where the land surface is
underlain by a thick layer of caliche. Only where the caliche
is absent, relatively soft, broken by joints, or removed or dis-
turbed by man can water move downward o the water table.

The average annual recharge from precipitation to the zone
of saturation in the southern High Plains is between %- and
Y%-inch per year, depending on the amount of precipitation
{Theis, 1937). The area of northern Lea County is about
1,800,000 acres; therefore, the amount of annual recharge
probably varies between 38,000 and 75,000 acre-feet per year.
The area of the Lea County Underground Water Basin is
about 1,400,000 acres; therefore, the average annual recharge
to the declared basin is approximately 29,000 to 58,000 acre-
feet.

The greatest amount of recharge from precipitation oceurs
in the areas covered by dune sand, and in those areas where
the shallow closed depressions are most numerous.

The deposits of Cenozoic age receive a small amount of
recharge from surface inflow derived from precipitation that
falls on the Llano Estacado outside Lea County, but near its
northern boundary. The southeast-frending stream channels
carry some runoff into the northern part of the area where it is
caught in shallow closed depressions. Some of this water
reaches the water table by infiltration but most probably is
lost by evaporation and transpiration. :

Ground water in the Ogallala formation in adjacent areas
in Roosevelt and Chaves Counties, New Mexico, flows in a
southeasterly direction and a small amount enters the area as
underfiow along its northern boundary. _

Some of the water pumped from the deposits of Cenozoic
age for irrigation, domestic, stock, municipal, and industrial
uses is not consumed but instead percolates back to the
aquifer. It may be called return discharge, but it does not
constitute an addition to the supply of water, rather, it repre-
sents a decrease in the net discharge. M

Brine-disposal pits for oil-field water also are a source of
recharge. Data supplied by Alexander Nicholson, Jr., and
Alfred Clebsch, Jr. (1961, p. 102-108) indicate that about 96
percent of the brine discharged to disposal pits for evapora-
tion instead seeps to the water table. ”

GROUND WATER IN STORAGE

The total quantity of water in storage in the deposits of

Cenozoic age can be estimated by using the formula
V=Apm

where V is the quantity of water in storage, A is the surface
area of the aquifer; p is the porosity of aquifer, and m is the
saturated thickness of the aquifer.The area (A)of the Lea
County Underground Water Basin is about 1,400,000 acres;
the average porosity (p) is about 35 percent; and in 1952, the
saturated thickness (m) averaged about 100 feet.  On the
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of 1952. However, not all of the water in storage in the
reservoir can be recovered for large scale irrigation develop-
ment because of two principal factors. First, it usually is not
economically feasible to pump large quantities of water in
areas where the zone of saturation is or becomes less than 30
feet in thickness. Thus, on the average, only the water in the
upper 70 feet of the reservoir can be considered as available
for large scale pumping. Secondly, much of the water will
be retained by adhesion on the surfaces of the grains which
make up the reservoir. The yield of water from the sedi-
ments is estimated to be 0.2 of the volume of saturated sedi-
ment. Thus about 40 percent of the total amount of water

" in storage in the deposits of Cenozoic age in the northern Lea

County Underground Water Basin can be recovered for large-
seale irrigation, or about 20,000,000 acrefeet. If ground
water pumping was distributed evenly throughout the Basin,
the amount in storage would last approximately 100 years at
the present rate of use. But some of the water underlies
areas that are unsuited for farming and will not be used for
this purpose while in other areas the supply will be exhausted
in 40 years or less, from 1952, because of extensive local
development. ;

Probably enough water for domestic and municipal uses
will be available in the reservoir for a considerable length of
time after water is no longer available for large-scale irriga-
tion use.

CHEMICAL QUALITY OF THE WATER
Ground water in the deposits of Cenozoic age is suitable for

most uses. Water from the Triassic and Cretaceous forma-
tions generally is harder and has a higher dissolved-solids

s, it s estimated that about 49,000,000
“in storage.in.the sguifor-at-théend -

content than water from the younger rocks, and the water is
unsuitable for some uses. Water from aquifers of pre-Meso-
zoic age are generally saline, but have been used to a limited
extent in water flooding of oil fields. The chemical quality
of the waters ig indicated by the analyses in figure 5 which
show the conecentration of sulfate (SO4), of chloride (Cl), and
of fluoride (F), the hardness, the specific conductance, and the
sodium-adsorption ratio.

Water for domestic use.~—The quality standards for drink-
ing water recommended by the U.S. Public Health Service
(1946) have been adopted by the New Mexico Public Health
Department. These standards were reviewed recently by
Welsh and Thomas (1960) and they agree (p. 299) that “the
oresent limits appear to be satisfactory...” although limits
for certain other substances should be considered. The rec-
ommended limits for the substances shown in the analyses in
figure 5 are 1,000 ppm (parts per million) (preferably 500
ppm) of dissolved solids, or a specific conduetivity of less than
1,500 micromhos and preferably less than 750 micromhos; 250
ppm of sulphate; 250 ppm of chloride; and 1.5 ppm of fluoride.
The preferred limits for one or more substances were exceeded
in 19 of the 36 analyses of water from the Cenozoic deposits.
They were exceeded in the three analyses of water from the
Tucumecari shale, and in the three analyses of water from rocks
of pre-Mesozoic age. None of the water occurring in the
Triassic rocks in the area has been analyzed.

Water which has an excess of some of these substances may
not have an undesirable taste or odor;’a chemical analysis
generally is necessary to determine its suitability for drinking.
The New Mexico Department of Public Health will analyze,
free of charge, drinking water for residents of the State.
Sample containers and instructions for sampling can be ob-
tained from the New Mexico Department of Public Health in
Santa Fe or Albuquerque.

Water for industrial use.—Water from deposits of Cenozoic
age may be considered satisfactory for most industrial uses,
even though the water is hard. Water from the formations
of Mesozolc age are generally harder and have a higher dis-
solved-solids content than water from Cenozoic rocks. Water
from the rocks of pre-Mesozoic age generally is of such poor
quality that it is suitable for most use only where quality of
water is of little or no importance, such as drilling shotholes
and water-flooding of oil and gas fields.

Water for irrigation.—Water from deposits of Cenozoic age
generally is suitable for irrigation according to the criteria of
the U.S. Department of Agriculture (Richards, 1954). The
total concentration of soluble salts {salinity hazard) ranges
from medium to high; however, the quantity of exchangeable
sodium {alkali hazard) is low, (Richards, 1954, p. 80). The few
wells near Hobbs that have a relatively high concentration of
chloride also tend fo have a moderately high alkali hazard.
A high concentration of sulfate in association with a high con-
centration of sodium lessens the alkali hazard. Boron is not
known to occur in concentrations high enough to affect the
plant growth.

Without exception, the water in the rocks of pre-Mesozoic
age which was analyzed has been of very poor quality with
respect to use for irrigation. Most of the water, which com-
monly is called brine, has an extremely high salinity and
alkali hazard. Ground water in rocks of pre-Mesozoic age is
not considered suitable for irrigation.

Contamination.—In some wells potable water in the Ogal-
lala formation is being contaminated with water containing a
high concentration of chloride, sodium, caleium, magnesium,
and other dissolved solids. A well in NWUSEUNEY see. 15,
T.18 5., R. 38 E., approximately 2 miles north of Hobbs, was
sampled during 1951, and the analyses showed the water to
be potable. The well was sampled again in 1954 and the
chloride content had increased from 75 to 152 ppm, the sulfate
content had increased to 359 ppm since 1954, and the concen-
tration of chloride had increased to 259 ppm. The hardness
(as CaCOs) had increased from 296 ppm to 612 ppm during
the 7-year period and the SAR (sodium adsorption ratio) had
increased from 1.3 to about 2.4. The water had become im-
potable according to the U.S, Public Health Service standards
(1946).

Contamination apparently is taking place only where the
production of brine with oil has continued for a relatively
long time, as in the vieinity of Hobbs and Monument. Anal-
yses of samples collected periodically from 1951 to 1957 from
a well in SWYUSWYSW sec. 31, T. 14 8., R. 87 E,, and a well
in NWUNWYMNWY see. §, T. 15 S., R. 36 E. show little or no
change in the quality of water. There is little oil production
in the vicinity of these two wells. _

Contamination may not be detected for many years after
its ineeption unless water wells are located within a few hun-
dred feet of the source of the contamination because of the

oslow rate of movement of ground water in formations of Cen-
- - ozolc age.. -When the quality of the water from a well begins

to deteriorate, it is usually too late for remedial measures.
Further contamination of the potable ground-water sup-

" plies can be prevented by using any of the following methods

or a combination of the methods:

(1) Line the disposal pits with impervious material so
that the brine does not seep downward.

(2) Return the brine to deep-lying formations either by
using the brine to repressure oil pools or by using
wells solely for waste disposal.

{3) Demineralize the brine. This method would signif-
icantly improve the water situation by removing
a contamination hazard and would increase the
supplies of potable water.
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FIGURE 2.—Map showing the topography, contours on the water table and on the post-Mesozoic erosional surfoce in northern Lea County, New Mezico
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INTRODUCTION

Northern Lea County, New Mexico, is dependent chiefly
on ground water for its water supply. It also is one of many
areas in New Mexico in which ground water is being mined;
thatis, morewater is being withdrawn from the ground-water
reservoir both by natural means and by pumping for irrigation,
municipal, stock, and industrial use than is being recharged to
thereservoir. The magnitude of the pumping and the volume
of the water in storage are such that in places the depletion of
the reservoir may be measured in a few tens of years on the
basis of the rate of use of water in 1953.

The State Engineer of New Mexico declared the Lea
County Underground Water Basin in 1931 subject to regula-
tion of the developmerit of water in this area. New Mexico
water policy is based on the philosophy that the withdrawal
of water from an area of ground-water mining should be lim-
ited to a rate that will permit amortization of the investment
in farms irrigated with ground water over a period of 40 years
(Reynolds, 1960, p. 233-234). In parts of northern Lea County,
the ground-water supply is considered to be fully appropriated.
In these areas the users of ground water for irrigation can
expect about 40 years of supply at the rate of use in 1953 and
extending from that date unless additional supplies are dis-
covered in deeper water-bearing formations. Beyond such
a period there will remain in storage sufficient water for
stock and munieipal use and, to some extent, water for indus-
trial use for many years to come. In other parts of the de-
clared basin water was still unappropriated in 1960.

PURPOSE AND SCOPE

The purpose of this atlas is to make available in convenient
form information on the ground-water reservoir in northern
Lea County, New Mexico, an area dependent chiefly on ground
water for ifs water supply. The atlas shows by means of
maps the saturated thickness of the principal ground-water
reservoir and indirectly the volume of water in storage in
northern Lea County. Other maps show the depth to water
and areas in which water levels have declined in the past
several years. The atlas was prepared as a part of the gen-
eral program of ground-water investigations being made by
the U.S. Geological Survey in cooperation with the State
EngineerOffice of New Mexico. The information contained
in the atlas should lead to a better understanding of the avail-
ability of water in this important part of the State.

LOCATION AND EXTENT OF THE AREA

The area described contains about 2,900 square miles in
southeastern New Mexico and includes northern Lea County,
and small parts of Chaves and Eddy Counties (fig. 1). The
area is bounded on the east by the New Mexico-Texas State
line, on the north by the Chaves and Roosevelt County lines,
and on the west and south by the Mescalero Ridge.

PREVIOUS WORK

Generalized reports on the geology of the area have been
made in connection with regional investigations concerned
primarily with the oil- and gas-producing formations of Pale-
ozoic age; few data have been published on the younger rocks
that contain potable ground water. Selected references per-
taining to the geology and hydrology of Lea County are
listed at the end of this text. A network of observation wells
has been maintained on a continuing basis for a number of
years by the Geological Survey in cooperation with the State
Engineer Office Related data such as the amount of water
withdrawn from the reservoir have also been collected and
published in U. S. Geological-Survey Water-Supply Papers
and the Technical Repert series of the New Mexico State
Engineer Office. :
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GEOGRAPHY
TOPOGRAPHY AND DRAINAGE

Northern Lea County is on the west side of the Llano
Estacado, which is the southern extension of the High Plains
in southeastern New Mexico and western Texas (fig. 1)
(Fenneman, 1981, p. 9). The Llano HEstacado, or southern
High Plains, is 2 plateau which stands about 100 to 300 feet
above the surrounding region (fig. 2). The general surface
of the Llano is smooth and slopes to the southeast at 10 to 20
feet per mile into Texas. The Mescalero Ridge (figs. 1 and 2)
forms the western and southwestern boundary of the Llano
Estacado and is the boundary between the High Plains and
Pecos Valley sections of the Great Plains Province (Fenneman,
1981, p.9). The name Mescalero Ridge is 2 misnomer as this
feature actunally is an escarpment that faces the Pecos Valley.

The steep front along the ridge from T.9 S. to End Point
in T. 19 8. is broken by broad reentrants, such as Sand Gate
in the northwest part of the area, and narrow reentrants
such as Polecat Canyon in the southern part of T. 108,
R. 31 B., through which U. 8. Highway 380 passes from the
Pecos River Valley onto the Llano Estacado.

Shallow closed depressions, sometimes called buffalo wal-
lows, are the most characteristic minor topographic features
on the Llano Estacado. The floors of the depressions gener-
ally range in area from 1 to 150 acres; the average size is
probably about 1 acre. The depth of the depressions generally
ranges from 1 to 50 feet. Some of the depressions have been
sealed or dammed by ranchers for use as tanks for watering
livestock. Some of the depressions contain perennial lakes,
but most of them contain water only during the summer rainy
£eason.

The drainage on the Llano Estacado generally is not inte-
grated; a few of the depressions, however, are connected by
shallow and superficial drainage ways. Drainage into the
depressions is mainly from the northwest. Much of the runoff
from precipitation is caught in the depressions, where the
water remains until it infiltrates, is lost by evaporation, or is
consumed by plants. The only semblance of through drainage
is a shallow broad swale called Simanola Valley, which orig-
inates east of Sand Gate and terminates a few miles north-
west of Tatum.

Six perennial lakes oceur in the northern part of the ares.
The two largest are Lane Salt Lake (T.10 8, R. 33 E.) 7 miles
northeast of Caprock, and Ranger Lake (T.11 S, R.36 B.) 8
miles north of Tatum. Four Lakes (T. 11 S, R. 34 1.) is the
collective name for the four small lakes about 12 miles north-
west of Tatum. For the purpose of this report, however,
they will be referred to individually as North Lake, East
Lake, Middle Lake, and South Lake (fig. 2).

Springs and seeps are present in the beds or on the margins
of several of the lakes. North Lake has several islands on
which seeps are found. Water in all the perennial lakes is
brackish and is derived from both surface runoff and under-
ground inflow.

SOILS :
The soils in northern Lea County include loam, sandy loam
clay loam, and clay (Harper and Smith, 1985). The loam soils
are the thickest and most productive soils. They generally
oceur in long, narrow, subparallel strips which vary in width
and length but nearly always trend in a southeasterly direc-

tion. The loam strips are surrounded, in most places, by un-
cultivated scabland or by sand hills. The scabland is chiefly
thin, rocky loam, and the sand hills are chiefly sandy loams.
The sand hills, like the loams, oceur in long narrow strips.

The northwest-southeast lineation of the soils and sand hills
is well illustrated on the soil map of the area around Loving-
ton (Harper and Smith, 1935). The cause of the lineation is
unknown; however, the trend, thickness, and loeation of the
soil strips suggest that the lineation may be related to streams
of Tertiary age which originated to the west and flowed south-
eastward at the time the Ogallala formation was being de-
posited. The lineation may also be related to older sand-dune
patterns developed from prevailing southwesterly winds.

Generally, only clay is found on the floors of the shallow
closed depressions because the coarser materials are deposited
at the margins as the water flows to the depressions; only
very fine materials can be carried by the weak currents in
the ephemeral lakes.

CLIMATE

The climate of northern Lea County is semiarid; the hu-
midity is low, the rate of evaporation is high, and the mean
annual temperature is about 60°F. The average annual pre-
cipitation at Tatum is 16.20 inches, at Lovington 14.82 inches,
and at Hobbs 15.26 inches. More than two-thirds of the an-
nual precipitation falls during the growing season, which lasts
from April through September. At Hobbs and Lovington
the average number of frost-free days per year is 206 and at
Tatum is 193 days per year. The average date of the last
killing frost at Lovington is April 11 and the first killing
frost is November 8. Climatological data, from records of
the United States Weather Bureau (1953-59) are summarized

in the following table for three stations in northern Lea

County:
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Hobbs 15.28 60.8 754 45.6 206
Lovington 14.82 59.9 76.7 43.6 206
Tatum 16.20 58.8 4.5 421 193

ECONOMY

The economy of northern Lea County has changed gradu-
ally in the period 1929-60 from one based predominantly on
stock raising and dry farming to one based on irrigated farm-
ing and the production of oil and gas.

Prior to 1929 most of the farmers in northern Lea County
relied on precipitation for their erops. The general use of
ground water for irrigation began during the drought of the
early thirties; however, until 1946, irrigation was limited
principally to small tracts in the vicinity of Lovington and
Hobbs. The amount of irrigated acreage began to increase
rapidly in 1946 and by 1954 nearly 93,000 acres were under
irrigation; after 1954 the expansion continued but at a much
reduced rafe.

Most of the irrigated acreage (fig. 2) is between Tatum on
the north, Hobbs on the south, the Texas border on the east,
and an irregular northward-trending line about 15 miles west
of Tatum and Lovington. In 1954 about 66 percent of the
irrigated land was used fo grow cotton, sorghum, and alfalfa;
about 31 percent was used to raise vegetables, fruits, berries,
oats, and wheat; and about 3 percent was devoted to pasture,

The Lea County Underground Water Basin (fig. 2), as re-
defined by the New Mexico State Engineer in 1952, is included
in the northern Lea County drea. Drilling for water in the
declared basin is controlled by the New Mexico State Engi-
neer so that the ground water can be conserved and the rights
of prior users will be preserved to the extent possible. If the
State Engineer determines that additional wells may seriously
deplete the supply of water, he can close part or all of th
basin to further appropriation of water. :

The basin was declared under regulation by order of the
State Engineer in 1931, but the amount of water pumped in
the basin remained so small that it was not closed to further
appropriation of ground water until December 31, 1948. ~The
State Engineer extended the area of the basin October 1, 1952,
Some parts were reopened to further appropriation on De-
cember 31, 1952 and on February 2, 1953. At present the
declared basin includes an area of about 2,180 square miles.

About two-thirds of the cattle and almost all the other live-
stock in Lea County are raised in northern Lea County.
Between 1929 and 1949 the value of all livestock and Live-
stock products sold annually more than doubled. Since 1949,
however, sales have steadily declined. The decline has been
attributed to the redirection of effort from grazing manage-
ment to farming and to the production of petroleum products.

The oil and gas industry, expanding rapidly since 1944, has
become the most important segment of the northern Lea
County economy. Between 1926, when the first oil well in
Lea County was drilled near Maljamar, and January 1, 1955
when about 3,000 wells were in operation, more than 568 mil-
lion barrels of oil and more than 939 million cubic feet of nat-
ural gas has been produced. Local plants during 1954 pro-
duced about 1}£ million barrels of butane and propane, 1%
million barrels of gasoline, and 22 million pounds of carbon
black from natural gas produced in southeastern New Mexico.

GEOLOGY AND GROUND WATER

Rocks of Precambrian through Cenozoic age underlie north-
ern Lea County; however, only rocks of Mesozoic and Ceno-
zoic age crop out in the area and only they are known to
contain potable ground water. The Ogallala formation is the
principle source of ground water in northern Lea County.
The deposits of Quaternary age and the underlying rocks of
Cretaceous and Triassic age generally yield only small
amounts of water. Most of the sediments of pre-Mesozoic
age contain brackish and saline water.

ROCKS OF PRE-MESQZOIC AGE

Granite and volcanic rocks of Precambrian age underlie
the area at depths which range from 11,000 feet in the north-
western part to about 14,000 feet in the southeastern part
(Flawn, 1956, p. 68, pl. 2). Ground water has not been re-
ported in the rocks of Precambrian age and probably little
occurs in them.

The rocks of Precambrian age are overlain unconformably
(Barnes, and others, 1959, p. 25-26) by approximately 3,000
t0 6,000 feet of limestone, dolomite, shale, and sandstone of
Early Ordovician through Pennsylvanian age. Overlying
the Pennsylvanian rocks are 8,000 feet of Permian rocks—
about 5,000 feet of dolomite and limestone containing a
small proportion of shale and sandstone, and about 3,000 feet
of salt and anhydrite. In general, water in the rocks of Pa-
leozoic age contains a large amount of dissolved solids and
occurs with oil and gas.

Water discharges from the formations of Paleozoic age in
two ways—produced with oil and as subsurface flow out of
the area. The amount of subsurface flow is unknown, but
records (New Mexico Oil and Gas Engineering Committee,
1952, 1954, and 1955) show that the amount of water pumped
with oil from these formations was about 1,900 acre-feet in
1952 and approximately 2,400 acre-feet in 1954, By the end

of 1954 about 20,500 acre-feet of water had been produced
from 2,800 wells drilled since the start of oil production. Some
wells did not yield any water while others produced several
times the annual average of 7.35 acre-feet of water per well.

A source of recharge is the brine pumped from wells in Lea
County into other wells which are bottomed in rocks of pre-
Mesozoic age. In some cases this type of recharge is used
primarily to repressure oil pools which thereby increases the
recovery of oil and gas from the reservoir. In other cases
the primary consideration is the removal of the fresh-water
contamination hazard. In Lea County only a small propor-
tion of the oil-field brines is currently (1960) artificially re-
charged to the rocks of pre-Mesozoic age.

ROCKS OF MESOZOIC AGE

Rocks of Mesozoic age in northern Lea County range in
thickness from 1,400 to 2,100 feet and consist of shale and
sandstone of Triassic age and siltstone and limestone of Cre-
taceous age.

The amount of water produced from rocks of Triassic and
Cretaceous ages is small, but the small produetion does not
necessarily indicate that the quantity available is insignificant.
The meager production may be due in part to the general
lack of exploration and development. Rocks of Mesozoice age
have been penetrated by only a few water wells most of which
are in the northern third of the area where the Ogallala for-
mation is relatively thin and contains little water.

Rocks of Triassic-age.—Rocks of the Dockum group of Tri-
assic age unconformably overlie rocks of Permian age and
range in thicknes from 1,400 to 2,000 feet (Nye, 1930, p. 370).
The Dockum group underlies the entire area, but it is exposed
only along the escarpment of the Mescalero Ridge from the
southern part of T. 10 8., R. 81 E,, to the northern part of
T.14 8, R.31 E.

The Dockum group in northern Lea County comprises an
upper part and a lower part that are distinctive but which
grade into one another. The lower part of the group has a
maximum thickness of 600 feet and consists mostly of reddish
sandstone but includes a relatively small proportion of varie-
gated shale and limestone. The upper part of the group has
a maximum thickness of about 1,200 feet. This part is pre-
dominantly a reddish shale but includes minor amounts of
variegated shale, sandstone, conglomerate, and limestone
(Adams, 1929, p. 1051; Nye, 1932, p. 237-238).

Approximately 165 feet of the Dockum group is exposed
in the SW¥4% sec. 3, T. 11 8., R. 31 E. (Nye, 1932, p. 236). The
lower 40 feet of the exposure consists of light-greenish-gray
to grayish-green shaly sandstone that contains thin beds of
choeolate-colored and greenish-colored shale and grit made up
of shale pellets. Overlying the shaly sandstone is 30 feet of
light-green and chocolate-colored sandy shale that includes
thin beds of micaceous shaly sandstone. The sandy shale is
overlain by 90 feet of poorly exposed chocolate-colored to red-
dish-brown shale that contains some green shale.

Silicified wood is the only fossil material reported found in
the Dockum group in this area (Nye, 1932, p. 237).

The rocks of Triassic age usually can be distinguished from
rocks of Permian age by the difference in color--the shale of
Triassic age is deep purplish to brownish red while that of
Permian age is generally brick red—and by the presence of
mica flakes in the rocks of Triassic age.

The rocks of Triassic age contain some water but they are
not considered to highly productive aquifers. Seven wells in
northern Lea County obtain water from the upper part of the
Dockum group. Several wells in southern Lea County also
tap the Dockum group and it is possible that more water
could be developed in the rocks of Triassic age in northern
Lea County.

Rocks of Cretaceous age.~The Tucumecari shale of Creta-
ceous age unconformably overlies the Dockum group in the
northeastern part of Lea County. A few shot-hole logs from
south of Lovington record gray, blue, yellow, and green shale
which may be Cretaceous in age as reported by Bates (1942,
p. 269). _

The fossils listed helow, which were collected at North
Lake in sec. 32, T. 10 8., R. 84 E., were identified: Serpula?
sp., Gryphaea corrugate Say, Exogyro texano Roemer, Exogyro
plexa Cragin, Pecten (Neithea) texanus Roemer?, and Plicotulo
cf. tncongrue Conrad. The fossils indicate that the enclosing
rocks are of Early Cretaceous age and probably are equivalent
to the Tucumeari shale.

The Tucumcari shale generally consists of fossiliferous dark
gray siltstone and thin beds of brownish sandy limestone,
grayish limestone and sandstone. In outcrops the siltstone
beds weather to yellow and the sandy limestone beds usually
have the appearance of yellowish sandstone because weather-
ing dissolves the calcium carbonate from around the sand
grains.

The Tucumecari shale is about 150 feet thick in the north-
east corner of Lea County but it thins southwestward and
pinches out along an irregular line extending from T.9 S,
R.33E,t0oT.14 3, R. 88 E. )

The Tueumcari shale ¢rops out along the western and
northern edges of North Lake, and, reportedly, along the
eastern edge of Ranger Lake (Conover and Akin, 1942, p.286)
and along the northwestern part of Middle Lake (Dane and
Bachman, 1958). The greatest observed thickness of the
Tucumeari shale is in a gully on the west side of North Lake
where a composite section approximately 17 feet thick was
measured. The Tucumeari at the exposure consists of dark
gray siltstone and thin interbedded stringers of limestone.
Several of the stringers wedge out laterally into siltstone.
In the lower part the stringers are light brown, sandy, crystal-
line limestone; in the upper part they are light gray and fine
grained. Here the contact between the Tucumeari shale and
the overlying alluvium is exposed and is unconformable.
Fragments of Lower Cretaceous fossils and of the Tucumeari
shale were noted in the alluvium at this outerop.

Limited quantities of ground water occur in the Tucumcari
shale. Reds of sandstone near the base of the formation con-
stitute the principal aquifer.

Water is pumped from several wells which penetrate the
rocks of Cretaceous age. At one time some of the water in
these rocks was under sufficient artesian pressure to flow at
land surface, but since 1940 all the artesian wells in the area
have gradually ceased to flow. Well owners generally attrib-
ute the cessation of flow to the widespread drilling of shot-
holes for seismic surveys. The shotholes penetrated the
water-bearing stratum and since the holes were not cased the
artesian water leaked into the overlying Ogallala formation
and dissipated the hydraulic pressure.

The characteristics of a well in the SW¥ sec. 20, T. 12 8.,
R. 37 E.,, which produces water from rocks of Cretaceous age
have been studied by the U.S. Geological Survey (Conover and
Akin, 1942). The well was completed in 1940 at a total depth
of 185 feet. Sediments of Cretaceous age were penetrated
from 25 feet below land surface to the bottom of the well, and
artesian water was found in a bed of sand at a depth of 183 to
185 feet. The well flowed about 25 gpm (gallons per minute)
when first drilled and had a static head of about 14 feet above
land surface; reportedly, flow ceased about 1946.

DEPOSITS OF CENOZOIC AGE

Deposits of Cenozoic age in northern Lea County range in
thickness from 0 to 350 feet and consist of continental depos-
its of Pliocene age and sand and alluvium of Pleistocene and
Recent ages. The Cenozoic formations erep out over most of
the ares.

The erosional surface that underlies formations of Cenozoic
age was cut on rocks of Mesozoic age. The slope of the sur-

face is generally southeastward and the relief is moderate
(figs. 2 and 3). Two cycles of erosion of the bedrock surface

are indicated by the contour map. Stream channels found
beneath the Ogallala formation of Pliocene age trend south-
eastward and probably were cut after the close of the Mesozoic
era. Stream channels beneath the alluvium south of Mescalero
Ridge trend in a southwestward direction and were cut dur-
ing the Cenozoic era after the Ogallala formation had been
removed by erosion,

The Ogallala formation of Pliocene age lies unconformably
upon rocks of Mesozoic age. The formation underlies the
Llano Estacado everywhere except for a few small areas
where it has been removed by erosion.

The Ogallala ranges in thickness from 0 to about 350 feet
and averages approximately 200 feet. It is thickest near the
Mesecalero Ridge in Tps. 14 and 15 5., Rs. 31 and 32 E. It ranges
in thickness from about 75 to 225 feet in the vicinity of Lov-
ington and McDonald where it averages about 150 feet.
Most of the variation in thickness is due to irregularities of
the surface of the Mesozoic rocks on which the Ogallala was
deposited rather than to post-Ogallala ervosion (Nye, 1930,
p. 369).

The Ogallala consists mostly of fine to very-fine sand but in-
cludes minor quantities of clay, silt, coarse sand, and gravel.
The lower one-third of the Ogallala contains a higher propor-
tion of coarse sediments than the upper two-thirds. Usually
the coarse sediments occur as lenticular beds in the finer
material. Extensive beds of coarse sand and gravel are found
in some of the buried stream channels cut into the Mesozoic
bedrock.

Most of ‘the formation is unconsolidated, although near the
top and locally within it the sediments have been cemented
by calcium carbonate to form beds of caliche. The degree of
cementation of the caliche varies greatly. However, in gen-
eral the Ogallala is most firmly cemented near the top of the
formation and where the sediments are fine and contain much
silt (Nye, 1982, p. 235).

The bed of caliche at the tap of the formation forms topo-
graphic prominences because of its resistance to erosion. It
generally oceurs at the top of most plateaus in the southern
High Plains and is usually called the cap rock. There is no
sharp break between the caliche cap rock and the underlying
sediments because the amount of cementation decreases
gradually downward. Fn some places the cap rock is so dense
that it breaks with a semiconchoidal fracture; elsewhere it
may be soft and chalk like. Usually it is not stratified or
bedded, but locally it is flaggy and is used as a building mate-
rial. The partially cemented material beneath the cap rock
is used extensively as road metal, particularly in the oil and
gas fields. Sand and gravel from the Qgallala formation are
used in construction and road building.

The following stratigraphic section, measured by the author
and Alfred Clebsch, Jr., shows the general character of the
upper part of the Ogallala formation:

Section of the Ogallale formation on the south side of U.S. Highway 31
in SEY, sec. 11, T 15 5., R. 30 E.

Tertiary Thickness
: feet,
Ogallala formation: (feet)
Caliche, hard, weathers to knobby slope........ 8
8and, brown, fine-grained, locally well cemented
with caliche. Forms vertical cliffs.  onvun... 20

Sand, brown, fine-grained, moderately cemented
with caliche near top, grades into overlying

unit, contains pendanis of caliche. Forms
beneh - o oo meanamee L 28
Sand, brown, fine-grained, poorly cemented... 35

Sand, brown, fine-grained, well cemented, con-
tains vertical joints filled with caliche. Forms

ledge. oo e m e mmmmmmmemmmemem 10
Sand, brown, fine-grained, slightly eemented... 3
Sand, brown, fine-grained, contains irregularly

distributed blebs of caliche, massive_________ 6.5
Sand, brown, fine-grained, contains vertical joints

filled with caliche, massive. . e oo _ 520

Sand, brown, fine-grained, poorly cemented, con-

tains several thin diseontinuous moderately

eemented beds_ . ... ... e 5.0
Sand, brown, fine-grained, moderately cemen-

ted, case hardened on weathered suface. Forms

1edge e 0-1
Sand, brown, fine-grained, poorly cemented____ 3.5
Sand, brown, fine-grained, slightly cemented._. 0.1-1.5
Sand, brown, fine-grained, poorly cemented in

lower half, moderately cemented in upper

half o n——.— 4

Sand, brown, fine-grained, poorly cemented._ 1
Base of section covered

Total section exposed . 100

Sand, soil, and alluvium of Pleistocene and Recent age
unconformably overlie the Ogallala formation on the Llano
Estacado and the Dockum group west and south of Mescalero
Ridge. The thickness of the sediments ranges from 0 to about
30 feet on the Llano and from 0 to about 40 feet on rocks of
the Dockum group. The material overlying the Ogallala for-
mation is off-white to light brown and was derived from the
Ogallala on the Llano; the material overlying the Dockum
group is mostly red because it was derived from the red beds
of Triassic age.

The Ogallala formation of Pliocene age and the alluvium,
soil, and sand of Pleistocene and Recent ages form a single
hydrologic unit and in this atlas their hydrologic characteris-
ties will be discussed together.

Ground water in the formations of Cenozoic age is uncon-
fined and occurs mainly in the unconsolidated or poorly con-
solidated sand and gravel of the Ogallala formation beneath
the caliche cap rock. The water-bearing properties of the
formation vary vertically and horizontally. The vertical
variation is due chiefly to the amount of caleium carbonate
cement in the Ogallala. As a rule, the amount of calcium
carbonate cement decreases downward and is practically
negligible at depths of 35 to 50 feet below the surface. The
porosity and permeability increase downward as the cementa-
tion decreasses. lLateral variations in the water-bearing
properties of the sand and gravel below the zones of cemen-
tation are the result of variations in the coarseness and degree
of sorting of the particles,

The yield of wells, or the amount of water pumped in gal-
lonsper minute, ranges widely -throughout the area. The
maximum yield recorded in normal operation of the pumps in
1953 was about 1,700 gpm. Some wells used for irrigation
pump as little as 200 gpm but wells yielding less than about
300 gpm are generally considered unsatisfactory for irrigation
use. Theyields of wells differ greatly in relatively short dis-
tances and may be attributed to formation differences or dif-
ferences in well construction. The low yield in some wells
may be due in part to poor development or construction
of these wells, inasmueh as wells of higher yield have been
developed nearby.

Perched ground water is found in beds of caliche that have
a honeycomb-like structure. These beds have bedding planes
enlarged by solution and are locally referred to as “honey-
combed roek’” or “water rock” (Nye, 1930, p. 372). The quan-
tity of ground water derived from this type of reservoir is
small.

Irrigation wells tap the alluvium in the area south of the
Mescalero Ridge in the vicinity of Nadine and Monument.
Stock wells have been constructed in the alluvium at Sand
Gate, but no large-production wells have been drilled, so the
potential of the aquifer there is unknown. Generally the allu-
vium on the Llano is above the water table although perched
ground water could occur in those places where the alluvium
is relatively thick and overlies an impervious section of
caliche.
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Hydrogeology of Lower Cretaceous strata
under the southern High Plains of New Mexico

by J. A. Tony Fallin, Texas Water Development Board, P 0. Box 13231, Austin, TX 78711-3231

Introduction

Recent interpretations of seismic and other
well log information indicate that Lower Cre-
taceous strata cover approximately 1,500 mi’
under the southern High Plains of New Mex-
ico (Fig. 1). Deposited on Late Triassic ter-
rane, and covered largely by alluvial-fan
deposits that make up the Ogallala Forma-
tion (Neogene; Seni, 1980), the strata form
buried mesas with more than 200 ft of sub-
surface relief at some locations. The buried
mesas are erosional outliers of a system that
is much more extensively preserved and de-
veloped in the Edwards Plateau region of
west-central Texas (Fisher and Rodda, 1969).

A typical Lower Cretaceous section under
the southern High Plains of New Mexico in-
cludes a relatively thin basal sand and sand-
stone deposit overlain by marls, clays, and
associated limestones (Fig. 2). Regional sub-
surface profiles show that the basal sand and
sandstone deposit correlates with the Antlers
Formation (Trinity Group) in Texas. The de-
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FIGURE 1—Lower Cretaceous outcrop and sub-

crop areas in the southern High Plains region of
New Mexico. Refer to Fig. 7 for cross sections.
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posit is white to light blue, unconsolidated
to moderately well cemented, fine to coarse
grained, and quartz-rich; it has scattered len-
ses of gravel toward the base. Quartz grains
in the sand fraction are typically well rounded
and frosted in appearance, both character-
istics associated with near-shore marine,
beach, and dune sand depositional environ-
ments.

As an irregular sheet deposit, the thick-
ness of the basal sand and sandstone pinches
and swells while thinning regionally to the
northwest (Fig. 3). Thickness of the unit
ranges from less than a foot to more than 60
feet, and appears to be maximally developed
where it fills erosional scour channels and
other topographic lows cut into the under-
lying Dockum Group (Late Triassic; Fig. 4).

Light-blue clay and argillaceous, shallow-
marine limestone overlie the basal sand and
sandstone in southern parts of the study area
(Fig. 5). The limestone is fossiliferous in places
and has a spotty distribution pattern. Com-
bined with underlying clay intervals, the
limestone rarely exceeds 55 ft in total thick-
ness. The strata correlate sequentially and
lithologically with the Walnut and Coman-
che Peak Formations of the Fredericksburg
Group in Texas.

A dark blue-gray shale interval capped with
yellow-brown clay overlies all other Lower
Cretaceous strata under the southern High
Plains of New Mexico. Thickness of the fine-
grained sediments ranges from zero to more
than 160 ft, with much of the section either
partially or completely removed locally by

post-depositional erosion (Fig. 6). The upper
yellow-brown clay covers the entire subcrop
area (Fig. 7), which suggests that it may be
an oxidized weathering profile that devel-
oped when the Lower Cretaceous strata were
uplifted and subaerially exposed during Lar-
amide time. Stratigraphically, middle parts
of the fine-grained sequence correlate with
the Kiamichi Formation (Fredericksburg
Group); upper parts of the section may also
include some of the Duck Creek Formation
(Washita Group), a unit that has been iden-
tified at outcrop localities in neighboring Texas
counties (Brand, 1953).

Hydrology

Almost all Lower Cretaceous strata under
the southern High Plains of New Mexico lie
below the regional water table, and are sat-
urated with fresh (less than 1,000 ppm total
dissolved solids) to slightly saline (1,000-3,000
ppm total dissolved solids) ground water.
Only in limited updip areas along the north-
ern and western edges of the province are
exceptions known to occur.

The Lower Cretaceous strata are hydraul-
ically connected with other water-bearing
formations in the region, particularly the
bounding and overlying Ogallala Formation,
and are considered to be part of the greater
High Plains aquifer system. Basal sand and
sandstone beds and fractures, joints, bed-
ding planes, and shell facies in the limestone
intervals form effective ground-water reser-
voirs in the section, while clay, shale, and
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FIGURE 2—Composite stratigraphic section of Lower Cretaceous strata under the southern

High Plains of New Mexico.
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marl beds define aquicludes. Combined with
underlying mudstone sequences in the
Dockum Group (Late Triassic), the aqui-
cludes confine the Lower Cretaceous reser-
voirs in most areas, while also influencing
ground-water flow around and over the Lower
Cretaceous subcrop. Ponding of ground water
also occurs where Ogallala reservoirs are
buttressed against fine-grained Lower Cre-
taceous strata in at least one updip location
northwest of Tatum, New Mexico (Figs. 6
and 7).

Tilted to the southeast and confined by
fine-grained deposits, Lower Cretaceous res-

FIGURE 3—Distribution and thickness of the basal
Lower Cretaceous sand and sandstone unit (Ant-
lers Formation) under the southern High Plains of
New Mexico.

Roosevelt

Shothole with measured
limestone interval

o~ Isopachous contour

Area where limestone
facies are present

FIGURE 5—Distribution and thickness of Lower
Cretaceous limestone strata (Comanche Peak For-
mation) under the southern High Plains of New
Mexico.

FIGURE 4—Structure contour map showing the
altitude of the top of Late Triassic strata under the
southern High Plains of New Mexico.

ervoirs under the southern High Plains of
New Mexico commonly exhibit artesian
pressures. Exceptions occur where numer-
ous uncased seismic holes have been drilled
into the system, allowing confined ground
water to leak upward into the overlying
Ogallala Formation while decreasing hy-
draulic pressures in the underlying Lower
Cretaceous reservoirs (Ash, 1963).
Ground-water movement and drainage
through the Lower Cretaceous section is
generally to the east-southeast in conform-
ance with the head distribution and regional
structure. Local cementation, joint patterns,
intraformational facies changes, and sinuos-
ity of underlying scour channels, however,
prompt local deviations in flow patterns at
some locations. The cementation is primarily
calcitic in nature, although some quartz also
fills pore spaces in basal Lower Cretaceous
sandstone beds, restricting and even pre-
venting fluid movement in certain areas.
Surface lineament studies (Reeves, 1970)
suggest that joint patterns in Lower Creta-
ceous limestone reservoirs may be oriented
northwest-southeast and northeast-south-
west in the study area. Combined with loose
shell facies and bedding planes, such frac-
tures would form effective ground-water flow
zones in the limestone section.
Ground-water flow rates through Lower
Cretaceous reservoirs average less than 1 ft
per day (Weeks and Gutentag, 1984), with
discharge being to well heads in New Mexico
and Texas and to springs and seeps along

le=n
Roosevelt
\\FSO
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~
0 10 mi
0 1% km

TSieo—_ |sopachous contour

Area where Lower Cretaceous
strata are 100 ft or more
thick

FIGURE 6—Isopach map of Lower Cretaceous strata
under the southern High Plains of New Mexico.
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terrane (Fig. 8). The valleys formed mostly
before Ogallala deposition primarily by
westward headward erosion across the
southern High Plains (Seni, 1980).
Significantly, Lower Cretaceous reservoirs
also discharge some ground water into
bounding reservoir systems. In the Causey—
Lingo area of Roosevelt County, New Mex-
ico, basal Lower Cretaceous sand and gravel
reservoirs are truncated in downdip areas by
coarse-grained “valley fill” Ogallala deposits,
permitting cross flow into the Ogallala sys-
tem. Vertical leakage into the underlying
Dockum Group (Late Triassic) also occurs at
isolated locations, particularly where coarser-
grained fluvial-deltaic facies exist in upper
parts of the red bed sequence (Granata, 1981).
Wells completed in Lower Cretaceous res-
ervoirs under the southern High Plains of
New Mexico provide ground water for var-
ious surface uses. Widely spaced over much
of the study area, wells drawing from the
reservoirs are thus far noticeably concen-
trated only in the Causey-Lingo area of
Roosevelt County, where they supply water
for both crop irrigation and domestic use.
Undeveloped parts of the reservoir systems
showing potential for supplying additional
surface water to the southern High Plains
exist in northern Lea County, particularly
where relatively thick basal Lower Creta-
ceous sands and sandstones occupy ero-
sional scour channels that are cut into the
underlying Dockum Group (Late Triassic).

FIGURE 8—Structure contour map showing the
altitude of the top of Lower Cretaceous strata un-
der the southern High Plains of New Mexico.
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