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Introduction

Agriculture is a leading factor in langse/landcover change (LULCC) and ecosystem
shifts around the worlde(g.,Pielke et al., 2016; Vadjunec et al., 2016). Poor management
practices can lead to degradation of land, and when coupled with increasing climate variability
and cyclical drought, increases pressure on land managers who are seeking to balance both
ecologichand economic sustainability (Bazemore, 2008). The Southern Great Plains (SGP) is a
region that is a higistakes agroecosystem as it is not only a center of agricultural production for
North America, and the world, but is also historically prone to da®ponged drought such as
the Dust Bowl. Resiliency of agricultural producers and communities in this region is critical,
both in terms of management of the land itself, but also water resources. Much of this region is
heavily reliant on groundwater as theare few perennial surface water sources for either
agricultural uses or community/domestic use.

Ultimately, the resiliency of an agroecosystem is determined by the level of involvement
by local stakeholders in research and application of research for the myriad issues that face these
communities and producers. The Agroecosystem Resilience In tirbeswgjht (ARID) Project
sought to explore the efficacy of participatory research approaches (PAR) to increase resilience
in agroecological communities in the SGP, specifically thstétie area of New Mexico,

Colorado, and Oklahoma (Figure 1). The ARID Project, in part, butnoexisting grassroots,
participatory groundwater project that began in Union County, New Mexico in 2010. This
project was started by the local Soil and Water Conservation District (Northeastern SWCD) and
is currently being led by the NESWCD, Union Coyratgd a small geologic consulting company
(Zeigler Geologic Consulting, LLC; ZGCEommunities and producers throughout the SGP are
aware of the enormous stresses on groundwater resgergedNVenger et al., 201 Hut for

some areas, there is little data available to determine a) strain on local aquifers via center pivot
irrigation (CPI) versus livestock use, b) changes in quantity and quality of groundwater, and c)

recharge potential for the various aquifersgse throughout the area.
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Figure 1. Location of counties involved in the ARID project.

ZGC led the groundwatariented portion of thgreater ARID Project, which included
15 participating households in Union County (New Mexico), Las Animas County (Colorado),
and Cimarron County (Oklahoma). Monitoring provided by the groundwater team included static
water level measurements and analySiwater samples for general chemistry, trace metals, and
tritium. In addition, the team interfaced with participants throughout the duration of the Project
both in person during monitoring activitidscal workshopsand community meetings, but also
by means of regular progress reports summarizing data as it was gathered for eaChenailin
of the groundwater component of the larger ARID projectiwasterface with local
stakeholders to learn about their groundwater use, evaluate the aquifer(s) being used, and
develop appropriate conservation strategies where warrdrtisds the final report

summarizing results of the data collection efforts, as well as providing preliminary conclusions
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aboutthegroundwater resources tapped by these watid potential conservation strategies for
rural communities with similar geohydrologic situatiowée are grateful fofunding provided

by USDA Natinal Food & Agrculture Gant #208-6800228109 In addition we thank all the
project paticipants for being our partners in this work and Mr. Clay Kiesling of Union County

for providing a review of this report.

Methods

Participant Selection
In each county, the groundwater team Principal Investigator (PI, K. Zeigler) attended
local recruitment evenia 2018 in all three countiesd presented on the types of data that
would be collected, along with lessons learned from ongoing groundwater monitoring efforts in
northeastern New Mexico. Participants sadfected the groundwater component of the larger
ARID project. In the fall of 218, the team began reaching out to individual participants to
discuss their well(s) and their particular conceagarding their groundwater resources.
Monitoring of wells began in January of 2019 aadleparticipant selected one or two
wells to be monitored every six months for static water levels for four to five ye@sme
casesa third well was selected for installation of a pressure transducer to monitor water level
changes dailyStakeholders usually chose the one or two wells most critical to their operation
(either cattle ranching or farming, or botfie most critical of théwo wells (hereafter referred
t o as At hewasalssanpledafdr gewasal chain)stry, trace metals, and trithlim.
data gathered each monitoring seasonshkased with each participant annually or biannually
via a written progress repart order to provide information about changes in water quantity and
guality in a relatively rapid timeframe to facilitade-the-grounddecisionmaking. Team
members were also available to participants either while at their well or via phone or email to

answer questions and address concerns.

Static Water Levels

A 300-foot engineeringgradesteel tapavasusedto measure the depth to water most
of the wells and a 50fbot steel tape for wells deeper than 366t to water (per U.S. Geological
Survey methodsCunningham and Schalk, 201Measurementwith the steel taperere
repeated until two values thatrewithin 0.01ft of one anothewereobtained. Ifit was not
possible tabtain two measurements within 0.01 ft of one another, the closest wadtes



averaged and the datasflagged in theeportsas of lower precisiorf-or wellsthat are
abandoned and have no plumbing in places-tape with a maximum lengthf 3000r 500 feet
was usedThe measuring point, or height of the entrance to the well above land surésce,
subtracted from thstatic water leveineasurement such that the final static water level for all
wells is calculate@nd reportedelative to the land surfagefi b el ow ground sur f ace
Irrigation wells were generally not monitmt in summer seasons as they were in use and it was
not practical to have them shut off long enough for the water table to recover. Four wells in the
Sangre de Cristo Mountains in western Las Animas County were not measured in the winter as
the wells werenaccessible due to snow cover.

In order to create an individualized interpretation for each well, we used abaater
level change data for each well and combined it with the total depth of the well (where known) to
obtain the percentage amount that each well changed between seasons. This individualized
approach allows us to spot shallow wells that may be morelyh@apacted by a relatively

small chage in water levels.

Precipitation Analyses

To evaluate potential relationships between precipitation and groundwater, we combined
precipitation data from multiple stations across each cquotyided by the Community
Collaborative Rain, Hail and Snow Network (CoCoRaHS). To reduce error in this data, stations
were mainly selected on the basis of reporting frequency where each station had between 97%
and 100% daily reporting between Januafy2D19 and July 3% 2023.An average was then
calculated for every 30 measurements for each station. A 30 measurement interval created rough
monthly averages, with some error pertaining to how often measurements were taken. These
results were then combidend averaged again to a create a monthly average for each county.
These analyses can then be compared to the county water level change maps to examine
relationships between precipitation and groundwater change (primarily for shallow wells in

unconfined guifers).

Water Chemistry Analyses
Approximately half diter of water wasollected fronthe critical well for each

stakeholdefor analyses of major cations and aniasswell as trace metaM/ater samples were



taken in high density polyethylene (HDPE) botthes were not acidified nor filtereds these
samples were being used to characterize the aquifer, the analyses are meant to encompass all
possible solid and dissolved analytes present igitbiendwaterThe analytical work was

conducted by thénalytical Chemistry Laboratory at tidew Mexico Bureau of Geology and
Mineral Resources in Socorro. Major cation/anion analyses included the cations calcium (Ca),
sodium (Na), magnesium (Mgnd potassium (K), arttie anions carbonate (GQbicarbonate
(HCGg), sulfate (S@), and chloride (Cl). Trace metal analysedude27+ different analytes

ranging fromaluminum to zinc

Tritium Analyses
One liter of water was collected from each critical well in HDPE bottles for analysis for
tritium. Samples were analyzed at the Tritium Laboratory at the University of MPaesence
or absence of tritium, an isotope of hydrogen, is used as a marker for modern redvages
are not filtered, nor acidified for tritium analyses.

Background Geology

Groundwater, by nature an invisible resource, is controlled entirely by local and regional
geology. Deposits and rock units with appropriate porosity and permeability to provide useful
guantities of water for irrigation, livestock, and/or domestic use imatyickness, depth, and
other characteristics. Thus, an understanding of both the greater regional geologic context of the
SGP as well as the intricacies of the subsurface in the immediate vicinity of any given well is
required in order to understandaciges in quantity and quality, and potential for significant
recharge of that resourcg&.short geologic history and brief description of individual rock units
within the project area is helpful for putting the observations into perspective.

The geology of the western High Plains is dominated by Mese@g@csedimentary rocks
that were incised into and then filled in Yygungeralluvial deposits of MiocenPliocene age
(Zeigler et al., 2019a)Young volcanism associated with the Ra@iayton volcanic field
produced small cinder cones and lava flows that cap local mesas and buttes in Union and Las
Animas Counties. Much of the lower relief terrarthe eastern project areablanketed with
modern eolian sheetwash deposits that are locallilije@getated. Exposures ofderbedrock
units occur in deeper drainages, such as Perico Creek south of Clayton, or in canyonlands, such

as the Dry Cimarron in northern Union County or titileutary canyons to thBurgatoire River in



southern Las Animas Counfyhe bedrock geology is similar in Union, eastern Las Animas, and
Cimarron County, with western Las Animas County featuring much younger strata preserved
along the eastern flaskf the Sangre de Cristo Mountains and Spanish Péalkesall, the

geologic subscape is quite complicated and this leads to partitioning of local aquifers (Zeigler et
al., 2019b; Figure).

Glencairn Shale =

Figure 2. Example of subsurface geologic complexities for Union Count§rom Zeigler et al., 20191).

Triassic Strata

The oldest strata exposed in the three counties are those of the Upper Triassic Dockum
Group. The Dockum Group consists of dark red to purple mudstonesarge siltstonesvith
intermittent grayiskgreen to grayistpurple sandstone and conglomerate beds that were
deposited in @omplexterrestrial environment when the American Southwest was much wetter
(Baldwin and Muehlberger, 1959; Lucas et al., 1987; Kues and Lucas, 1987, Zeigler et al.,
2019a, b. The landscape at the time was dominated by large river systems and swampy

floodplains inhabited by a diverse array of reptiles, as well as the earliest North American
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dinosaurs. The lowest unit of the Dockum Group is the Santa Rosa Sandstone, a relatively thick
sandstone and conglomerate sequence. This is followed by a succession of mudstone and
siltstone beds with occasional moderately thick-fin@ined sandstone beti&t are not laterally
continuousSandstone and conglomerate beds are lithic arenites with a variety of minerals that
will contribute dissolved ions to groundwater resourtkee Dockum Group beds are gently

folded in Union County, with fold hingelinegenhding generally norteouth, creating an angular

unconformity with the overlying Exeter Sandstone.

Jurassic Strata

Above the Dockum Group are the gold and red cliffs of the Exeter Sandstone, which is
Middle Jurassic in age, and records a much drier climate for the region which saw the formation
of extensive dune systemihe Exeter Sandstone, which varies significantly in thickness due to
the folding of the underlying Dockum Group, preserves eolian beds deposited at the edges of the
Four Corners dune fieldss is predominantly a quartz sandstone with few other mineral types
(Heaton, 1939; Zeigler et al., 2019a, ®yertime, as the climate slowly returned to wetter
conditions, the dune field transitioned i@omplex network gblaya lakesDuring dry years,
these playas dried upith evaporatiorieadingto the formation of gypsum (a calcium sulfate
mineral). Gradually, tis system oplaya lakesand interplaya areasleposited the relatively
thick gypsumand mudstondeposits of the Bell Ranch Formation.

By the time the Morrison Formation was deposited in the Middle to Late Juthssic,
threecounty areavas once again a rivand lakedominated ecosyste(®rince, 1988)now
inhabited by a wide variety of dinosaur groups, whose bones are sometimes found eroding out of
the hillslopes of blue and green mudstone and white sand3ieaélorrison Formation varies
in rock type, although it is dominated by blue to pugriay or maroon mudstone with lenses of
coarsegrained muddy whitarkosic(=feldspasrich) sandstoneZeigler et al. (2019b) note the
presence odninformal division of the Morrison Formatidanto two partsa lower member
consisting of mudstone, sandstone, and lacustrine limestone beds, and an upper member that
includes mudstone and lenses of sandstioneastern Las Animas County, sandstone beds are
extremely rare, whereas in Union County and western Cimarron County, sandstone beds are
more prevalentThe top of the Morrison Formation was heavily eroded, resulting in
paleotopography that caim, places, result in thickness variations of tens to hundreds of feet.
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Paleovalleys incised into the Morrison were infilled by either the overlying Lytle Sandstone or

younger units, including the Dakota Sandstone and/or the Ogallala Formation.

Cretaceous Strata

The Lytle Sandstone, a white coaggainedarkosicsandstone and siltstone, grades
upwards into the overlying Glencairn Formation, a package of gray shales and sandstone and
siltstone bedgcollectively referred to as the Purgatoire Formation on older anagh#n
southeastern Colorafild’ he Lytle Sandstong=Cheyenne Sandstone in Oklahonmmay be
Jurassic in age (Bartnik et al., 2019), but the overlying Glencairn Fornfa@mwa Shale in
Oklahoma)includes bssil oyster shedl indicated a Cretaceous agéeGlencairn Formation
recordgthefirst flooding of the center of North America by a shallow and warm inlandtsea, t
Cretaceous Interior Seaway, which eventually covered all the Great Plains region.

Above the Glencairn Shaland capping many canyon rinmsthe regionjs the Dakota
Sandstone, which reflects deposition along the beach of the Cretaceous Interior Seaway. This
shoreline was frequently traveled by groups of dinosaurs who left thousands of fossil footprints.
The Dakota Sandstone is subdivided into the lower Mesa Rica Sandstone, the shales of the
medial Pajarito Formation, and the upper Romeroville Sandstone. The Romeroville Sandstone
grades upwards into the Graneros Shale, which is ovéxjaine Greenhorn Limestone and
Carlile Shale. These units are predominantly gray and black shadehin beds of limestone or
calcareous sandstone that are locally rich in fossil seaghelisecord the first major higétand
of the Cretaceous Interior Seaway.

In western Las Animas County, younger units are preserved, including the Cretaceous
Niobrara Group, Pierre Shale, Trinidad Sandstone, and Vermejo Formation, Cretaceous
Paleocene Raton Formation and the Paleocene Poison Canyon Formation. These units are not
preserved in Union or Cimarron County, nor in eastern Las Animas County. The Niobrara Group
includes the lower Fort Hays Limestone, composed of interbedded limestone and gray shale, and
the upper Smoky Hills Shale, which includes gray shale, with sondéesahale beds in the
lower portion. The Pierre Shale overlies the Niobrara Group and is a very thick sequence of
black shale that includes sandier intervals in the upper portion of thét shibuld be noted that
many of the shaldominated units throughout the Cretaceous and earliest portion of the
Paleocene include both gypsum, a calcium sulfate, and halite (rock salt).
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The Trinidad Sandstone, exposed in the cliffs along the north face of Johnson Mesa in
Las Animas County, includes beds of light gray arkosic sandstone deposits in a large delta and
barrierbar complex that formed as the Cretaceous Interior Seaway begjawlpretreat from
the region (Cather, 2004). The overlying Vermejo Formation, consisting of sandstone, shale, and
coal beds, was deposited in a coastal plain environment and the coal beesisuaoe forcoal
andcoalbed methane extraction taking placehe Raton Basin in western Las Animas County
(Cather, 2004).

Tertiary Strata

As the Cretaceous Interior Seaway retreated at the end of the Cretaceous, the region
graduallyreturned taariver-system dominatedcosystemThe Raton Formation preserves the
depositional environment during the CretaceBakocene transition, which saw the demise of
the dinosaurs (Tschudy, 1973; Pillmore et al., 1984; Shoemaker et al, 1987; Cather, 2004). The
Raton Formation includes beds afat, organierich shale, arkosic sandstqméd conglomerate
(Griggs, 1948; Cather, 2004he overlying Poison &hyon Formation includes interbedded
gray to white very coarsgrained sandstone beds with conglomerate, shale, and siltstone. The
unit becomes redder in color up section and significantly coarser grained, reflecting deposition
off of the first phase of gfnmodern Rocky Mountain uplift (Colpitts and Smith, 1990).

As the modern Rocky Mountains rose in the early Tertiagnynof these older rock
unitswere eventually eroded away and the sands and gravels of the Ogallala Formation filled in
adeeply incised landscapeesulting in highly variable thicknesses of this unit, which has a
strong control on local centgivot irrigation (Zeigler et al., 2019b). The Ogallala Formation
preserved in eastern Las Animas County, as well as Union and Cimarron CasiMiesene
Pliocene in age and known for its characteristics as one of the primary aquifer units in the High
Plains (Baldwin and Muehlberger, 19%8umenberg, 201&eigler et al., 2019b; Phan et al.,

2021). These deposits include fluvial, eolian, and aggradational fan sediments carried eastward
from the newly uplifted Rocky Mountains. The unit grades upwards from very epaised
conglomerates to sandy mudstone beds that became pervasively cementettiuitin

carbonate into the hard caliche caprezkosed in eastern New Mexico and West Texas.

Locally, the top of the Ogallala has been scoured out and infilled with Quatewgpary
fluvial deposits and blanketed with young eolian sheetwash deposiigdition, young basalt

13



flows from local cinder cones in the Rat@tayton volcanic field blanket older sediments and

cap mesas and canyon rims. In many places these lava flows preserve softer, more erodible units,
such as the Cretaceous shale beds, that have been strippedsawégeThis volcanism

ranges in age from 9 million years old to 36,000 years old (Zimmerer, 2019).

Union County Geology

Of the rock units described here, Union Coumigts exposures ttie Dockum Group,
Exeter Sandstone, Bell Ranch Formation, Morrison Formation, Lytle Sandstone, Glencairn
Formation, Dakota Sandstone, Graneros Shale, Greenhorn Limestone, Ogallala Formation, and
younger volcanic unit@Figure 3) These are locally covered with young eolian and fluvial
deposits. Exposures are limited to local drainages and the canyonlands of the Dry Cimarron in
northern Union County, as well as along the flanks of mesas dayfielava flows.In Union
County, the Ogallala Formationl@cally inset into the Dakota Sandstone and Morrison
Formation.Due to this relationship, CPI wells are geographically confined to these Ogallala
paleovalleys.

14
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Quaternary Units: Cretaceous Strata:
modem:eolian depasits Pierre Shale, Niobrara Formation
modern alluvial deposits [E Carlile Shale
[Q'] tandslide deposits [K&8] Greenhorn Limestone, Graneros Shale
young basalt flows - Dakota Sandst., Glencairn Sh., Lytle Sandst.
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younger volcanic deposits [imsd Morrison, Bell Ranch, and Exeter Formations
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Well location
@ Ogallala Formation (approximate)

Figure 3. Geologic map of Union County (from Anderson and Jones, 2003). Note well positions are offset to
maintain anonymity of locational data.
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Western Las Animas Cour@®eology

Western Las Animas County includes the transition westward from the High Plains into
the southern Rocky Mountains and is dominated by exposures of younger rock units, including
the Graneros Shale, Greenhorn Limestone, Carlile Shale, Niobrara GroupSRaeeTrinidad
Sandstone, Vermejo Formation, Raton Formation, and Poison Canyon ForfRafior 4) In
the Spanish Peaks area, myriad verticalignted igneous intrusions, called dikes, penetrate the
Poison Canyon Formation and older units, and thesste a complex hydrology in this aréa.
the east, the Dakota Sandstone rises up along the eastern limb of the Raton Basin and becomes

exposed in local drainages.

»

Ludlow

Trinidad

-4‘”{ A
N

5 miles g 0

Tertiary Units:
- Intermediate composition intrusions

- Silicic composition intrusions
- Metamorphic & igneous complex
- Huerfano Formation

[[Fe] cuchara Formation

Poison Canyon Formation
- Raton Formation

Cretaceous Strata:
E Vermejo Formation

- Trinidad Sandstone

[KE] Pierre Shale

E Niobrara Group

- Carlile Shale, Greenhorn Limest., Graneros Shale

- Dakota Sandstone, Purgatoire Formation
Jurassic Strata:

@ Morrison, Ralston, and Exeter Formations

Paleozoic Strata:
Sangre de Cristo Formation

Well location
(approximate)

——Igneous dikes

—— Fault trace

Figure 4. Geologic map of western Las Animas County (from Johnson, 1969). Note well positions are offset to
maintain anonymity of locational data.
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Eastern Las Animas CounBeology

In eastern Las Animas County, exposures are similar to those in Union County to the
south, with the Dockum Group, Exeter Sandstone, Bell Ranch Formation, Morrison Formation,
Purgatoire Formation (=Lytle Sandstone and Glencairn Shale), Dakota Sandstoeep$ra
Shale, and Greenhorn Limestone, with outcrops of the Carlile Shale and Niobrara Group
preserved under basalapped mesas such as Mesa de MBigure 5) Local remnants of the
Ogallala Formation are also preserved under basalt flows or as smatgaldng the eastern
boundary of the countgnd are inset into the Purgatoire Formation

[ ] Branson &

Quaternary Units: Cretaceous Strata: Well location
undifferentiated modern deposits Niobrara Group:Smoky Hill Shale (approximate)
modern eolian deposits @ Niobrara Group:Fort Hays Limestone

Tertiary Uf".ts" . . - Carlile Shale, Greenhorn Limest., Graneros Shale e
- enesus intrusions - Dakota Sandstone, Purgatoire Formation
i Jurassic Strata:

Ogallala Formation Morrison, Ralston, and Exeter Formations

Triassic strata:
Dockum Group
Permian Strata:
- Big Basin Fm., Day Creek Dolomite, White Horse Ss.

Figure 5. Geologic map of eastern Las Animas County (from Scott, 1968). Note well positions are offset to
maintain anonymity of locational data.
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Cimarron CountyGeology

Much of Cimarron County is dominated by modern eolian sheetwash and fluvial
deposits, but exposures in small drainages and in the eastern Dry Cimarron in the northwest
corner of the countynclude exposures of older bedrock uniteese include the Dockum Group
in the eastern edge of the county, Exeter Sandstone, Bell Ranch Formation, Morrison Formation,
Cheyenne Sandstone and Kiowa Shale (=Lytle Sandstone and Glencairn Shale = Purgatoire
Formation), Dakota Sandstone, Granerode&l@areenhorn Limestonend Ogallala Formation
(Figure 6) In Cimarron County, the Ogallala Formation is inset into Dockum Group and
Morrison Formatiorwith CPI geographically concentrated over the deeper portions of the

Ogallala paleovalleys

3 ‘_v“ = +
B oy = T [ il - )
< ol 1 " RG] oo OATE ) L N7 . 8
b ua Zhedar~ 1| | ' ‘7‘ [ E 3| o T
I U &~ Y =
Y - L ' L’f\'::'.- 717 o 0 2
Quaternary Units: Cretaceous Strata: Well location
modern alluvial deposits Graneros Shale, Greenhorn Limest. (approximate)
modern terrace deposits [Kda| Dakota Sandstone
dern t deposi Dakota Sandst
modern playa deposits @ Kiowa Shale, Cheyenne Sandstone
modern eolian cover deposits Jurassic Strata:
modern eolian loess deposits Morrison Formation
Tertiary Units: u Exeter Sandstone
[ Black Mesa basalt Triassic Strata:

Dockum Group
@ Ogallala Formation

Figure 6. Geologic map of Cimarron County (from Luza and Fay, 2003). Note well positions are offset to
maintain anonymity of locational data.

18



Groundwater Resources

Union County

Major waterbearing units irdnion Countyincludeunconfined alluvial deposits along
drainagesQgallala Formation, Dakota Sandstone, sandstone beds within the Morrison
Formation, the Exeter Sandstone, émd lesser extenthe Dockum GrougFigure 7) Based on
information gainedn other monitoring efforts in the regipeven moderate volume wells are
rare, occurring at Sedan, Senerad Gladstone, whepaleovalleys and pockets the Ogallala
Formationinclude a great enough saturated thicknessawige forhigh volumes ofwater.

Moderately deep wells (depth to water of 138D feet below ground surface) are generally
tapping into the Dakota Sandstone, althotighpaleadpography on the top of the Morrison
Formation means that some walldled tothe same depth encounter Morrissandstone lenses
that provide moderate quantities of wai#fells in the southern portion of the county are
drawing from the Dockum Group as these strata are tilted down to the north, such that the
Dockum eventually intersects the surface near Amistad.

In terms of quantity, most Dakota and Dockum wells will produce 5 to 15 gallons per
minute (gpm), although the average is closer to 5 to 10 gpm. The Exeter can be variable in
production ranging from just a few gallons per minute to in excess of 300 gpm in West Texas.
(No Exeter wells in northeastern New Mexico have been identified as being such high producers
and there are no wells in this study that produce only from the EXetézrms of water quality,
Dakota and Exeter groundwatemhigher quality with low total dissolved solids and low salt
content. The Morrison sandstone lenses and the Dockum Group generally show higher total
dissolved solids, and the Morrison has higher sodium and potassium levels due to the presence of
the mineral feldspar, whichgBolves to release sodium and potassium into the groundwater.

Of greatest concern for water qualétsethe Bell Ranch Formation and Cretaceous shale
bedsssuch as the Graneros Shale. The high gypsum content of thessanc#@usehigh levels
of sulfate in groundwater. Sulfate levels over approximately 800 mg/L can be toxic for livestock,
and evaporation of water in drinkers and dirt tanks can cause toxicity issues during the summer

months.
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Union County

basalt flows

Ogallala ’
Formation

Miocene-Pleisto.

Carlile
- Shale
2
°
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Dakota ’ 2221 sandstone
Sandstone
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Figure 7. Schematic stratigraphic column for Union County. Blue stars indicate primary aquifer units, yellow
stars indicate secondary aquifer unitsAdapted from Zeigler et al., 2019b.

WesterrLas Animas County

Major waterbearing units iwestern Las Animas Counigcludeshallow alluvial
aquifers along drainages, the Poison Canyon Formation, Raton Formation, Trinidad Sandstone,
Niobrara Group, limestone beds in the Carlile Shale, Greenhorn Limestone, and Graneros Shale,
as well as the Dakota Sandstgr@ure 8) Wellslocated to thevest of 25 tap waters
associated either with local unconfined aquifer systems along drainages or sandstone beds in the

Raton and Poison Canyon Formations. To the eas2®fWels are generally very deep and are
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frequently hydrocarbon exploration wells that were turned over to the landowner if they proved
to be nonviable from an economic production standpoint. Many of these wells were drilled to the
Dakota Sandstone or deeper Permian units, but the waters teelva@ fromincludea mixture
from the Dakota and overlying limestone and shale beds.

Wells producing from shaldominated units tend by lewolume and very slow to
recover, frequently taking up to 24 hours for the water table to level after the well has been shut
off. Water quality is a major issue in many of these wells, with high tesblded solids,
occasional methane, sulfur/sulfate problems, and increasing observations of iron slime bacteria.

Western Las Animas County Eastern Las Animas County
ot
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- e e Neogene |, ) basalt flows
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Figure 8. Schematic stratigraphy for western and eastern Lagnimas County. Blue stars indicate primary

aquifer units, yellow stars indicate secondary aquifer units.
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Easten Las Animas County

Major waterbearing units ireastern Las Animas Countycludeshallow alluvial
deposis along drainagethe Dakota Sandstone, Purgatoire Formation, small sandstone lenses
within the Morrison Formation, the Exeter Sandstone, and the Dockum Giguipe 8). High
to moderate @lume wells are exceedingly rare in the area, occualimgg the eastern boundary
of the countywhere significant deposits of the Ogallala Formation provide the proper conditions
for high volume wateModerately deep wells are geakly tapping into the Dakota Sandstone
and Purgatoire Formatio@ontrary to Union County and Cimarron County, the Morrison
Formationin eastern Las Animas Coungy/almost entirely mudstorgominated, with sandstone
beds proving to be exceedingly rare. This has led to numerous dry holes drilled in search of
water in the aredeeper wells or wells in the canyon bottoms are drawing from the Dockum
Group.

Water qualityand production volumes asémilar in these units as ftine other counties,
although the greatest concern for water quality issues is for wells drilled into or througgilthe
Ranch Formation. The extremely high gypsum content of this unit can provide high levels of
sulfate in groundwater that is in contact with the Bell Ranch Formation. Casing a well through
the Bell Ranch Formation is an important step to prevent higitasievels in well water;
however, in examination of outcrops of tnederlying Exeter Sandstone, pervasive gypbas
intruded into fractures in the sandstone, which could cause leaching of sulfate into groundwater
hosted in the Exeter Sandstone.

Cimarron County

Major waterbearing units in the area include fBgallala FormationDakota Sandstone,
sandstondedswithin the Morrison Formation, and the Dockum GrdEfgure 9) High volume
wells that can suppo@PIoccurwithin Ogallala Formatiompaleovalleys with appropriate
saturated thickness pyovide the proper conditions for high volume watew-producing
moderately deep wells are generally tapping into the Dakota Sandstdisemeviorrison
Formation sandstone lendeshe west and Dockum Group to thesteln addition, some wells
completed in the Ogallala Formatiare low to moderate volume wells, suggesting variable
thickness and degrees of caliche cement locally influence production from Ogallala/edis.
along the Dry Cimarron are drawing water from sandstone beds in the Morrison Formation

and/or Cheyenne Sandstone.
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Cimarron County
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Figure 9. Schematic stratigraphy of Cimarron County. Blue stars indicate primary aquifer units, yellow stars
indicate secondary aquifer units.

Results Static Water Levels
Static water level dat@n feet below ground surface, bg®nsidered here is fdwoth the
critical wells and secondary wells, where the team was able to gather more than four seasons
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worth of measuremen{gppendix | 11, IIl). Wells that had very little data are not considered in

the tallies below. Reasons for poor data inclte@m members could not access the casing due

to weather conditions or maintenance at the well head, the well was consistently on and could

not be turned off long enough for a static measurement for more than one season, or the well was
removed from the gtly for other reasonslydrographs have a gap in measurement data for 2020

and part of 2021, which was duethe COVID1 9 pandemi ¢, which prevent
to travel and gather data for these wdtisaddition, not all wells are included in all water level

change maps below as some wells were monitored only in the summer or only in the winter, or

there was a season (or more than one season) where the team could not obtain a measurement.

Winter to Winter Comparisons

Comparing winter to winter measurements tends to show the true behavior of a water
table surface over time as the winter is generally the time of least use on most aquifers.
Comparing measurements over many winters shows the overall behavior of thiaklater
through time. Key patterns to watch for are if wells are recovering completely to the same water
level as the previous winter, or if they are recovering, but not to the same level as the previous
winter, which indicates a permanent to sggarmanentlecline of the water table.

Most of the wells in this study show only a partial recovery of the static water level from
winter to winter, indicating the majority of the wells observed are witnessing a permanent or
semipermanent water level declifeigure 10) However, the changes in water table from the
winter 20192020 comparison to the winter 202023 comparison show a lessening of declining
water tables, especially in Las Animas and Union Counties. The greatest area of decline is within
and along the marganof the Ogallala pateralleys that host CRh Cimarron and eastern Union
Counties The prolonged drought of the last 20 years has had a significant impact on the majority
of wells throughout the region, although shallow wells along drainages and/or adjacent to major
uplifts do show a better response to recharge events. Deeper wellslenthat are in use year
round have generally uniformly declining water tables. It is important to note that during drought
years, groundwater sources are relied upon more heavily in theffigtie to no surface water
in streams and dirt tanks, putting an additional strain on all groundwater resources, regardless of

depth to water.
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Change in Static Water Level
Winter 2019 - Winter 2020
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Figure 10. Water level change maps for each of the winters for which there is comparable dataull-size
maps are in Appendix Il.
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Summer to Summer Comparisons

Comparisons of static water levels from summer to summer are mostly useful to observe
the influence of heavier usage patterns over the spring and sufirase. comparisons aa¢so
helpful to examine influence in higlise CPI areas on surrounding wéigyure 11) Since the
CPI1 wells could not be turned off for summer measurements, these maps reflect the influence (or
lack thereof) on neighboring well/ells in western Las Animas County that cannot be accessed
in the winter are also depicted on these naagbkare, in part, reflecting recharge potential from
winter snowpack as these wells are all relatively shallow.

Increasing values on these maps may reflect producers relying less on groundwater
during years with good precipitation, even though it can take years to centuries for infiltration to
replenish even shallower aquifers (see discussion on precipitation) bEmstern Cimarron
County shows an unexpected net rise in wells in the summerZIZR2comparisons. This
portion of the county also has much less CPI use than the western portion of the county, which
may account for some of the change observed. Wellgeihigh country in western Las Animas
County show a variable response, which is to be expected as these wells are shallow and highly
influenced by local precipitation, especially winter snowpack levels.
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Change in Static Water Level
Summer 2019 - Summer 2021
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Figure 11. Water level change maps for each of theummersfor which there is comparable data
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Winter to Summer Comparisons

Comparisons of winter to summer water level changes helps demonstrate the full
potential drawdown for these wells from minimum use in the winter to maximum use in the
summer. The majority of the wells observed show a declining water table from wintenrnces

with this increased use asdmemay also reflect additive drawdown effects fragarbyCPI

wells in Oklahoma and eastern Union Coufiiigure 12) Some wells do not show a decline that
may, in part, be due to pasture rotation schedules that seebe®ly shut off as cattle are moved

to summer pasture.

Change in Static Water Level
Winter 2019 - Summer 2019
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005-15
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Change in Static Water Level

Change in Static Water Level
Winter 2022 - Summer 2022
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Change in Static Wate- Level (ft)

Change in Static Water Level (ft)
A 15-45

A >45
A 15-45
0.05-15

0.05-0.05
V -15--005
V 45--15

Figure 12. Water level change maps for winter to summer for years with comparable data.

Water Level Changes By County

In examining the behavior @il wells monitored throughout the duration of the data
collection phase of this projethe majority of the wells had reasonably small changésein
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local water tablés), but with an overallnet declingn the majority of the aquifers observed

(Figure 13) Only a handful of wells had a net gain in the water tabéthe period of
observationProlonged drought and physical barriers to meaningful recharge mean that discharge
rates for the vast majority of wells is greater than rechdigs.is especially true for wells in

areas of concentrated CPI use, although shallow alluvial aquifers can also show extreme
fluctuations in water tables due to influence of droughddition, the eveincreasing reliance

on groundwater resources in the face of prolordgedght and diminished surface water

resources, including stock pond water, will cause increasing declines in water levels over time.

Net Water Level Changes By County
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Figure 13. Net changes in water level from first measurement (2019) to last measurement (2023) for wells in
all three counties.

Union County

Twenty five wells were monitored in Union County, beginning in January of 2019. Static
water levels range from approximately 16 feet below ground surface (bgs) to over 319 feet bgs.
Areas of greatest decline are centered around areas of CPI, most motablgrea surrounding
the community of Sedan in the easntral portion of the county. The majority of the wells
monitored are for livestock and/or domestic use and are drawing water from a variety of
hydrostratigraphic units, although the majority lné wvells observed for this study draw from the
Dakota Sandstone and Morrison Formation sandstone beds. Shallow wells with potential for
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recharge show variable behavior in their hydrographs (Appendix 1), but overall are clearly
influenced by the prolonged drought in the region, with declining water levels and poor recovery.
Deeper wells that access water in bedrock units show either edoiavior or steady declines

in water tables. Changes in the depth to water over the period of observation ranigsgrtiran

a foot greater than 12 feet. Two of the wells showing the greatest decline over the period of
measurement are shallow wells ndeainages that have undoubtedly been impacted primarily by
prolonged drought. The single irrigation well included in this study fell a little over four feet

from 2019 through 2022.

Western Las Animas County

Western Las Animas County includes some of the shallowest, agNgell asome of
the deepest wells monitoring for this project. Water level monitoring bieganese eight wells
in January of 2019 for wells that could be accessed. Wells in the higher terrain around the
Spanish Peaks were only monitored in the summers as these wells were frequently buried under
snowfall during the winter. Static water levels range fmra foot bgs to 407 feet hgehe
shallow wells respond quickly to changes in preaipn patterns and have been strongly
influenced by prolonged regional drought. Deeper wells generally show declining water level
trends, with some variabilitydoth of thedeepest wells in the study saw a net increase in water
level of just over ten feet, which is surprisiktpwever, both wells were difficult to obtain
precise measurements for with significant streaking of mud and water on the tape. Therefore,
these changes may not be truly reflecting the change in water tables during the period of
obsevation. Shallow wells near drainages showed declining water tables, primarily as a function

of prolonged drought.

Eastern Las Animas County

Fourteerwells were monitored in eastern Las Animas County, beginning in January of
2019. Static water levels range fr@® feet to over 180 feet bgs. the eastern portion of the
county, significant concern was raised regarding the influence of local center pivot irrigation
along the county line on adjacent wells, many of which had gone dry in years leading up to this
study.The majority of the wells observed in this portion of Las Animas County showed minor
net changes. A pressure transducer instatiethiabandoned well near CPI1 wells along the

eastern county border did not show changes in water levels that were synchronous with when the
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pivots to the east were turned on or off, suggesting that wells to the west of this concentration of

CPI1 wells are not directly impacted by their use.

Cimarron County

Twenty fivewells were monitoring in Cimarron County, although center pivot wells were
only measured during the winter when the wells were shut off. These wells were not checked in
the summer as turning off the wells for measurement would put the irrigation cyuid bmi
much. Similar to eastern Las Animas County, there was extreme concern expressed by
stakeholders about the impact of expansion of center pivot irrigation, especially in the western
portion of the countyvhere largescale commercial agriculture hasllto the drilling of
numerous wells in close proximity to one another and to wells monitored in this study. Depth to
water ranges fror80 feetto 307 feet bgsAs with the other counties, shallow wells show
variable behavior and respond to precipitation events, but are overall strongly influenced by the
prolonged drought. Deeper wells show variable behavior with an overall pattern of decline.
Perhaps the mostamatic change in static water levels recorded anywhere in the entire three
county project areacours in a well situated along the edge of Ogallala Formation deposits that
have seen a very large increase in the number of CPI wells drilled in the last teffigeas
14). The watetevel in this well (#12403) can fall by over 70 feet between winter and summer.
Over the course of the study, the water table appears to have permanently declined by nearly 30

feet.
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Well CC 12403
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Figure 14. Top: Hydrograph for CC 12403-1, showing the most extreme fluctuations in water level observed
during this study. Bottom: Percentage change in water level for CG24031.
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Water Level Changes By Hydrostratigraphy

When net water level changes are compared by hydrostratigraphic unit, an unexpected
picture emerged in that wells completed in @gallala were not always the ones to suffer the
greatest net declin@igure 15) although the majority of the Ogallala wells showed a net decline
over the period of observation. In part, net declines are also driven by prolonged drought
resulting in a greater use of groundwater resources across the region, regardless of aqunifer unit
useThe Dakota Sandstone is the Aworkhorseo of
rangeland use. Waters in the Morrison Formation are frequently in isolatst@ae beds that
are not laterally continuous and are geologically isolated by impermeable units (e.g., mudstone

or shale), such that it is rare to see increasing water tables for wells completed in Morrison beds.

Net Water Level Changes by Hydrostratigraphy
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Figure 15. Net water level change by hydrostratigraphic unit.

Alluvial Wells
Shallow wells tend to show significant variabilitystatic water level measuremeatsd
are impacted primarily by prolonged droug@ligure ). These wells tend to exhibit increasing

static water levels after winters with good snowpack and, to a lesser extent, after summers with
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reasonably good monsoon events. These wells have water levels ranging from 10 feet bgs to 60

feet bgs.
Alluvial Aquifer Well Hydrographs
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Figure 16. Hydrographs for wells completed in unconfined alluvial aquifers.

Ogallala Formation Wells

Wells drawing from the Ogallala Formation are bimodal: fpgbduction CPI wells and
lower producing wells along the fringes of thicker deposits of the formg&iganre 17) High-
production wells generally have deeper depths to water and show declines in the water table. The
lower production Ogallala Formation wells have shallower depths to water and also show
declines. Of particular concern is Well 12403, which shows aeraetsummer drawdown

response and permanently declining water table.
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Ogalalla Aquifer Well Hydrographs
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Figure 17. Hydrographs for wells completed in the Ogallala Formation.

Tertiary and Cretaceous Shale Aquifer Wells
Wells drawing water from shaldominated units are either shallow and located adjacent
to drainages or are extremely déEjgure 18) The shallower wells tend to show variable

behavior that indicates connectivity to the nearby drainages and potential recharge from these.
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The deepest well showeahincreasing water level trend, althougistivas also one of thaost

difficult to obtain consistent accurate measurements for.

Tertiary-Cretaceous Shale Aquifer Hydrographs
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Figure 18. Hydrographs for wells drawing water from Tertiary -Cretaceous shalelominated units.

Dakota Sandstone Wells

Wells completed in the Dakota Sandstone vary in depth from around 90 feet to over 240
feet bgs Due to the high proportion of Dakota wells and the variation in depth to water, the
hydrographs have been split intdermediate depth wells (80 feet to 140 feet to wdigure
19) and deep wells (greater than 140 feet bgs to waigure 2(. Dakota wells show variable
behavior with manyf the wells showing a net change that is effectively quite minimal, whereas
others show strong net declines. Four of these wells in Cimarron County are adjacent to areas

with a significant concentration of Ogalldi@sed CPI, suggesting some degree of hydraulic
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connectivity between Dakota beds and inset Ogallala deposits. As Dakota wells are generally

lower volume producers, they are used almost entirely for livestock and/or domestic use.

Dakota Sandstone Hydrographs (8040' bgs)
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Figure 19. Hydrographs for intermediate depth Dakota wells.
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Dakota Sandstone Hydrographs (14240' bgs)
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Figure 20. Hydrographs for deep Dakota wells.

Morrison and Dockum Wells

Morrison wells range from 20 feet to over 180 feet bgs to water and show moderately
variable behavio(Figure 21).The only Dockum wells in the study are two wells in southern
Union County that are shallow and near drainages, one well in eastern Las Animas County that is
in the floor of a canyon system, and a single well in eastern Cimarron County, which is deeper

thanthe other thre@-igure 22) All Dockum wells show moderately variable behavior.
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Morrison Formation Hydrographs
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Figure 21. Hydrographs for Morrison wells.
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Figure 22. Hydrographs for Dockum wells.
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Static Water Levels Versus Precipitation

In comparing precipitation data gathered from CoCoRaHS stations, we observe
interesting patterns in the timing and spatial distribution of precipitation for all three counties
(Figure 23) Monthly average precipitations reached their highest in summer months, although
2019 and 2021 showed a staggered pattern of late winter to early summer precipitation, resulting
in a Asawtootho pattern, wher ea itatohih@&morey ear s
discrete window. Highest precipitation seaseaised by county, with 2022 being the best year
for Union County, whereas Las Animas County saw highest average precipitation in 2021 and
Cimarron County had higher precipitation in 2020 and 2023.

The SWL change maps for winter to winége dominated by falling water tables, as are
the summer to summer SWL change maps. Given that the majority of the wells access deeper
waters that either cannot receive recharge due to geologic barriers to downwards infiltration or
recharge waters move stowly that it will take years to centuries for water to reach deeper
water tables, it is not a surprise that even in good years, we see no immediate response to
precipitation for most of these wells. In the summer of 2023, there is a very modest upwards
response across the map, but 1 tds unlikely thi
for that yearln addition, calculations of total percent change for wells where a total depth was
known show net declines in the majority of these wells (Appendix III).

Observations at a ranch in western Mora County in New Mexico suggest that even in
very high precipitation years, the wetting front in soils may only penetrate six inches or less.
Explosive plant growth in good years will uptake much of the moisture hiefae infiltrate
down to the local water tables. For shifts in water table behavior, arfiatiherthat needs to be
taken into account is shifting management strategies being employed on farms and ranches
throughout the area. Transition to pipeline aimdage systems with wells being shut off when
not in use, changes in crop types that require lesandather strategies can lead to a lowering

of intense demand on individual wells or clusters of wells.
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Average Monthly Precipitation for Union County
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Figure 23. Average precipitation for each county from CoCoRaHS network stations.
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Results Water Chemistry

Analyzing water samples from these wells for major ion chemistry and trace metals can
provide insight into the aquifer systems that are being used in the three counties. Major cations
and anions can be used to characterize aquifer quality and can aléar logdperning the
contributions of water from different geologic uniggppendix I1l; Hem, 1985)Both Piper and
Stiff diagrams are used to show the proportions of major cations and anions, as well as to show
groupings of water types, and calculatedltdissolved solids.

A Piper diagram is, effectively, two ternary diagrams (one for cations and one for anions)
compiled into a single diagram that shows clustering of water types, along with calculate total
dissolved solid¢Figures 2-26). We deviate here from the more traditional mode of reporting
groundwater catioc@nion group types and will discuss waters based on their predominant
hydrostratigraphic host unit in order to more directly tie together the geologic units in use as
aquifers. 1 should be noted that Ogallala Fation and Dakota Sandstone waters generally
correspond to the Glslg-HCOs type, and NeHCOs type waters are associated with Dockum
Group, Morrison Formation, and some basalt flowsMgaSQ, type waters are associated with
wells completed in Paleocene and Cretaceous black shales, as well as wells with a contribution
of water from the Bell Ranch Formation. Several wells include mixed water types that suggest
these wells intersect multiple hyabtratigraphic units with different cation and anion
contributiong(e.g., extremely deep wells in western LAC that could include contributions from
the Morrison Formation, Dakota Sandstone, and/or overlying younger black shale beds).
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A Stiff diagram is used to show the proportions of major cations and anions from a water
sample(Figure Z). Anions on are shown on the left and cations on the right of the vertical axis.
The farther from the vertical axis an ionds p
the water samplé&enerally, waters from quartz sandstones such as the Dakota Sandstone, which
have few minerals in them that can dissolve into the water, have a small polygon with low values
of major cations and anionBy contrast, waters from black shales can have much higher values
for sulfate and sodium due to the presence of gypsum, a calcium sulfate, and halite (rock salt).
The Morrison Formation includes sandstone bodies that are arkosic, meaning that the isand grai
include quartz, as well as feldspar, which is a sodamd potassiurAbearing silicate mineral.

Thus, a ANa+K spikedo on a Stiff diagram is a
shape of the Stiff diagram, when combined with knowledgeaai Igeology, cathusaid in
assessing which wat&earing horizon(s) a well is drawing water frdaxample Stiff diagrams

are shown for each hydrostratigraphic unit below and all Stiff diagrams Appandix M.
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Alluvial Wells

Water from alluvial wells (coded yellgwrigure Z) generally show moderate to low
levels of cations, anions, and trace metals. These waters can recharge when there is significant
precipitation and water moves relativejyickly through these deposits, resulting in little

residence time of the waters for minerals to begin to dissolve.

Volcanic Wells

Only a single well in Union County was (partially) completed in a basalt flow, and this
well showselevated levels of magnesium, sodium, and potassium, with minor elevation of
sulfate(coded red, Figure7). This well also exhibited elevated magnesium, arsenic, chromium,
lithium, uranium, and zinc compared to other wells in the stithen compared with the local
geology and water level depth, this suggests this well draws water from the Clayton basalt, and
may also have potentially encountered the Grar@hade below the basalt. Basalts contain
minerals such as feldspar, pyroxene, and amphibole, which are susceptible to dissolution in water
and contain magnesium, sodium, potassium, along with other trace metals. The Graneros Shale,

or a shale bed within ¢hDakota Sandstone, includes gypsum, a calcium sulfate mineral.

Ogallala Formation Wells

Wells that draw from the Ogallala wells show low levels of most cations and anions. Stiff
diagrams for these wells are very similar to those for Dakota wells, with the exception of
moderately elevated magnesigooded orange, FiguZ). Many wells that were initially
considered to be completed in Dakota because they had relatively low production levels were
determined to be drawing waters from the Ogallala, but these wells are situated along the edges
of pockets or paleovalleys of Ogallk deposits, redlithg in lower flow rates compared to the

Acl assi c o -vOgre wéllathaadrivEPI @ the region.

Cretaceous and Paleocene Shale Wells

Wells completed in or through gray and black shales are characterized by elevated sulfate
levels due to the presence of significant quantities of gygsaded gray, Figurg7). Gypsum
can dissolve fairly easily in water andi®r sources that contain elevated sulfate should be

treated with cautioin evaporation of water in drinkers or dirt tanks, as well as increasing levels
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of dissolved salts in groundwater as aquifer levels diminish can lead to extremely high levels of
sulfate, which is toxic to livestocKhis can also be problematic when livestock are brought in

from areas where the water has much lower levels of sulfate and they are not habituated to higher
sulfate.

Dakota Wells

The Dakota Sandstone is a quarth sandstone that has few minerals that can dissolve
into groundwaterThus, Stiff diagrams for Dakota waters have low proportions of cations and
anions when compared weaters from other hydrostratigraphic ur(teded light blue, Figure
27). These wells have low TDS compared to other water sources with the water sometimes

described as being fisweetodo to the taste.

Morrison Wells
Morrison Formation sandstone beds contain quartz, feldspar, and other minerals.
Feldsparsa family of minerals that are sodiypotassiurrcalcium aluminosilicategre
susceptible ttwydrolysisin the presence @roundwater over time and contain higher levels of
sodium and potassiuas these ions are released into solution as the feldspar minerals convert to
clay mineralsT h u s , Morrison Stiff diagrams have a c¢h:

potassium (coded green, Fig@8.

Dockum Group Wells

Dockum Group wells show a cation and anion chemistry that is intermediate between
Dakota Sandstone and Morrison Formatjcoded purple, Figurg7). Dockum Group
sandstones and siltstones frequently include a variety of different minerals that can contribute to
the chemistry of these waters, but are not as arkosic as Morrison sandstofié&gdsnerally

have elevated TDS levels that are similar to Morrison wells.

Water Chemistry and Hydrostratigraphy

The majority of the wells observed in this study appear to be drawing water primarily
from the Dakota Sandstone in Union and Las Animas Counties, with the Ogallala Formation
being the mosutilized hydrostratigraphic unit in Cimarron County (Figu8 29). Many wells
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are incorporating water from more than one watsiring horizon and here we utilized a
combination of well total depth, depth to water, major cation and anion chemistry, and local

geologic mapping to determine the primary aquifer unit in use for each well

Table 1.Proportions of wells in different hydrostratigraphic units by county.

Ogallala Shale | Dakota Morrison | Dockum
County | Alluvial | Basalt | Formation | Units | Sandstone| Formation | Group
LAC 2 0 0 7 11 0 1
ucC 3 1 3 0 11 6 2
CC 1 0 14 0 6 5 2
Totals 6 1 17 7 28 11 5
Hydrostratigraphic Units In Use By County
16
14
12
10
8
6
4 I
2
ol - | al
Alluvial Basalt Ogallala Shale Units Dakota Morrison Dockum Group
Formation Sandstone Formation
mLACEUC mCC

Figure 28. Hydrostratigraphic units utilized in each county for all wells observed with sufficient data.
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Hydrostratigraphic Units for Critical & Secondary Wells
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Figure 29. Hydrostratigraphic units utilized in each county divided by critical and secondary well.

Total Dissolved Solids and Residence Time

Wells with the highest proportion of total dissolved solids (TDS) are associated with
wells completed in very deep aquifer units, such as in western Las Animas County, or with
Morrison wells. On Piper diagramstis the size o
proportionate to TDS. Groundwater residence time is significantly greater for extremely deep
aquifer units, such as the Dakota Sandstone in western Las Animas County, which is
encountered in two of the welbbserved here at depths greater thanfé80below land surface.
In addition, these wells include a contribution of water interacting with the thick sequence of
gray shales and limestone beds that overlie the Dakota Sandstone and these beds contribute
sodium, calcium, sulfate, and chloride fréine dissolution of mineral such as halite and gypsum.
Morrison watefbearing sandstone beds tend to be at intermediate depth and geologically isolated
by overlying shale beds, such that they are not usually receiving influx of modern recharge. In
addition,the higher proportion of feldspar in these units yields elevated proportions of sodium

and potassium via hydrolysis of these minerals.
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Results Tritium & Recharge Potential

The most difficult part of the hydrologic cycle to quantify is recharge into the subsurface
reservoirs. Once a drop of water lands on the surface (as rain or snow), there are multiple
pathways for that molecule to travel: surface water discharge, evaposdtallow infiltration
and subsequent uptake by vegetation (resulting in evapotranspiration), and deeper infiltration,
along with crosgormational flow (Bethke and Johnson, 2008). Downward movement of water
molecules into deeper unconfined or confingditers can take years to centuries and the
pathways taken by individual molecules are not linearly downward. Molecules must travel along
pathways dictated by porosity and permeability within the host geologic units, which may
sometimes direct water moldea laterally for substantial distances. In addition, the gradual
downward progression of water is a very slow process with the average rate of travel in
centimeters per year. Thus, if the water table is 150 feet bgs, it will be decades before water
molecues falling today reach that depth.

Tritium is a radioactive isotope of hydrogen with a short-hif@fof approximately 12.3
years that is most commonly used to determine relative age of waters less than 70 years old.
Tritium is produced both naturally by cosmic radiation interacting wighupper atmosphere,
but also was produced during the testing of thermonuclear bombs in the 1950s in the western
U.S. Tritium is helpful as a marker for the presence or absence of modera§p0s) recharge.
In general, a groundwater sample with 5 tdritium units (TUS) is considered to be modern
groundwater, indicating that the water table can receive volumetrically significant recharge in
years with good precipitation. Samples with 0.8 to 4.9 TUs are a mixture of modern and older
waters and samplesti less than 0.8 TUs indicate older waters and a water table that is not
receiving modern recharge in a human generakiomever, recent tritium testing in New
Mexico indicated that tritium levels can fluctuate significaimlghallow wells that shoulde
capable to rechargingnd samples in shallow wells with values between 0.2 and 0.8 are now
considered to signify a prolonged drought signature that suppresses the observed tritium values.
It is important to note that fioldero waters a
Aanci ent 0 wat eage),(@epreiminary grdurevaset stalolecisotepe data suggests
that few wells in the region(Bremenbheiagg 200b&

Each critical well was sampled for tritium in 2019 and again in 2023 to determine

recharge potential and observe changes to that potential ovéAppendix V) The majority of
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wells in each county did not show potential for significant modern recligigere30, Table 2.

This reflects the complex geology and barriers to recharge fonafaity of thewells observed

in this study Sustained drought in the region has also played a significant rolack af

recharge for this wells that are physically able to receive new water (e.g., shallow wells situated

near drainages and completed in appropriate aquifer units).

Tritium Results by Recharge Type

<0.2 (No modern recharge) 0.2-0.8 (Mixed) 0.8-4.9 (Modern recharge, 5-15 (Modern recharge)
drought-suppressed)

A=Y
o

SO P N W b 0O O N 00 ©

mUC 2019 mUC 2023 mLAC 2019 = LAC 2023 m CC 2019 = CC 2023

Figure 30. Tritium results by county and by sampling year, showing recharge types.

Table 2: Recharge potential by county. TU = tritium unit.

No modern Mixed or drought- Modern
recharge Mixed waters suppressed recharge

County (<0.2 TUs) (0.2-0.8 TUs) (0.84.9 TUs) (5-15 Tus)
2019Sampling (N=40 samples)
LAC 5 4 3 1
CC 7 3 3 0
ucC 8 3 3 0
2023Sampling
LAC 6 2 3 2
CC 7 4 2 0
ucC 9 4 1 0
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