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EXECUTIVE SUMMARY

In 2005, the New Mexico Bureau of Geology
and Mineral Resources initiated a hydrogeology
study in the southern Sacramento Mountains
with funding from legislative appropriations
through the Otero Soil and Water Conservation
district. The project was initiated and research
funding was continued because of concerns about
future water resources for local communities
in the southern Sacramento Mountains. Over
the past decade, water managers and residents
have observed decreasing spring discharge and
streamflow in the area, and significant declines of
water-levels in wells. Land and resource manag-
ers have expressed interest in the potential to
increase water availability by thinning woodlands
in the mountain watersheds. The focus of this
investigation has been to characterize the hydro-
geologic framework of the southern Sacramento
Mountains and surrounding areas. The results of
this study also provide a foundation to assess the
impact of tree thinning on groundwater-levels,
spring discharge and streamflow in an ongoing
study of a small mountain watershed.

Understanding the regional hydrologic
system is important for sustainable water resource
management in local communities. Much of
the groundwater in the Sacramento Mountains
ultimately recharges adjacent regional aquifer
systems. Previous studies have indicated that
significant quantities of groundwater in the Salt
Basin to the south and the Roswell Artesian Basin
aquifer to the east originate as precipitation in the
Sacramento Mountains. However, the dominant
mechanisms by which this water travels from the
mountains to surrounding aquifers have not been
well understood.

The goals of this regional hydrogeologic
investigation were (1) to delineate areas of
groundwater recharge; (2) determine direc-
tions and rates of groundwater movement; and
(3) develop a conceptual model of interactions
between different aquifers and the groundwater
and surface water systems. Methods used for this
study include geologic mapping, groundwater-
level measurements, and geochemical and isotopic

techniques. This report describes the results of
this multi-scale study.

The study area is located on the eastern slope
of the southern Sacramento Mountains, west of
Roswell and Artesia. It extends from the crest of
the mountains near Sunspot, east to the village
of Hope, in western Eddy County; and from the
southern boundary of the Mescalero Apache Res-
ervation to just south of the villages of Timberon
and Pifion, covering approximately 2,400 square
miles. Elevations within the study area range
from 9,400 feet along the crest of the mountain
range, to 4,000 feet at the eastern study bound-
ary on the Pecos Slope. This gradational change
in elevation correlates with observed vegetation
patterns and the distribution of precipitation.
Dominant vegetation changes from mixed coni-
fers in the high mountains to pifion, juniper and
grasslands to the east at lower elevations. Average
annual precipitation ranges from 26 inches in the
high mountains to approximately 12 inches at the
eastern study boundary. Up to 50% of the annual
precipitation falls during the monsoon season
(July through September). The winter months are
generally the driest time of year. However, the
high mountains often receive a significant amount
of snow. Over the course of this investigation, the
Sacramento Mountains received record amounts
of rainfall during the summers of 2006 and 2008.

The surface water system is comprised of
intermittent high mountain streams that drain
into the Rio Pefiasco and Sacramento River. The
Rio Pefiasco flows to the east toward the Roswell
Artesian Basin, and the Sacramento River flows
to the southeast toward the Salt Basin. Hundreds
of springs in the high mountains feed these two
rivers and their tributaries. Despite the large num-
ber of springs, there are few perennial streams in
the study area. It is common for streams to flow
down gradient for a few miles, infiltrate into the
subsurface, and resurface again at a downstream
location due to the nature of the bedrock.

The Yeso and San Andres Formations are
the two primary geologic units in the study area.
These sedimentary rocks were deposited during

SACRAMENTO MOUNTAINS
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the Permian Period, approximately 260 to 270
million years ago. The Yeso Formation is exposed
in valley bottoms and on lower valley slopes in
the high mountains west of Mayhill. East of
Mayhill on the Pecos Slope, the Yeso Formation
plunges beneath the surface and generally is not
exposed. The Yeso is a heterogeneous formation
composed of discontinuous limestone, siltstone,
and sandstone, dipping gently to the east. The
high degree of lithologic heterogeneity observed
both vertically and laterally in the Yeso Formation
has a profound effect on the regional hydrologic
system. The overlying San Andres Formation is
made up of light-to-dark-gray and bluish-gray
carbonate rocks and comprises the upper
portions of valley slopes. It caps mountain ridges
west of Mayhill. East of Mayhill, the San Andres
Formation is the primary geologic unit exposed
at the surface.

Important geologic structures that influence
groundwater and surface water flow include faults
and joints (fractures). There are two regional
fracture systems that appear to influence drainage
orientations and spring locations. The Sacramento
River drainage, which extends southeast of
Sunspot, through Timberon, and out of the study
area, is structurally controlled by a zone of
normal faults and associated folds. The northeast-
trending segment of the Rio Pefiasco drainage
near Mayhill follows the Mayhill Fault, which has
minor west-side-down displacement.

The Yeso Formation is the primary aquifer in
the study area. West of the Mayhill Fault, where
the Yeso Formation is exposed, fractured limestone
and dolomite beds are the main source of water
for most springs and wells. Groundwater flows
preferentially through these rocks primarily due
to karst processes that result in solution enlarged
fractures and conduits that easily transmit water.
In addition to these karst processes, surficial
exposure and heterogeneity of the Yeso formation
along with the presence of regional fracture sys-
tems result in a complex multi-layered system of
perched aquifers that discharge at hundreds
of springs at several stratigraphic levels. These
perched aquifers are interconnected by fracture
systems and mountain streams. In the eastern
portion of the study area, limestone in the San
Andres Formation becomes more important as
an aquifer, ultimately merging with the artesian
aquifer system in the Roswell Basin.

During the summers of 2006 and 2008,
groundwater-level increases were observed in most
wells being monitored in the study area. Abundant
monsoon rains during these two years resulted in
two of the wettest months on record in the study
area. In July 2008, a remnant of Hurricane Dolly
dropped over four inches of rain in the high moun-
tains. Both short-term and long-term water-level
rises occurred in response to these events. Wells
with a short-term response (STR wells) displayed
rapid water-level rises and declines, and most of
these wells are less than 300 feet deep. By contrast,
water-levels rose slowly in long-term response
wells (up to 18 months) and showed very little
decline. Most of the long-term response wells (LTR
wells) are greater than 300 feet deep. The differ-
ent water-level responses to these recharge events
demonstrate the complexities of the high mountain
groundwater system discussed above. STR wells
are likely those drilled in shallow perched aquifers
that discharge at a down-gradient spring, while
LTR wells are probably drilled in deeper, more
regional aquifers.

We divided the study area into four regional
aquifer systems: the high mountain aquifer sys-
tem, the Pecos Slope aquifer, the Tularosa Basin
mountain front aquifer, and the Salt Basin aquifer.
The high mountain aquifer system and Pecos Slope
aquifer are the focus of this study. A regional
water table map based on well water-levels and
spring elevations shows that groundwater gener-
ally flows from high elevations in the west to lower
elevations in the east. Within the high mountain
aquifer system, local and intermediate-scale flow
paths can differ significantly from the this regional
flow direction due to local relief, regional fracture
systems and the heterogeneity of the Yeso Forma-
tion as discussed above. However, along the Pecos
Slope, groundwater flow directions and depths to
water indicated by the water table map are more
representative of this regional aquifer system.

The water chemistry and stable isotopic com-
position of groundwater changes systematically
along the regional groundwater flow path (from
high elevations to low elevations) due to cumula-
tive effects of ongoing natural processes. Water
chemistry in springs and wells at high elevations is
dominated by calcium and bicarbonate ions that
are the product of carbonate dissolution. From
west to east, going down gradient and into the
Pecos Slope aquifer, the concentration of sulfate
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and magnesium ions in groundwater increases due
to continuous water-rock interactions in a process
called dedolomitization. The stable isotopic
composition of groundwater shows an evaporative
signature due to evaporation in mountain streams.
The evaporative effects on the isotopic composition
of groundwater increase as it flows through the
high mountain aquifer system. This trend is
indicative of the connectivity between perched
carbonate aquifers via the surface water system.
Groundwater in high elevation perched aquifers
discharges at springs. This discharge feeds moun-
tains streams and then recharges another perched
aquifer, which discharges at a lower elevation
spring. This recycling process can happen several
times before the water makes its way into the
deeper regional aquifer system. These observed
trends indicate that groundwater recharge occurs
primarily at high elevations (above 8,200 feet) as
snow and rain. Groundwater age-dating results
support this finding with the youngest water
occurring at high elevations.

Stable isotope data suggest that snowmelt
usually contributes significantly more groundwater
recharge than summer precipitation. However,
extreme summer precipitation events, such as those
observed in 2006 and 2008, can also recharge
the groundwater system, resulting in significant
increases in spring discharge, with corresponding
rises in water-levels in wells and changes in the
stable isotopic composition of groundwater. Stable
isotope data indicate that extreme precipitation
events in 2006 and 2008 flushed water from unsat-
urated pores, fractures, and epikarst features in
the San Andres and Yeso Formations into saturated
carbonate aquifers. There is an apparent volume
threshold for this type of recharge to occur, as
2007 monsoons did not result in groundwater
water-level increases.

East of Mayhill along the Pecos Slope, regional
groundwater flow is dominantly to the east toward
the Roswell Artesian Basin. Some groundwater
also flows to the southeast toward the Salt Basin.
Previous studies have suggested that groundwater
ultimately originating as precipitation in the high
mountains recharges the Roswell Artesian Basin
east of the Pecos Slope aquifer. However, it has
been unclear how much of that recharge occurs as
subsurface groundwater flow and how much occurs
by infiltration from streams that flow across the
Pecos Slope. Previous investigators assumed that

recharge occurred primarily as stream infiltration
through solution-enlarged fractures and sinkholes
in what has been referred to as the “principal intake
area” along the eastern boundary of our current
study area.

Chemistry, stable isotope and groundwater age
data from this investigation indicate that a signifi-
cant portion of groundwater recharge to the Pecos
Slope, Roswell Artesian Basin, and Salt Basin is
derived from subsurface groundwater flow from the
high mountain aquifer system. In the high moun-
tains, a mixture of snowmelt and high elevation
rainfall infiltrates quickly through fractures and
conduits and streambeds. Water flows through the
series of perched aquifers that make up the high
mountain aquifer system and into the Pecos Slope
aquifer. There is little evidence of recharge from
the surface along the Pecos Slope except for some
seepage along the Rio Pefiasco. There is some
evidence of recharge at the eastern boundary of
the study area due to seepage in ephemeral
streams. Surface runoff captured by several sink
holes scattered along the western region of the
Pecos Slope also likely contributes to groundwater
recharge. Our recharge estimates suggest that on
average, 22% of precipitation that infiltrates into
the subsurface in the high mountains region
makes its way to the Roswell Artesian Basin and
the Salt Basin.

This study provides valuable information about
the hydrologic system in the southern Sacramento
Mountains, an important water source for local
communities, as well as surrounding regional
aquifer systems. Our findings show the correlation
of local climate conditions and the direct effect it
has on the southern Sacramento Mountains aquifer
system. Our data shows that in this area, recharge
and groundwater availability is heavily dependent
upon snowmelt but recharge also occurs with
exceptional monsoon events. Results from this
study also show how groundwater moves and is
stored in the subsurface as the local geology is more
clearly understood. As years of climate change lie
ahead, and with increasing pressures of population
growth, findings in this report will help land and
water managers to develop strategies for sustainable
water resource management.
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. INTRODUCTION

SIGNIFICANCE

This report presents the results of a hydrogeologic
investigation of the southern Sacramento Mountains.
The principal objective of this study is to develop a
better understanding of the regional hydrogeologic
framework that controls the occurrence and movement
of groundwater in the region. Cloudcroft and numer-
ous small, rural population centers, including Mayhill,
Timberon, and Pifion, are located in the study area.
These communities rely on high elevation watersheds
in the Sacramento Mountains that serve as sources
of recharge to local aquifers. These high elevation
watersheds also feed the stream systems that connect
to the Roswell Artesian Basin and the Salt Basin.
Water managers and users across the region have
observed declines in water-levels and spring discharge
in the past few decades, with dramatic decreases in the
early 2000s. The Sacramento Mountain watersheds
have undergone significant land use and hydrologic
changes during the 20th century, including changes in
vegetation patterns, an increase in tree density, variable
climatic conditions, localized and severe fire impacts,
and new groundwater and surface water diversions.

In response to these stresses on the hydrologic
system and uncertainties related to population growth
and climate change, water resource managers are
interested in developing innovative methods of land
management that will help sustain their future water
resources while maintaining a healthy environment.
Thinning forests in the high mountain watersheds, for
example, is currently being implemented to decrease
fire hazard and increase forest health in general. There
is great interest in the potential increase in ground-
water recharge, spring discharge, and streamflow
by thinning trees in recharge areas. Generally, the
extent to which such treatments affect water yield
is largely site-specific and depends on many factors,
including the local geology, climate, vegetation, and
hydrogeologic setting. This study characterizes the
regional hydrogeology and provides the context for a
watershed study that aims to evaluate the hydrologic
response to specific land management practices, such
as tree thinning.

Additionally, research on the Roswell Artesian
Basin Aquifer since the 1930s has indicated that the

Sacramento Mountains provide significant recharge
to the Roswell Artesian Basin. This study adds to

the understanding of the regional hydrogeology and
provides evidence of the importance of high mountain
precipitation in recharging adjacent regional aquifers.

DESCRIPTION OF STUDY AREA

The southern Sacramento Mountains study area,
which occupies approximately 2400 square miles,
encompasses the region between the western escarp-
ment of the Sacramento Mountains near Alamogordo
and the village of Hope to the east (Fig. 1). The area
includes numerous mountain villages and rural devel-
opments, such as Cloudcroft, Mayhill, Timberon,
Pifion, and Hope, within Otero, Chaves, Eddy, and
Lincoln counties.

The Sacramento Mountains extend from Capitan
in the north to Otero Mesa in the south (Fig. 2). This
study focuses on the southern portion of this mountain
range, south and southeast of Mescalero-Apache tribal
lands. Several important physiographic and tectonic
features surround the southern Sacramento Mountains
and this study area. To the west is the Tularosa Basin,
which is one of the major extensional sedimentary
basins of the Rio Grande Rift. Otero Mesa, southwest
of the study area, is a flat upland extending south from
the Sacramento River valley across the state line into
Texas. South of the study area are the northern Salt
Basin, which is also an extensional tectonic basin, and
the Guadalupe Mountains. The low-relief, eastern por-
tion of the study area that slopes eastward to the Pecos
Valley is known as the Pecos Slope. The Roswell
Artesian Basin aquifer underlies the Pecos Valley and
the easternmost Pecos Slope from northern Chaves
County to Carlsbad (Fiedler and Nye, 1933; Havenor,
1968). North of the study area are the volcanic high-
lands of the Sierra Blanca and Capitan Mountains.

Extensional tectonics associated with the open-
ing of the Rio Grande Rift formed the Tularosa Basin
and uplifted the sedimentary rocks of the southern
Sacramento Mountains over millions of years. Eleva-
tions in the study area include several peaks over 9,000
feet above sea level, and range down to approximately
4,000 feet above sea level on the Pecos Slope near
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Hope. Average annual precipitation in the study area
correlates with elevation and varies from 26 inches at
the crest to less than 12 inches on the eastern margin
of the Pecos Slope. Most precipitation falls as summer
monsoon rains and winter snow. Vegetation in the
region reflects the elevation and precipitation variabil-
ity with a mixed conifer forest at higher elevations,
and pifion juniper vegetation at lower elevations.

PREVIOUS WORK

Geology

Meinzer and Hare (1915) performed the first
geologic and hydrologic investigations in the vicinity
of the study area. Although the geologic and hydro-
logic work in this seminal study only addressed the
western escarpment of the Sacramento Mountains
(in addition to the entire Tularosa Basin), the study
notably contained the first topographic map of the
Sacramento Mountain range.

Fiedler and Nye (1933) conducted a geologic
and hydrologic study of the Roswell Artesian Basin.
The westernmost portions of their study area (the
Pecos Slope) coincide with the eastern portions of the
present one. Nye’s sections on the geology include
detailed descriptions of the San Andres Formation
(which he named the Picacho limestone) and the Yeso
Formation (which he named the Nogal Formation).

Pray (1961) presented many stratigraphic
sections of Paleozoic rocks and a detailed geologic
map of the western escarpment of the Sacramento
Mountains at 1:31,680-scale. This map has been

incorporated into the geologic map in this study, with
some modifications along the range crest south of
Cloudcroft.

Moore et al (1988a, 1988b) mapped portions of
the Mescalero Apache Reservation, which borders the
study area to the north. The Hydrologic Atlas of Sloan
and Garber (1971) includes a reconnaissance geologic
map of the Mescalero Apache Reservation.

Kelley (1971) prepared the only previous geologic
map covering the entire study area. His regional over-
view encompasses a very large area, from the Capitan
Mountains in Lincoln County to the Guadalupe
Mountains along the Texas border, most of western
Chaves and Eddy Counties, and an area east of the
Pecos River. Kelley’s subdivision of the San Andres
Formation is the same one used for the geologic map-
ping in this study. His geologic map covers the entire
area of this investigation, but is at a very coarse scale
(1:12,5000) and there are no cross sections. Our map-
ping at 1:24,000 has in general verified the mapping of
Kelley, but in much more detail, and we incorporated
the surface mapping with subsurface data to present
three regional cross sections. Black (1973) extended
the mapping of Kelley (1971) south across the eastern
portion of Otero Mesa, covering southeastern Otero
county to the west flank of the Guadalupe Mountains.
Portions of the northern reaches of Black’s (1973) map
were incorporated into the geologic map in this study.

Harbour (1970) presented a regional study of the
Hondo Sandstone member of the San Andres Forma-
tion in the northern Sacramento Mountains, north of
the present study area. Kelley (1971) argued that the
Hondo Sandstone is identical to the Glorieta Sandstone
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member, which thickens northward and becomes the
Glorieta Sandstone of northern New Mexico, and
that the term Hondo should be dropped. It is used
in this report only in the context of its occurrence in
older hydrologic literature. The Hondo Sandstone
member of the San Andres Formation is the equiva-
lent of the Glorieta Sandstone.

There are many water wells throughout the
study area. Wasiolek and Gross (1983) presented
logs of numerous water wells completed in the Yeso
Formation in James and Cox Canyons and attempted
to correlate stratigraphy within these wells down
the canyons. Most of these wells are less than 400
feet deep. Wasiolek (1991) presented lithologic
logs of several deep (up to 1200 feet) water wells
completed in the Yeso Formation on the Mescalero
Apache Reservation. Childers and Gross (1985)
examined geophysical and lithologic logs of oil test
wells penetrating the Yeso Formation on the western
Pecos Slope between Mayhill and Hope to character-
ize the Yeso Formation aquifer. Black (1973, 1975),
Childers and Gross (1985), King and Harder (1985),
and Broadhead (2002) provide inventories of oil test
wells and available geophysical logs in the eastern
and southern portions of the present study area and
adjacent parts of the region to the south and west.
These are available in the petroleum records depart-
ment of the NMBGMR.

Several of the yearly New Mexico Geological
Society (NMGS) Guidebooks (Barker et al., 1991;
Love et al., 1993; Lueth et al., 2002; Land et al.,
2006) cover regions in and adjacent to the study area.
The field trip logs, articles, and references in these
books are excellent resources on the geology and
hydrology of the southern Sacramento Mountains.

Hydrology

The Sacramento Mountains region is rather
sparsely populated, with limited agricultural
resources. For this reason, much of the previous
work relevant to hydrology of the Sacramento
Mountains has focused on more populated and more
agricultural areas in adjacent groundwater basins.
The Tularosa Basin to the west has been studied
(e.g., McLean, 1970; 1975; Jennings, 1986, and many
others), and to a much greater extent the Roswell
Artesian Basin to the east, where more abundant
water resources support a higher level of agricultural
activity. The Roswell Artesian Basin underlies the
west side of the lower Pecos Valley from central
Eddy County to about 15 miles north of Roswell
(Fiedler and Nye, 1933; Land and Newton, 2008)
(Fig. 2). Hydrologic investigations of the Roswell
Basin have generated a substantial body of work,
some of it directly relevant to the Sacramento
Mountains watershed
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Renick (1926) wrote what may have been the
first report that specifically addresses aspects of the
hydrogeology of the southern Sacramento Mountains.
Hood (1960) reported the first chemical analyses of
water samples collected from springs and wells in the
southern Sacramento Mountains. Mourant (1963)
conducted a comprehensive hydrologic investigation
of the Rio Hondo drainage basin in the northern
Sacramento Mountains.

Fiedler and Nye (1933) conducted the first
comprehensive investigation of geology and ground-
water resources in the Roswell Artesian Basin. The
Sacramento Mountains were viewed as of second-
ary importance in their study, except as a source of
surface water that could recharge the artesian aquifer
where it was exposed on the Pecos Slope. According
to the conceptual model developed by Fiedler and
Nye (1933), most recharge to the artesian aquifer
occurs within a narrow belt on the Pecos Slope a few
miles west of Roswell (Fig. 3). Along this narrow
belt, losing streams such as the Rio Hondo, Rio Felix,
and Rio Penasco lose their water through solution
enlarged fractures and sinkholes in the San Andres
Formation. Fiedler and Nye (1933) referred to this
belt as the Principal Intake Area, or PIA, establishing
a paradigm for groundwater recharge in the Roswell
Artesian Basin that has persisted for decades. Fiedler
and Nye (1933) discounted the possibility of signifi-
cant recharge from deeper aquifers such as the
Glorieta Sandstone (Hondo Sandstone of Harbour
(1970)) and Yeso Formation because of their low
hydraulic conductivity, and the poor water quality
associated with those units.

Later workers (e.g., Bean, 1949) suggested
that substantial recharge to the artesian aquifer
system may originate in areas west and northwest
of the Roswell Artesian Basin, in the foothills of
the Sacramento Mountains (Fig. 3). Motts and
Cushman (1964) conducted a thorough appraisal
of the potential for artificial recharge to the artesian
aquifer system through sinkholes and karst fissures
on the Pecos Slope. Their study extended into the
eastern fringes of the Sacramento Mountains.

Beginning in the early 1970s, a number of
graduate students at New Mexico Tech under the
supervision of Dr. Gerardo Gross began a series of
investigations of the hydrology and groundwater resi-
dence time in the San Andres artesian aquifer system
of the Roswell Artesian Basin, and in the adjacent
Sacramento Mountains (Rabinowitz and Gross, 1972;
Gross et al., 1976; Rabinowitz et al., 1977; Duffy
et al., 1978; Davis et al., 1979; Gross et al., 1979;
Gross and Hoy, 1980; Rehfeldt and Gross, 1981; Hoy
and Gross, 1982; Gross et al., 1982; Gross, 1982;
Wasiolek and Gross, 1983; Gross, 1985; Childers

and Gross, 1985; Simcox and Gross, 1985). Most
of these studies have been documented in a series of
reports published by the New Mexico Tech Geophysi-
cal Research Center and the New Mexico Water
Resources Research Institute, and involved extensive
use of groundwater tracers, including tritium and
stable isotopes of oxygen and deuterium.

The first report in this series was published as
a set of three papers in the Journal of Hydrology
(Rabinowitz et al., 1977). The authors measured
the tritium content of water samples from wells
completed in the Roswell Artesian Basin, and cor-
related tritium activity peaks in well samples with
bomb tritium peaks in meteoric water associated with
atmospheric nuclear testing in the mid-20th century.
Based on this analysis, Rabinowitz et al. (1977)
conclude that groundwater in the northern Roswell
Artesian Basin has a residence time of just four years,
and a particle flow velocity of 65 feet/day (Gross et
al., 1982). This hydrologic model implicitly assumes
piston flow through the artesian aquifer, originating
from a line source of nearly instantaneous recharge in
the Principal Intake Area on the Pecos Slope, based
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on the original hydrologic paradigm developed by
Fiedler and Nye (1933).

Fiedler and Nye (1933) estimated total annual
recharge in the Roswell Artesian Basin to be 250,000
acre-feet/year. This estimate is based on calcula-
tion of total discharges from artesian wells, natural
springs, and baseflow into the Pecos River. Gross
and his students used water-level and stream runoff
data to estimate total recharge due to channel losses
in the Rio Hondo, Rio Felix, and Rio Pefiasco to be
~38,000 acre-feet/year. Because surface recharge
from these losing streams cannot account for total
basin recharge, Gross and his students use this
discrepancy to argue in support of a deep recharge
component being more important than previous
workers had assumed.

Gross and his students generally took a broader
view of the greater Roswell Artesian Basin, wherein
the catchment area for recharge extends to the crest of
the Sacramento Mountains. They also focused more
attention on deep sources of recharge from the Yeso
Formation and the Glorieta (or Hondo) sandstone
member of the San Andres Formation, the primary
and secondary aquifers in the Sacramento Mountains
(cf. Mourant, 1963; Wasiolek and Gross, 1983). This
perspective contrasts with that of earlier workers
such as Fiedler and Nye (1933), who regarded the
Yeso Formation and Glorieta Sandstone as aquitards.
Other recent workers also present contrasting views
to Fiedler and Nye (1933). Reiter and Jordan’s (1996)
hydrogeothermal study of the lower Pecos Valley
also extended into the Sacramento Mountains, and
provided support for a deep source of recharge to the
Roswell Artesian Basin.

There is a dearth of information about the hydro-
logy of Mescalero Apache tribal lands in the middle
of the Sacramento Mountains. Two unpublished
contractors’ reports (Woodward-Clyde Consultants,
1978, and Hydro-Geochem, 1982) provide informa-
tion on the installation and testing of deep wells
drilled into the Yeso Formation and on water-levels
and chemical analyses of well samples collected on
the Reservation. However, these documents are not
readily available in the public domain. Published
hydrologic information for the Reservation is limited
to a paper by Wasiolek (1991), Sloan and Garber’s
(1971) map of the water table within the Yeso
Formation, and Welder’s (1975) preliminary report
on drill sites on the Reservation.

Since the wave of investigations conducted by
Dr. Gross and his students in the 1970s and 1980s,

a number of papers of more limited scope have

been published that address the hydrology of the
Sacramento Mountains (e.g., Abercrombie, 2003;
Riesterer et al., 2006; Land and Huff, 2010; Sigstedt,

2010; Ritchie, 2011). However, the present study
constitutes the first comprehensive investigation of
the regional hydrology of the southern Sacramento
Mountains in the past 20 years.

Documents related to this study include linea-
ment analyses by Walsh (2008) and analyses of
carbon-14 age dates of groundwater along the Pecos
Slope between Cloudcroft and Hope, New Mexico
(Morse, 2010). An additional publication related to
this study describes the impact of sulfuric acid weath-
ering on the dissolution of carbonate bedrock in the
Sacramento Mountains (Szynkiewicz et al., 2012).

PURPOSE AND SCOPE

Most scientists working in the region have recog-
nized the importance of the Sacramento Mountains
as a recharge area that feeds groundwater systems in
adjacent basins and aquifers, but how groundwater
moves through the subsurface and on what time
scales has been poorly constrained. Understanding
the regional hydrogeologic system in the Sacramento
Mountains is important for managing water resources
as the local population increases, and provides
information relevant to adjacent hydrologic systems.
A number of workers have published reports or maps
on some aspects of the geology and hydrology in
the Sacramento Mountains, but there has been no
comprehensive investigation of the groundwater and
surface water hydrology of the area in the last twenty
years. Beginning in 2005, the New Mexico Bureau
of Geology and Mineral Resources (NMBGMR), a
division of New Mexico Tech, commenced a hydro-
geologic study of the southern Sacramento Mountains
with the following primary goals:

¢ Delineate areas of groundwater recharge

¢ Determine the direction and rates of groundwater
movement

¢ Develop a conceptual model of the interconnect-
edness, if any, among the various aquifers in the
region and the groundwater and surface water
systems

This report is a comprehensive summary of data
collection and interpretation to improve understand-
ing of the hydrogeologic system in the southern Sac-
ramento Mountains. Data and details pertaining to
certain methods of data interpretation are presented
in the Appendices. This Open-file Report serves as the
final deliverable for the contract with the Otero Soil
and Water Conservation District. Data and interpreta-
tions from this study should provide a framework for
future research and water-planning in the region.
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Il. METHODS

DATA DESCRIPTION AND PURPOSE

Existing and previously reported data used in this
study include published geologic maps, subsurface
geologic data from well records and lithologic logs,
hydrologic consultants’ reports, weather station data,
and historical depth-to-water and water quality data
from published and unpublished sources.

New data collected by the NMBGMR, contrac-
tors and students from 2005 to 2009 include:

¢ Geologic mapping at 1:24,000-scale,
with detailed cross sections

¢  Fracture and geologic lineament
measurements and analyses

e Soil surveying

e Subsurface geologic unit descriptions
from well cuttings

e GPS measurements of field site locations
(UTM) and detailed characterization
of spring and well sites

®  One-time and repeated depth-to-water
measurements in wells

¢ Streamflow measurements

¢ One-time and repeated geochemical, isotopic,
and environmental tracer sampling from
wells, springs, streams, and precipitation

Details about the new data collected and tech-
niques used for this study are described below. In this
report, we use the terms “regional” and “local” to
describe large and small scale observations, respec-
tively. When the terms regional or large-scale are
used, we are referring to an area covering tens of
square miles. Local or small-scale terminology refers
to an area that is less than a few square miles, such as
a canyon or small watershed.

GEOLOGIC DATA

Surface and subsurface geologic data can assist
in the identification of aquifers and protection of
groundwater supplies, and aid in locating water-sup-
ply wells. These data are fundamental for all environ-
mental studies and land-use plans. The primary

objective of geologic mapping is to characterize the
geology in sufficient detail to allow the information
to be used in matters of practical economic and
environmental concern to governments, communities,
and planners, as well as to satisfy the goals of

basic science.

Geologic consultants were commissioned to
perform more detailed surveys related to this study.
A careful review and assessment of soils in a drain-
age along James Canyon was conducted by Frechette
(2008). Several new water wells that were drilled
along James Canyon had cuttings described and
reviewed in detail by Zeigler et al. (2010). Walsh
(2008) interpreted fracture and lineament measure-
ments as part of this study. A total of 170 joints at
70 sites were measured in the high mountains west
of the Pecos Slope (Fig. 2). Using field observations,
along with aerial photo interpretation and GIS analy-
ses, the geomorphic influence of regional fracture
trends and lineaments on stream valley orientations
and spring locations was addressed.

Geologic maps and cross sections

For this study, a total of 21 geologic maps were
completed on 7.5 minute quadrangles at a scale of
1:24,000 (Fig. 4). Geologic mapping in the southern
Sacramento Mountains began in the fall of 2005 and
was completed in the spring of 2009. In addition to
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Figure 5-Site inventory map. Points
on map indicate locations of wells,
springs, streams and precipitation sta-
tions used in this study. Sites with UTM
coordinates are listed in Appendix 1.

standard geologic field mapping procedures,
much of the geology, especially in the sparsely
wooded eastern portion of the study area, was
interpreted from aerial photographs. Subdivision
of the members of the San Andres Formation
into its constituent members was performed in
this way. These interpretations were locally field
checked and compared to the existing map of
Kelley (1971). In most places, the interpretations
are similar. The new mapping was compiled with
Pray’s (1961) map of the western escarpment,
and the northern region of Black’s (1973) map
of Otero Mesa. The regional cross sections were
drawn using subsurface data such as lithologic
and geophysical logs from water, oil, and gas
wells. Numerous well cuttings in storage at the
NMBGMR in Socorro were examined to aid in
determining unit boundaries and to confirm unit
boundaries picked on scout cards and geophysi-
cal logs. The geologic compilations map and
cross sections for this study have been released
separately as NMBGMR Open-file Report 537.

LOCATION OF SITES

All sample and measurement sites (wells,
springs, streams, precipitation collectors) were
located using a hand-held Garmin 76 or 76S
global positioning system (GPS) device and were
assigned a study identification number (SM-
####) (Fig. 5; Appendix 1). The elevations of
the sites were derived in ArcGIS from a 10-meter
horizontal resolution digital elevation model.

All spring sites were characterized in the field

in terms of the physical characteristics of the
discharge point and site conditions. Wells used in
this study were inventoried in detail to describe
the type of well, its construction, and a descrip-
tion of the measuring point used for water-level
measurement.

WATER-LEVEL DATA

Water-level measurements can provide
insight about the occurrence and direction of
groundwater flow. Repeated water-level
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measurements and/or continuous measurements pro-
vide information about daily, monthly and seasonal
fluctuations that occur in an aquifer system. For this
study, water-level measurements were obtained from
numerous private and municipal wells (Fig. 5). All
attempts were made to identify the well record asso-
ciated with each well from the New Mexico Office of
the State Engineer. The well records provide details
about the drilling and construction of the well, in
addition to the geologic units encountered while
drilling. Well records for wells used in this study are
found in Appendix 2.

Water-level measurements in most wells were
made on a monthly to bimonthly basis between
fall 2005 and summer 2009 (Appendix 3). From a
specific measuring point on each well, depth to water
measurements were made by staff of NMBGMR
using one of several different techniques. To insure
accuracy, water-levels measured with a steel tape
were repeated until the measurement was within 0.02
feet of an earlier measurement. In wells with no dedi-
cated pump equipment, water-levels were measured
with a Solinst™ electronic sounder. A Ravensgate
Corporation sonic water-level meter was also used to
determine approximate depths to water.

During the course of the study, 12 wells were
monitored with continuous water-level recorders for
various time intervals ranging from a few months to
several years (Fig. 5, Appendix 4). These were pro-
grammed to record water-level and temperature at 15
minute intervals for the first few months, then hourly
intervals for the duration of the study. All but one
of the wells was unequipped, thus giving continuous
water-levels unaffected by well pumping. Water-level
recorders were checked and downloaded every three
to four months, and water-levels were measured
manually at those times.

STREAMFLOW MEASUREMENTS

Streamflow measurements were made in loca-
tions where the stream was relatively uniform,
u-shaped, and had only one stream channel (no
split channels). Streamflow in various locations was
measured using a propeller-style flow meter (Global
Water Flow Probe). Following USGS guidelines
(Rantz et al., 1982), the average velocity was cal-
culated by measuring the cross sectional area of the
stream. The area was then divided into subsections
in which each section encompassed no more than
5% of the total discharge. Locations of streamflow
measurements are shown on Figure 6, and all average
streamflow measurements for these sites are found
in Appendix 5.

GEOCHEMICAL METHODS

Chemical and isotopic analyses of precipitation,
stream, spring, and well waters provide insight into
the flow path of groundwater, where it is recharged,
and its residence time in the subsurface. For this study,
water was sampled for a number of analyses includ-
ing major ion chemistry, trace metal chemistry, stable
isotopes of oxygen, hydrogen and sulfur, and several
naturally occurring environmental tracers which pro-
vide estimates of groundwater age.

Precipitation

We collected precipitation in the southern
Sacramento Mountains on a regular basis beginning in
2006 using a simple collection device made of a funnel,
a tube, and a one-gallon glass bottle. In the winter, a
1-foot section of 4 inch PVC pipe was attached to the
funnel to allow snow to accumulate. The total volume
of water that accumulated in the glass sample vessel
between sampling events was measured, and a sub-
sample was collected to be analyzed for stable isotopes
of oxygen and hydrogen. Several large volume samples
were analyzed for tritium. Figure 5 shows locations of
the precipitation sampling stations. The locations of
the precipitation collectors were chosen to represent
the full range of elevations within the study area (Table
1). In general, samples were collected every 3 months
(March, June, September, and December) in order to
assess the seasonal variability of the average isotopic
composition of precipitation. However, this time
interval between sampling events sometimes varied
due to over-filling of the sample vessels during extreme
precipitation events.

Table 1-Site elevations and periods of precipitation collection.

Point ID Elevation Date Date

(ft asl) Installed Removed
SM-2005 5,935 15-Mar-06 02-Jun-09
SM-2006 7,204 16-Mar-06 02-Jun-09
SM-2007 7,360 15-Dec-06 22-May-07
SM-2008 5,461 15-Dec-06 17-Jun-09
SM-2009 9,203 16-Mar-06 02-Jun-09
SM-2010 6,132 23-May-07 02-Jun-09
SM-2011 7,770 26-0ct-07 05-Dec-07
SM-2012 8,468 05-Dec-07 Continues

Field parameters

When sampling water at stream, spring or well
sites, field parameters were recorded. As wells were
purged, sampling was initiated once field parameters
had stabilized. Temperature, specific conductance,

11
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pH, and dissolved oxygen (DO) were determined

in the field with portable meters (Thermo Orion™
290A+pH meter, YSI™ Model 85, Orion™ DO meter
Model 810, and YSI™ Model 556 Multiprobe).
Where possible, the oxidation reduction potential
(ORP) was also recorded. The DO probe was cali-
brated onsite before sampling. The pH electrode was
calibrated weekly against pH 7 and 10 buffers.

Major ions and trace metals

For general ion and trace metal chemistry, well
and spring samples were collected using new, certified
clean polypropylene containers after three repeated
rinses. Samples for general ion chemistry analyses
were collected using 250-ml polypropylene bottles.

Water samples for trace metal chemistry were imme-
diately filtered (where possible) through an inline
0.45 pm filter into 125-ml polypropylene bottles

and acidified to pH <2 using ultra-pure nitric acid.

If a trace metal chemistry sample could not be field
filtered and acidified, it was immediately filtered and
acidified in the laboratory. All chemistry samples were
stored in an ice chest, transferred to the NMBGMR
chemistry laboratory, and stored in a refrigerator
until analyzed (within 1 week). Alkalinity (as mg/L
HCO;) was determined in the NMBGMR chemistry
laboratory by titration. Laboratory measurements

of pH were performed with an Orion 420A meter,
and conductivity using a YSI 3200 meter. A chemical
analysis for anions (Cl, SO, and NOj3) was performed
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using a Dionex DX-600 ion chromatograph. Cations
(Na, K, Ca, and Mg) were analyzed using a Perkin
Elmer OPTIMA 5300 DV Inductively Coupled Plasma
Optical Emission Spectrometer (ICP-OES). Trace met-
als were analyzed by Inductively Coupled Plasma
Mass Spectroscopy (ICPMS) using an Agilent 7500

IS. The quality of the chemical analyses was carefully
inspected by analyzing blanks, standards, duplicate
samples, and checking ion balances. The ion balance
errors for the analyses were generally within +5%.

Stable isotopes of hydrogen and oxygen

Stable isotopes of oxygen-18 (**O) and hydrogen-2
(deuterium, 2H) were analyzed in samples from precipi-
tation, wells, streams, and springs. Samples were col-
lected in 25 mL amber glass bottles after three repeated
rinses. No air bubbles were present in the samples,
and bottles were kept from direct sunlight. Samples
were stored at room temperature in sealed bottles until
analysis at the New Mexico Institute of Mining and
Technology, Department of Earth and Environmental
Sciences stable isotope laboratory on a Thermo Finni-
gan Delta Plus XP™ isotope ratio mass spectrometer.
Analytical uncertainties for 8°H and 8'%0 are typically
less than 1 per mil (%o) and 0.1%., respectively.

Systematics of stable isotopes

Stable isotopes of hydrogen and oxygen are useful
tools for tracking precipitation through a hydrologic
system. The nucleus of most oxygen atoms contains
16 subatomic particles: 8 protons and 8 neutrons. A
small fraction of all oxygen atoms (approximately
0.2%) contains 10 neutrons, for a total of 18 sub-
atomic particles in the nucleus. This isotope of oxygen
is referred to as oxygen-18, or '*O. Most hydrogen
atoms consist of a single proton in the nucleus orbited
by a single electron. A very small fraction of hydrogen
atoms (approximately 0.016%) also contains one
neutron in the nucleus, for a total of two subatomic
particles. This isotope of hydrogen is referred to as
deuterium and abbreviated as D.

The isotopic composition of a water sample refers
to the ratio of the heavier isotopes to the lighter iso-
topes (R) for the hydrogen and oxygen that make up
the water molecules. Because these stable isotopes are
actually part of the water molecule, small variations
in these ratios act as labels that allow tracking of
waters with different stable isotopic signatures. All
isotopic compositions in this report are presented as
relative concentrations, or the per mil deviation of R
of a sample from R of a standard shown in equation

below:
R
§ =

sample standard

) *1000%o

standard

-50

-150

-200

8%80 (%o)

Figure 7-Schematic of stable isotope systematics. The relative position
of the global meteoric water line (Global MWL or GMWL) is shown based
on worldwide samples. A local meteoric water line (Local MWL or LMWL)
was developed by this study for the southern Sacramento Mountains.

A negative value of 8'®0 or 8D indicates that the
water sample is depleted in the heavier isotopes with
respect to the standard. Standard Mean Ocean Water
(SMOW) is the reference standard for stable isotopes
of hydrogen and oxygen.

Because a water molecule is made up of both
hydrogen and oxygen, it is advantageous to evaluate
8D and 880 data simultaneously. Figure 7 shows a
graph with 8D on the y-axis and 880 on the x-axis.
On such a plot, the isotopic compositions of precipi-
tation samples collected worldwide plot close to a
line called the global meteoric water line (GMWL)
due to the predictable effects of evaporation and
condensation (Craig, 1961). In general, precipitation
in warmer regions will plot toward the heavier
end of the GMWL (less negative values), and pre-
cipitation from cooler regions will plot towards the
lighter end (more negative values). At any given
location, a seasonal trend may be evident with winter
precipitation plotting on the GMWL toward the
lighter end and summer precipitation toward the
heavier end. The GMWL represents a global average
variation in the isotopic composition of precipitation.
In a study such as this, it is necessary to collect
local precipitation and define a local meteoric water
line (LMWL), whose slope and y-intercept (deuterium
excess) may vary slightly from the GMWL due to
local climatic conditions.

The effects of evaporation are illustrated in
Figure 7. As precipitation evaporates, the isotopic
composition of the residual water evolves away from
the meteoric water line (global or local) along an
evaporation line, whose slope depends on the condi-
tions under which evaporation has taken place.
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Tritium

Tritium concentrations were analyzed in water
samples from wells, streams, springs and precipita-
tion. Samples were collected in two 500 mL polypro-
pylene bottles, or one 1 L polypropylene bottle, after
rinsing three times. Most samples were shipped to the
University of Miami Tritium Laboratory where they
were analyzed by internal gas proportional counting
with electrolytic enrichment. For these samples, a
sampling protocol described at www.rsmas.miami.
edu/groups/tritium/advice-sampling-tritium.html
was followed. The enrichment step increases tritium
concentrations in the sample about 60-fold through
volume reduction, yielding lower detection limits.
Accuracy of this low-level measurement is 0.10
tritium unit (TU) (0.3 pCi/L of water), or 3.0%,
whichever is greater. The stated errors, typically 0.09
TU, are one standard deviation.

Some samples were also analyzed by helium in-
growth at the University of Utah Dissolved and Noble
Gas Laboratory. These samples were collected accord-
ing to procedures described at http://www.earth.utah.
edu/noblegaslab/how-to.html. Within the lab, after
samples have had sufficient time to decay, the levels
of helium-3 were measured on a mass spectrometer
producing results with measurement error of +3%
of the value. The detection limit with this method is
typically 0.1 TU.

Systematics of tritium

Tritium (*H) is a short-lived radioactive isotope
of hydrogen with a half-life of 12.32 years, and is a
commonly-used tracer for determining the relative
age of groundwater less than fifty years old. The
vast majority of hydrogen atoms consist of a single,
positively-charged proton in the nucleus of the atom
and a single, negatively-charged electron orbiting the
nucleus. The nucleus of the tritium isotope of hydro-
gen also includes two neutrons. Tritium concentra-
tions are expressed in Tritium Units (TU), wherein
one TU indicates a tritium-hydrogen atomic abun-
dance ratio of 108 (Clark and Fritz, 1997).

Tritium is produced naturally in the stratosphere
by cosmic radiation, and enters the hydrologic cycle
via precipitation. Large volumes of anthropogenic
tritium were produced between 1951 and 1962 by
atmospheric testing of thermonuclear weapons, creat-
ing a “bomb” tritium spike in groundwater that has
been used as a tracer in many hydrologic investiga-
tions (e.g., Rabinowitz et al., 1977). By 1990, bomb-
levels of tritium had decreased in the atmosphere
and tritium concentrations have mostly returned to
naturally occurring levels. Use of the tritium isotope
for dating modern groundwater now relies upon the
largely natural H signal (Clark and Fritz, 1997).
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Unlike most environmental tracers, tritium atoms
are directly incorporated into the water molecule and
thus are not subject to alteration when exposed to
atmospheric gases. Without knowing the background
tritium concentration during recharge, a rather com-
plicated input function must be assumed, and in most
cases the absolute age of groundwater cannot be
precisely determined using *H alone. Tritium is nev-
ertheless a very useful tracer for making qualitative
assessments of groundwater residence time. Waters
with a concentration of § to 15 TU are considered to
be modern groundwater, less than 5-10 years
old. Tritium concentrations of 0.8 to 4 TU probably
represent a mixture of recent and sub-modern
recharge. Water samples less than 0.8 TU are assumed
to be sub-modern, recharged prior to 1952 (Clark
and Fritz, 1997).

Atmospheric concentrations of tritium display
significant spatial and seasonal variations. The greatest
increase in tritium concentrations in the atmosphere
occurs during the spring in mid-latitude zones due to
displacement of the jet stream (Clark and Fritz, 1997).

Tritium-helium and noble gases

Tritium/Helium-3 and dissolved noble gas samples
were collected at several wells and two springs in
the study area. These samples were collected using the
copper tube method for wells, and at two springs
using advanced diffusion samplers provided by
the University of Utah Dissolved and Noble Gas
Laboratory. Methods of sample collection described
at www.earth.utah.edu/noblegaslab/how-to.html were
followed. Analyses of gases included N,, Ar, Ne, Kr,
Xe, *He and *He, with errors of + % to 1% of value
for vium, and = 1 to 4% of value for all other gases.
Samples were stored at room temperature, then shipped
to and analyzed at the University of Utah
Dissolved and Noble Gas Laboratory.

Systematics of tritium-helium and noble gases

Tritium is subject to radioactive decay by beta
emission to yield its daughter product, helium-3 (*He).
By measuring *H together with its daughter, >He, a true
radiometric groundwater age can be determined that
does not rely on a tritium input function (Solomon
and Sudicky, 1991). Under ideal circumstances, the
tritium-helium method of dating groundwater is
remarkably accurate for water samples less than 40
years old (Clark and Fritz, 1997; Kazemi et al., 2006).

In addition to tritiogenic helium produced by
tritium decay, other sources of *He include mantle-
derived helium; nucleogenic helium produced by radio-
active decay of uranium and thorium nuclides in the
earth’s crust; and atmospheric helium, which includes
an excess air component. Numerous observations have
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shown that groundwater frequently contains more
atmospheric gas than can be accounted for by equilib-
rium solubility with the atmosphere. This excess air

is probably a result of transient rise in the water table
that does not fully displace the gas phase, but it can
also be artificially introduced during well construction
or development (Cook et al., 2006). Additionally,
excess air can be a problem if air bubbles remain in
the sampling equipment when the sample is collected,
or if air bubbles are produced by a submersible pump
in the well (Solomon and Cook, 2000).

In relatively young groundwater the contribution
of nucleogenic and mantle helium is insignificant, and
the most important correction that must be made is
for excess air. This correction can be made by analysis
of the concentrations of some noble gases such as
neon, or from the nitrogen-argon ratio in the sample
(Kazemi et al., 2006).

The ratio of helium-3 to helium-4 is a common
parameter that is measured during noble gas analysis
(Solomon, 2000). Because primordial helium derived
from mantle sources consists of the *He isotope — the
same isotope of helium produced by radioactive decay
of tritium in groundwater — it must be accounted for
when conducting studies of groundwater residence
time using tritium-helium methodology. Elevated
SHe/*He ratios in groundwater samples indicate that
those waters may contain a significant percentage of
mantle-derived helium-3 (Newell et al., 2005; Crossey
et al., 2006). Analyses that we have obtained provide
ratios of 3He/*He ratios in the sample compared to
ratios of SHe/*He in the atmosphere (R/Ra). The
SHe/*He ratio of the atmosphere is considered a con-
stant, so any variation in the R/Ra number is a result
of the *He/*He ratio from the sample.

Carbon isotopes

Select spring and well samples were analyzed for
carbon-14 (**C) activity and *C/!*C ratios (6'*C) to
determine groundwater age. Water samples were col-
lected in two 500 mL polypropylene bottles, or one
1 L polypropylene bottle, after rinsing three times.
Sampling procedures described at www.radiocarbon.
com/groundwater.htm were used, with the exception
of the addition of NaOH. Samples were kept chilled
until shipment for analysis at Beta Analytic (www.
radiocarbon.com). The *C activity and *C/?C ratios
of the water sample were derived from the dissolved
inorganic carbon (DIC) by accelerator mass spectrom-
etry. Measured 8'3C values were calculated relative
to the PDB-1 standard. Results are reported as *C
activity (in percent modern carbon (pMC)) and as
the apparent radiocarbon age (in radiocarbon years
before present (RCYBP), where “present” = 1950
CE), with an uncertainty of one standard deviation.

No corrections for geochemical effects have been
completed, and the reported apparent *C ages do

not precisely represent the residence time of the water
within the aquifer. The '*C activity and apparent *C
age are used as a relational tool to interpret hydrologic
differences between wells.

Systematics of carbon isotopes

Carbon-14 is a naturally-occurring radioactive
isotope of carbon that is produced naturally in the
atmosphere by cosmic radiation. Carbon-14 was
produced by atmospheric thermonuclear testing during
the mid-20th century, similar to tritium. *C radio-
activity of inorganic carbon in water is expressed in
units of percent modern carbon (pMC) relative to the
abundance of *C in atmospheric CO,. Once isolated
from atmospheric and soil gases, the abundance of *C
decreases at a rate governed by its half-life of 5,730
years. The pMC of a water sample can be used to
estimate its residence time up to ~50,000 radiocarbon
years before present (rcbyp). An accurate estimate of
residence time in closed systems requires correction of
measured pMC values for the effects of carbon mass
transfer during geochemical reactions with carbon-
ate host rock along groundwater flow paths. In open
systems, where carbon mass transfer can take place
between water and atmospheric gases, pMC values
can also be corrected if the system is well-characterized
(Phillips and Castro, 2003).

Carbon-13 (13C) is a naturally-occurring stable
isotope of carbon. ¥C/!?C ratios of inorganic carbon in
water are expressed in the per mil (%) difference (8'°C)
between a sample and the PeeDee Belemnite standard
(PDB). The PDB is defined to have a 8'*C value of 0%o.
Typical 8'3C values are near 0%o for marine carbonates
and -7 to -8%o for atmospheric CO,. A combination of
equilibrium and kinetic fractionation that takes place
during the uptake of CO, by plants via photosynthesis
and the release of CO, in the soil by plant and micro-
bial respiration results in soil CO, being isotopically
depleted with respect to atmospheric CO,. 6'3C values
for CO, respired from soils range from -27 to -14%o
(Amundson et al., 1998). The 8'*C of inorganic carbon
in water can serve as an indicator of water/rock/gas
interactions along groundwater flow paths (Kalin,
2000) and is often used to correct measured ground-
water pMC values for the effects of carbon mass-trans-
fer geochemical reactions with carbonate host rock.

Chlorofluorocarbons

CFC samples were collected from well and
spring discharge, with no atmospheric exposure, into
three 125-mL glass bottles with foil-lined caps. The
bottles and caps were thoroughly rinsed with sample
water, and were filled and capped underwater in a
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plastic bucket. Sampling followed stringent protocols
described at www.rsmas.miami.edu/groups/tritium/
advice-sampling-cfc.html. Samples were shipped to

the University of Miami Tritium Laboratory where
they were analyzed using a purge-and-trap gas chro-
matograph with an electron capture detector. The limit
of detection for the method is 0.001x10'> moles/kg

of water (pmol/kg). Precision of CFC11, CFC12 and
CFC113 analyses is 2% or less and the accuracy of
CFC12 derived recharge ages is 2 years or less.

Systematics of CFCs

Chlorofluorocarbons are a class of volatile, syn-
thetic compounds of carbon, chlorine and fluorine that
have been used in refrigeration and other industrial
applications since the 1930s (Plummer and Busenberg,
2000). The CFC compounds most commonly used in
hydrologic studies are CFC11, CFC12, and CFC113
(Plummer et al., 2006). Atmospheric concentrations
of CFC compounds increased in a quasi-exponential
fashion from the 1950s through 1980s (Fig. 8), and
the history of their concentrations is well-known
or has been reconstructed from production/release
data. Because CFCs contribute to destruction of the
ozone layer, their production has been limited by
international agreements, and in response atmospheric
concentrations of CFCs have leveled off and begun to
decrease since the 1990s.

Chlorofluorocarbons enter the hydrologic cycle
through precipitation as a dissolved gas. The amount
of gas dissolved in groundwater is dependent upon
recharge temperature and recharge elevation (lower
temperatures and higher elevations result in lower
atmospheric and groundwater CFC concentrations).
Therefore, recharge elevation and temperature need
to be estimated to calculate the age. Incorrect estima-
tion of these parameters will result in erroneous dates.
Used as a groundwater tracer, CFC compounds can
provide virtual year-to-year dating sensitivity for water
recharged before 1990. Estimates of residence time for
groundwater recharged since the 1990s are somewhat
ambiguous because of declining CFC levels beginning
in the late 20th century (Plummer and Busenberg,
2000; Phillips and Castro, 2003; International Atomic
Energy Agency, 2006). However, CFC concentration
ratios (e.g., CFC113/CFC12) may also be used to
determine groundwater age. Using CFC concentration
ratios has extended the application of these tracers for
groundwater dating into the 21st century. The use of
CFC ratios has particular application to quantifying
binary mixtures of young groundwater (containing
CFCs) and pre-modern groundwater (zero CFC con-
centration), since the CFC ratio can be used to define
the age and volumetric fraction of the young compo-
nent (Han et al., 2001; Plummer et al., 2006).
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When using CFCs to date groundwater samples,
the CFC12 date is usually considered the most
reliable. CFC12 has the highest atmospheric concen-
trations (Fig. 8) and thus has the highest absolute
concentrations in natural water samples. CFC113
has the lowest atmospheric concentrations and was
introduced into the atmosphere later than the other
two CFC species. CFC11 has a greater potential for
contamination and microbial degradation (Plummer
and Busenberg, 2000).

The simplest model for estimating groundwater
age based on CFC concentrations is the piston flow
model, which assumes that after recharge occurs, the
tracer becomes incorporated into a parcel of water
and moves through the aquifer to points of discharge
at the mean velocity of groundwater. Hydrodynamic
dispersion and molecular diffusion are considered
negligible, and the age based on the piston flow model
is referred to as the apparent age of the groundwater
sample (Bethke and Johnson, 2002a; 2002b). Other
models of groundwater age distribution include
exponential models and binary mixing models, which
assume mixing of two groundwater sources of differ-
ent ages (Plummer et al., 2006; Solomon et al., 2006).
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Figure 8—Atmospheric concentrations of chlorofluorocarbons in parts per
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GEOLOGY

Regional Geology
Sacramento Mountains, Pecos Slope, and
Roswell Artesian Basin

East of the crest of the Sacramento Mountains
to the Pecos Slope, the exposed rocks are the
Permian Yeso (Py) and San Andres (Psa) Formations,
which dip gently (2-3°) to the east (Figs. 9 and 10).
These are the most important geologic units in the
study area and are described in detail in the follow-
ing stratigraphy section. Between the eastern
boundary of the study area and the Pecos River,
Quaternary alluvium and upland deposits cover
redbeds and gypsum of the Permian Artesia Group,
which overlies the San Andres Formation and
forms the relatively impermeable upper aquitard
of the Roswell Artesian Basin aquifer (Land and
Newton, 2008).

Along the steep western escarpment of the
Sacramento Mountains, the geology is more com-
plex. This area is dominated by steep cliffs com-
posed of Paleozoic sedimentary rocks, dominantly
carbonates, with significant faults and folds. The
range itself is uplifted along the Alamogordo fault,
which forms the eastern boundary of the Tularosa
Basin (Figs. 9 and 10).

Northern Sacramento Mountains

The high-elevation, canyon-dissected plateau
of the southern Sacramento Mountains continues
north of the study area for many miles to the granite
intrusion that forms the Capitan Mountains. The
Sierra Blanca igneous complex is a deeply eroded
stratovolcano with layered lava flows and extrusive
breccias intruded by several syenitic plutons. It is
situated northwest of the study area and west of
Ruidoso. This complex was emplaced in the core
of the Sierra Blanca Basin, a Laramide-age (late
Cretaceous — Paleogene) sedimentary basin which is
partially filled with Eocene-age sediments (Moore et
al., 1991; Cather, 1991; Rawling, 2009). The Sierra
Blanca Basin can be seen on Figure 9 as the north-
east-trending roughly oval-shaped outcrop pattern of
Cretaceous sedimentary rocks (dark green on map)
surrounding the Sierra Blanca igneous complex.

Tularosa Basin

The Tularosa Basin is located west of the steep
western escarpment of the Sacramento Mountains.
It is one of the major extensional sedimentary basins
of the Rio Grande Rift and is one of the few to have
internal drainage. The basin is filled with thousands
of feet of late Tertiary and Quaternary sediments
(Seager et al., 1987, Adams and Keller, 1994). The
Alamogordo fault, a west-side down normal fault
with thousands of feet of vertical displacement, sepa-
rates the basin from the mountains.

Otero Mesa and Salt Basin

Otero Mesa and the Salt Basin are southwest and
south of the study area, respectively. Otero Mesa is
underlain by Permian sedimentary rocks correlative
to those in the study area. The rocks are generally
flat-lying, but faulting and folding is locally evident,
particularly in the northeast sector (Black, 1976).
The hydrologic system in fractured carbonate rocks
underlying Otero Mesa has been the focus of detailed
study (Mayer and Sharp, 1998). The Salt Basin is
another extensional sedimentary basin related to the
Rio Grande Rift and, like the Tularosa Basin, is filled
with late Tertiary and Quaternary sediments. It is
separated from the Guadalupe Mountains to the east
by a zone of west-side down normal faulting that
extends north to the latitude of Pifion (Kelley, 1971,
Muehlberger et al., 1978).

Stratigraphy
Yeso Formation

Good natural exposures of the Yeso Formation
are rare, as it is usually covered with colluvium from
the overlying, more resistant San Andres Formation
or by valley bottom alluvium. A complete section is
not exposed east of the range crest. Pray (1961)
measured a complete section 1239 feet thick on the
west flank of Orendorf Peak three miles west of
Timberon at the southwest corner of the present study
area. Kelley (1971) measured a complete section 1220
feet thick in Tularosa Canyon 11 miles to the north of
the present study area. Two deep wells that pen-
etrated the Yeso Formation are the Apache Replace-
ment well (Figs. 10 and 11A), drilled in 2006 and
located less than 2 miles east of Cloudcroft, and the
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Southern Production Company #1 oil test well, located
between Cloudcroft and the Rio Pefiasco. Based on
his section and the Southern Production Company #
1 oil test well, Pray (1961) estimated the Yeso Forma-
tion at 1,200 to 1,800 feet in the western Sacramento
Mountains. The differences are probably due to initial
stratigraphic variation and dissolution of evaporites.

The Yeso Formation in the Orendorf Peak
section of Pray (1961) is composed of gray limestone
with minor gray to tan dolomite (47%), gray, buff,
and reddish shale (30%), and yellow to tan siltstone
and fine sandstone (9%), with 95 feet of gypsum
and mixed gypsum and shale (9%) at the base of the
formation. The upper 320 feet of Southern
Production Company #1 oil test well was composed
largely of limestone and dolomite. Similarly, the
Village of Cloudcroft Apache replacement well, which
penetrated1650 feet of the Yeso Formation, showed
predominantly limestone and dolomite, with signifi-
cant intervals of claystone and mudstone, and minor
sandstone (Street and Perry, 2007). Anhydrite and/
or gypsum were first observed 1240 feet below the
top of the Yeso Formation in this well. Anhydrite and
minor halite were observed below 940 feet below the
top of the Yeso Formation in the Southern Production
Company #1 oil test well but at 260 feet depth in the
surface section of Pray (1961). No evaporites have
been observed in surface exposures in the study area.
In the area encompassing this study, Kelley (1971)
and Pray (1961) both noted that the gypsum content
of the Yeso Formation increases to the north and the
carbonate content increases to the south.

Soluble carbonate rocks, such as limestone,
dolomite, and calcareous sediments, are abundant
in the stratigraphy of the upper Yeso Formation.
Intraformational dissolution-collapse features and
chaotic bedding dips are common in road-cut expo-
sures of the upper Yeso Formation (Fig. 11B, C) and
solution-enlarged fractures are abundant in bedrock
pavements exposed in stream channels (Walsh, 2008).
Due to initial stratigraphic heterogeneity and that
caused by subsequent dissolution, individual beds
are not traceable laterally for more than a few tens
of meters in outcrops, and beds in general cannot be
unambigously correlated between outcrops or wells.
Zeigler et al. (2010) examined cuttings from four
water wells less than 4 miles apart in canyons tribu-
tary to James Canyon and showed that individual
beds in the Yeso Formation could not be correlated
at depth (in contrast to work by Wasiolek and Gross
(1983)). However, reasonable correlations of trans-
gressive and regressive intervals in the stratigraphy
can be made based on the vertical groupings of gross
lithologic characteristics rather than individual beds
(Zeigler et al., 2010).

San Andres Formation

The San Andres Formation is composed of light to
dark gray and bluish-gray carbonate rocks (limestone
and dolomite). Freshly broken surfaces are darker gray
than weathered surfaces and often fetid. The forma-
tion contains karst features including large cavernous
fractures and sinkholes. Subdivision of the San Andres
into the lower dominantly thick-bedded Rio Bonito
Member and middle dominantly medium- to thin-bed-
ded Bonney Canyon member (Kelley, 1971) was based
largely on interpretation of aerial photographs. In
most areas, the differences in the nature of the bedding
are not reliably distinguishable on the ground. Kelley
(1971) estimated thicknesses for the Rio Bonito Mem-
ber at 250-350 feet and the Bonney Canyon Member
at up to 300 feet. Based on our mapping, cross sec-
tions, and well-log interpretations, the thicknesses
are ~580 and 400 feet, respectively, in the vicinity of
regional cross section A (Fig. 10B). These differences
are significant, but Kelley mapped at a much smaller
scale (1:125,000) using a mix of air photo and topo-
graphic bases, and presented no cross sections or well
control to constrain his thickness estimates. Thickness
variations on the order of = 100 feet are likely in both
members across the study area.

In the southern stratigraphic section of Pray
(1961) on Orendorf Peak, the basal portion of the San
Andres Formation consists of the Hondo Member, a
113-foot interval of limestone and dolomite topped
by an 8-foot bed of medium grained, quartz sand-
stone, known as the Hondo Sandstone (equivalent to
the Glorieta Sandstone). While the Hondo Sandstone
is a significant mappable unit further north in the
Hondo River drainage, it is insignificant in the south-
ern Sacramento Mountains.

A small exposure of the uppermost member of the
San Andres Formation, the Four-Mile Draw member,
is present in the northeast corner of the study area. On
aerial photographs it looks even-textured, less-prom-
inently bedded, and slightly darker, grayish-brown
appearance than the underlying Bonney Canyon
member. Although this member contains abundant
gypsum elsewhere (Kelley, 1971), in the study area it
is composed of thin bedded, locally brecciated dolo-
mite (Zeigler, personal communication, 2007). The
total thickness is not exposed, but is at least 100 feet.

Surficial deposits and soils

Geologic units younger than the San Andres
Formation are generalized in this report into
Quaternary undivided alluvium and Quaternary and
Tertiary terraces and gravels. The undivided alluvium
includes unconsolidated alluvium in modern drainages,
areas of colluvium, aeolian sand sheets, travertine and
tufa deposits around springs, and broad flat terraces
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and valley bottoms underlain by fine-grained sedi-
ment. The terrace and gravel unit includes coarse
grained sediments and gravels that have been incised
by modern drainages. Some of these gravels are well
lithified and may be as old as Miocene.

Frechette (2008) conducted a soil survey for this
study within a tributary to James Canyon. He exam-
ined soils developed above the San Andres Formation
and Yeso Formation and in a small ridgetop basin
filled with alluvium. Topographic position and slope,
together with parent material, are the dominant fac-
tors controlling soil development in the study area,
with lesser effects due to local vegetation type and
slope aspect. We expect the soils described below to
be typical of those throughout the high mountains
west of Mayhill.

Soils developed on the San Andres Formation
and the upper 30 to 60 feet of the Yeso Formation are
largely formed from San Andres Formation parent
material, due to the down-slope movement of col-
luvium. These soils are thin (generally less than 3 feet)
and weakly developed, with A horizons and R/A
horizons of silty loam with 30-50% angular pebbles
and cobbles of limestone, grading into fractured
bedrock. Soils are thickest at the base of slopes and
thinnest near ridge crests, again indicating down-
slope movement of material. Soils are also thicker
on densely vegetated, north facing slopes than on
sparsely vegetated, south facing slopes. Most of the
bedrock weathering is mechanical, as there is little
carbonate accumulation. Much of the fine mineral
fraction probably originates as windblown dust.
These soils are likely to have high infiltration rates
and, if connected to shallow bedrock fracture
networks, should rapidly transmit infiltrated water
to the groundwater system.

Soils developed on lower slopes underlain by the
Yeso Formation have siltstone, sandstone, and subor-
dinate limestone as parent materials. They are thicker
(up to 5 feet) and more strongly developed than those
described above, with similar A horizons, but also
B horizons showing evidence of color change and
accumulation of clays. The B horizons indicate that
in-situ chemical weathering and alteration of parent
materials are more important soil-forming processes
than down-slope movement. Similar A horizons to
the San Andres-upper Yeso soils imply high potential
infiltration, but the thicker profiles and B horizons
imply slower subsurface transit and greater potential
for evapotranspiration rather than aquifer recharge.
Soils developed in small alluvium-filled basins on
ridgetops are greater than 5 feet thick and contain
clay-rich B horizons. They also contain buried
soil horizons overlain by gravel-rich layers, which
together indicate significant sediment input to the
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basin during a severe erosional event. The abundant
clay and field observations of relatively dry soil
profiles adjacent to areas of standing water in the
small basins suggest that these soils have low perme-
ability. Thus, they would have very low infiltration
rates and may induce the development of local
perched water tables.

Gravel is abundant within alluvial fans, in
poorly sorted, matrix-supported layers with gravel
contents often greater than 50%. Matrix materials
and fine-grained layers are dominantly silt loams and
loams. Buried soil horizons are common, consisting
of weakly developed A horizons, similar to the
surface soils.

Valley-bottom fills are alluvial deposits with little
gravel (less than 10%) in poorly sorted, matrix sup-
ported layers. The deposits are dominantly composed
of silt loam and sandy loam. Again, surface soils and
abundant buried soils are weakly developed, with
A horizons only. Poorly developed soils, low clay
content, and locally high gravel content imply high
potential infiltration through alluvial fans and valley
bottom fills.

Geologic structures

The generally shallowly east-dipping Yeso and
San Andres beds are complicated by faulting and fold-
ing. The Sacramento River drainage, which extends
southeast of Sunspot, through Timberon, and out of
the study area, is structurally controlled by a zone of
west-side down normal faults and associated folds
that form east-tilted structural blocks, or half-grabens
(Fig. 10). These faults are probably of Tertiary age
and related to uplift of the Sacramento Mountains.

The northeast-trending segment of the Rio
Pefiasco drainage near Mayhill follows the Mayhill
Fault, which has minor west-side down displacement.
This fault and valley segment is aligned with the
Border Buckle, one of several right-lateral strike-slip
fault zones that extend for tens of miles to the north-
east across the Pecos Slope (Havenor, 1968, Kelley,
1971). The Mayhill Fault may be an extension of this
regional structure and have some component of right-
lateral slip. This fault appears to die out in the vicin-
ity of Denny Hill north of Weed. There are several
small folds extending to the southwest and northeast
along the trend of this fault that are probably due to
distribution of displacement across a broad zone at
the fault tip.

The southern end of the Dunken-Tinnie anti-
clinorium forms a linear north-south trend of ridges
and low hills in the eastern third of the map area.
This regional structure extends north to the eastern
end of the Capitan Mountains (Kelley, 1971) and dies
out within the study area just northeast of Pifion. The
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anticlinorium is a complex structure of sub-parallel
anticlines and synclines and discontinuous east- and
west-side-down faults, but overall is both a structural
and topographic high where the Rio Bonito member
is uplifted along the ridgeline (Fig. 10). Southeast-
and north-south-trending faults of the Sacramento
River valley and the northern Guadalupe Mountains
east of Pifion are associated with very complex,
though broad folding.

The complexity of faulting and folding in the
southeast corner of the map area, near the southern
termination of the anticlinorium, may be partly due
to the interaction between the anticlinorium and the
Six-Mile and Y-O buckles, two of the right-lateral
strike-slip fault zones on the Pecos Slope (Kelley,
1971). The Six-Mile buckle enters the study area in
the northeast corner, within the outcrop area of the
Four-Mile Draw member. Synclinal folding associ-
ated with this buckle preserves the Four-Mile Draw
member on the surface (Fig. 10). The Y-O buckle
impinges on the mapped area about 15 miles to the
south, where faults change trend from northwest-
southeast to roughly north-south. Kelley (1971) and
Black (1973) both interpreted the Dunken-Tinnie
anticlinorium and the buckles as Laramide-age
features. However, the deformation in the southeast
corner of the mapped area may also be related to
Rio Grande Rift extension, as extensional faults with
Tertiary movement are present to the west in the
Sacramento River valley and to the south along the
west face of the Guadalupe Mountains. There are no
fault scarps in the Quaternary units.

Structural contours derived from elevation points
along the mapped San Andres-Yeso (Ps-Py) strati-
graphic contact are illustrated in Figure 12. The eleva-
tion of the surface defining the contact between these
two units decreases from more than 9,000 feet near
the range crest to less than 7,200 feet on the east side
of the Yeso outcrop belt. The structure contours indi-
cate that the strata dip gently to the east from a broad
anticline at the range crest. Troughs in the contoured
surface along major drainages are broad folds that
probably influenced the formation of the drainages
and likely continue to influence local groundwater
flow directions. Structural contours along the mapped
contact between the Bonney Canyon and Rio Bonito
members (Psb-Psr) of the San Andres Formation are
also illustrated in Figure 12.

Limestone throughout the study area is deformed
by joints, which are open fractures that have small
displacements perpendicular to the fracture surface
and negligible displacement in any other direction.
Most fractures in the Sacramento Mountains are
probably joints, but the terms are used interchange-
ably in this report. As part of this study, 170 joints
at 70 sites were measured west of the Dunken-Tinnie
anticlinorium in the high mountains (Walsh, 2008).
Two predominant joint sets consistently orient
NE-SW and N'W-SE throughout the high mountain
area (Fig. 13A). Outcrops containing joints occur at
roadcuts, bedrock stream channels (Fig. 13B), and
stream valley walls that are not covered with alluvium
and/or vegetation. No consistent age relationship
could be established between the joint sets.

Figure 11-Stratigraphy and collapse features in the Yeso Formation.
B—Collapse feature visible in outcrop along Hwy 82 west of Mayhill. Collapse features result from dissolution of soluble rocks by groundwater,

causing limestone beds to collapse, fracture, and form a chaotic breccia. Collapse breccias are common throughout the Yeso Formation and can
disrupt the flow of groundwater along rock layers.
C—Rock layers in the Yeso Formation are laterally discontinuous due to faulting, folding, and dissolution of limestone, dolomite, and anhydrite.

This broad fold visible in outcrop along NM 24 in Cox Canyon is typical of folding and collapse caused by dissolution of soluble rocks by ground-
water over geologic time.
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Figure 12-Structure contour map. The stratigraphic contacts
between the San Andres-Yeso Formations (Ps-Py) are shown in
brown. The contacts between the Bonney Canyon and Rio Bonito
(Psb-Psr) members of the San Andres Formation are in green.

Figure 13—Joints in bedrock are pathways

for recharge the shallow aquifer system.

A-Rose diagram of joint orientations. Each black
triangle represents the number of joints within 10
degrees of an azimuth. The outer circle represents
16% of the total number of joints (27 of 170 joints).
The two primary joint orientations observed are NE-
SW and NW-SE.

B-Joints in bedrock exposure in Pifion Creek. The
stream at this location is parallel to closely spaced
joints. Joints beneath stream valleys, whether floored
by bedrock or alluvium, are solution-enlarged and
provide flow paths for surface water to recharge
groundwater and for groundwater to discharge to
streams and springs.
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As part of this study, Walsh (2008) used field
observations, aerial photo interpretation, and GIS
analyses to document the influence of regional
fracture trends and lineaments on stream valley
orientations and spring locations. Several bedrock-
floored stream channels have an orientation parallel
to one of the fracture trends (Fig. 13), demonstrating
that orthogonal NE-SW and NW-SE fractures exert
a strong control on the orientation of stream valleys.
These segments probably formed due to enhanced
erosion and carbonate dissolution along zones of
intense fracturing, which enlarges small fractures into
large fissures and conduits and enhances groundwater
movement.

Geomorphology

The Sacramento Mountains form a large, east
dipping plateau uplifted along the steep western
escarpment by the Alamogordo fault. The plateau is
dissected by deep canyons, some more than 1000 feet
deep, formed by the major east and south-flowing
drainages of the Rio Penasco, Agua Chiquita Creek,
Bluewater Creek, Pinon Creek, the Sacramento River
and their tributaries. These canyons are incised
through the ridge-capping San Andres Formation into
the less-resistant Yeso Formation. Valley floors are
broad with alluvial deposits that are usually several
feet thick. The valley floor deposits interfinger with
alluvial fan deposits emanating from the numerous
side canyons. Active and inactive spring mounds com-
posed of porous calcareous tufa are common. Stream
terraces are locally present, as are exposed ledges of
resistant Yeso Formation limestone in stream chan-
nels. Bedrock-floored channels become more preva-
lent to the east in the Pecos Slope region.

Most of the upland surfaces of Pecos Slope are
bare rock with thin soils, but locally there are relict
gravel deposits. East of the study area, in the Roswell
Artesian Basin, there are scattered low mesas capped
with similar gravels, the surfaces of which project
to the same plane as the western Pecos Slope. The
gravel deposits have been described as correlatives
of the upper Miocene to lower Pleistocene Gatuna,
and/or Ogallala Formations by Kelley (1980), Frye
et al. (1982), Hawley (1993a,b) and Powers and
Holt (1993).

East of the Dunken-Tinnie anticlinorium, the
Sacramento Mountains merge into a low-relief
surface known as the Pecos Slope. The slope is broken
by arroyos and canyons whose depths generally
become shallower eastward toward the Pecos River.
The linear, northeast-trending hills associated with the
Border, Six Mile, and Y-O buckles are distinct fea-
tures in an otherwise concordant upland surface that
slopes to the east at 60-80 feet per mile.

Just east of Alamogordo, the western escarp-
ment of the southern Sacramento Mountain range is
characterized by numerous short, very steep canyons
with steep bedrock walls and thin, gravelly fill. Bates
(1961) documented numerous examples of recent and
imminent stream capture along the Sacramento River
drainage, wherein the much steeper west-draining
canyons have beheaded east-draining canyons.
Examples include the beheading of the uppermost
Agua Chiquita Canyon by Scott Able Canyon and
beheading of Broad Canyon by Monument Canyon.

HYDROLOGY

Precipitation

Precipitation is the primary source of ground-
water recharge; thus it is important to understand
regional climatic and geographic controls on the
spatial and temporal variability of precipitation in
the area. In this section we discuss important regional
weather patterns and analyze existing local precipita-
tion data.

Precipitation Patterns

In the Sacramento Mountains, the highest rainfall
is associated with the North American Monsoon
(NAM) and generally occurs during the summer
months of July through September. These months
usually account for about half of the annual precipita-
tion, and in an average year, about 75% of annual
precipitation will fall between the months of May
to October. Monsoon rains are usually characterized
by intense afternoon thunderstorms. Conversely,
November through April is usually the driest period,
with April typically the driest month (Malm, 2003).
The spatial variability of precipitation is usually
related to surface elevation. As air is forced up and
over topographic features such as mountains, mois-
ture within the air condenses and falls as precipita-
tion. Therefore, areas of high elevation usually receive
more precipitation than those at lower elevations.

The NAM is caused by northward movement of
the subtropical ridge, an area of high pressure. During
the summer months, as the surface is heated in the
southwestern US, moisture from the eastern Pacific
and the Gulf of California is transported into the
region by the resulting low pressure trough. Moisture
from the Gulf of Mexico is also drawn into the region
at this time by easterly winds aloft (Liebmann et al.,
2008, Stensrud et al., 1995, Gochis and Higgins,
2007, Ritchie et al., 2007, Ritchie and Szenasi, 2006,
National Weather Service, n.d. a, National Weather
Service, n.d. b, National Weather Service Southern
Region Headquarters, 2006, National Weather
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Service Climate Prediction Center, 2003). The
strength and timing of the monsoon for any given
year can be affected by factors such as sea surface
temperature anomalies, large-scale circulation pat-
terns, and land surface conditions within the mon-
soon region.

Tropical disturbances originating in the Gulf of
Mexico or eastern Pacific can also add significant
amounts of rain to southwestern US. These distur-
bances include tropical depressions, tropical storms,
and hurricanes, and can contribute 25% to 30% of
seasonal rainfall totals. Occasionally, decaying tropi-
cal storms will be caught in weakening monsoonal
flows, and get swept across the southwest at the end
of the monsoon season (National Weather Service
Climate Prediction Center, 2003; Ritchie et al., 2007;
Ritchie and Szenasi, 2006). Due to the topographic
relief of the Sacramento Mountains and their proxim-
ity to the Gulf of Mexico, they are especially suscep-
tible to these disturbances.

During the winter, frontal storms are the primary
source of precipitation in the state. Mid-latitude
frontal storms occur throughout the year, as relatively
warm subtropical air mixes with cooler air, generating
areas of high and low pressure that move eastward
from the Pacific Ocean across the continent. The track
of these storms shifts northward during the sum-
mer and southward during the winter as the Earth’s
surface heats and then cools. During the course of
any given year, frontal storms lasting from 3 to 10
days move eastward from the Pacific and routinely
cross New Mexico. Although frontal storms cross
New Mexico frequently, their contribution to annual
precipitation totals is modest. As these storms move
onshore from the eastern Pacific, they are forced up
and over mountains and topographic highpoints in
California, Nevada, and Arizona, and by the time
they reach New Mexico, they have usually lost most
of their moisture (Bell, 1979).

Large-scale fluctuations in heating and cooling
of the Pacific Ocean can also alter the prevailing
storm track. During some years, unusually warm
waters develop off the coast of South America, caus-
ing the dominant storm track to shift southward,
increasing the contribution of winter storms to annual
precipitation totals in the Southwest. This warm
phase is called an “El Nifio” event. At other times,
cool water develops along the South American coast,
pushing the storm track northward, thereby decreas-
ing the contribution of frontal storm systems to
precipitation totals in New Mexico. This cooler phase
is called a “La Nina” event. La Nifia winters typically
produce only half to one-third of the precipitation
dropped during El Nifio winters in the Southwest
(Ahrens, 2003).
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Historic Precipitation

Daily precipitation amounts have been recorded
in the Sacramento Mountains and vicinity for most
of the past century, with some records dating back to
1895 (Table 2). These detailed records are available
from the Western Regional Climate Center, National
Oceanic and Atmospheric Administration (NOAA)
(see http://www.wrcc.dri.edu/summary/climsmnm.
html). Portions of this record have been compiled to
show general trends in annual and seasonal precipita-
tion in the study area. Average annual precipitation
ranges from ~26.9 inches/year in Cloudcroft to 16.5
inches/year in Elk. Figure 14 shows a linear regression
for average annual precipitation reported at weather
stations listed in Table 2, as a function of elevation.

Table 2-NOAA weather stations within the region used for examination
of historic precipitation.

‘ Station | Elev Period of Years®

Station Number | (ft) Record

e Sands National | 590686 | 3,990 | 1939102007 | 68
Hope 294112 | 4,100 | 19190 2007 | 88
Orogrande 296435 | 4,180 | 1914102007 | 93
Alamogordo 290199 | 4,350 | 1914102007 | 93
Tularosa 299165 | 4,540 | 1914102007 | 93
Elk 292865 | 5,710 | 1895102007 | 112
Mayhill Ranger Station | 295502 | 6,550 | 1917 t0 1976 | 59
Mescalero 295657 | 6,790 | 1914101978 | 64
Mountain Park 295960 | 6,790 | 1914 t0 2007 | 93
Ruidoso 297649 | 6,860 | 1942 t0 2007 | 65
Cloudcroft** 22%11%2371/ 8,810 | 1914102007 | 93

* = entire span may include gaps
** = combined record for Cloudcroft stations 291927 (1914 to 1987) and 292931(1987 to 2005).
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Figure 14—Average annual precipitation versus elevation. The total an-

nual precipitation at weather stations listed in Table 2 increases linearly

with elevation, indicating that there is more precipitation at higher eleva-

tions than at lower elevations.
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Correlation with elevation is good with an R? value of
0.92, indicating that elevation is a strong predictor of
average annual rainfall in the study area.

Extreme rainfall events and seasons can and do
occur that significantly alter annual precipitation
totals for a given location. Extreme rainfall years can
be the result of a single storm event, season-long
conditions such as those which accompany a major
El Nifo event, or a confluence of both seasonal factors
and individual storm events. During this study, the
Sacramento Mountains experienced above-average
summer precipitation during 2006 and 2008. Figure
15 shows the probability of exceedance curves for
annual and monthly precipitation amounts recorded at
Cloudcroft between 1914 and 2008. The total annual
precipitation at Cloudcroft in 2006 exceeded 40 inches
with a probability of exceedance of about 3% and
an average recurrence interval of 33 years (Fig. 15A).
During the summer of 2006, an exceptional monsoon
season produced high precipitation amounts between
July and September. The total annual precipitation in
2008 was approximately 30 inches with a probability
of exceedance of 24% and an average recurrence
interval of 4.2 years. When looking at the total annual
precipitation amounts, 2008 does not stand out as
much as 2006. However, July of 2008 was the wettest
month on record with a probability of exceedance of
1% and an average recurrence interval of 95 years
(Fig. 15B). The remnant of Hurricane Dolly was
responsible for approximately half of the annual pre-
cipitation that fell in July 2008, and produced locally
heavy rains in the Sacramento Mountains for a few
days (Pasch and Kimberlain, 2009).

Extreme rainfall events or seasons are of particu-
lar importance in terms of their potential impact on
groundwater recharge, especially when topography
is considered. High elevation areas receive more rain
and snow, and the lower temperatures characteristic of
these locations increase the length of time that snow
remains on the ground and help minimize evaporation
of monsoon rainfall. Taken together, these climatic
factors suggest that 1) high elevation areas are impor-
tant to groundwater recharge, and 2) extreme rainfall
events or seasons impacting high elevation portions of
the study area will significantly influence groundwater
recharge and the local water table.

Streams and drainage basins

East of the crest of the Sacramento Mountains,
stream valleys generally drain eastward toward the
Pecos River (Fig. 2). The orientations surface water
drainages are strongly affected by the regional dip of
bedrock and regional fracture systems (Walsh, 2008).
Figure 16 shows surface water drainage basins and
perennial stream reaches in the study area. Valley
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Figure 15—Probability of exceedance curves for annual precipitation and
monthly precipitation in Cloudcroft.

A-Probability of exceedance curve for annual precipitation in Cloudcroft
(1902—2008) shows the probability of the total annual precipitation
exceeding a specific value. During this study, from 2005 to 2009, several
years had exceptionally high annual precipitation, particularly 2006,
which had over 40 inches.

B—Probability of exceedance curve for monthly precipitation in Cloudcroft
(1902—2008) shows the probability of the total monthly precipitation
exceeding a specific value. July 2008 stands out as the

wettest month on record, although 2008 did not have an extremely high
annual precipitation.

bottoms have approximately the same overall dip
as the San Andres - Yeso geologic contact (2-3°).
However, short stretches are steep, even approach-
ing vertical, and others are nearly horizontal. Small
wetlands are common in the flat sections of stream
valleys, especially around springs and at the heads
of perennial reaches of streams. Saturated soil and
single or multiple coalescing drainages characterize
these wetlands. Such spring-fed wetlands typically
evaporate more water than steeper, flowing stream
channels because they have much larger surface area
and nearly stagnant water. Both the headwaters and
downstream reaches of the Sacramento River, upper
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Figure 16-Surface water drainage
basins and perennial stream reaches.
Few streams in the Sacramento
Mountains are perennial. Perennial
flow, depicted in dark blue, typically
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water.
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and lower Rio Pefiasco, Wills Canyon, and Agua
Chiquita Canyon have these types of wetlands.

Very few streams in the Sacramento Mountains
are perennial (Fig. 16). Perennial flow only exists
over relatively short distances before infiltration
to the shallow groundwater system. Base flow is
the portion of streamflow that is attributable to
groundwater discharge into the stream bed. In the
arid southwestern United States, perennial streams
typically approach base flow between late fall, after
cessation of monsoons, and spring, before snowmelt
runoff begins. During the extremely dry winter of
2007-08 and spring 2008, streamflow rates and the
extent of perennial reaches decreased throughout the
Sacramento Mountains between November and April
(Table 3). Stream discharge measurements are pre-
sented in Appendix 5.

Near Mayhill, the Rio Pefiasco has a 4-mile
perennial reach that coincides with the Mayhill
fault (Figs. 10A and 16). This fault appears to affect
streamflow. Flow measurements in November 2007
showed a steady increase in discharge from 9.7 cubic
feet per second (cfs) upstream of the fault, to 13.5 cfs

Table 3—Repeat stream flow measurements and reduction in flow length
of three perennial streams between November 2007 and April 2008.
Measurements are made in cubic feet per second (cfs).

Flow Flow rate Reduction in
Stream ovember, | Apr, | etween Nou.
2007 2008 and April (miles)
Wills Canyon 0.6 04 2
Agua Chiquita 41 2.0 >2
Sacramento River 217 0 3
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about 1 mile upstream of Mayhill, to 15.7 cfs approxi-
mately four miles downstream of Mayhill. We
attribute much of this inflow to Posey Spring (SM-
1076), which is located on the fault trace (Fig. 17B).

Springs

Springs are common throughout the southern
Sacramento Mountains and are the primary source
for all perennial and ephemeral streams (Fig. 17). Of
the 93 springs that we inventoried, 80% of them are
located above 7,400 feet (west of Mayhill). The larg-
est density of springs is located along the upper Rio
Pefiasco and in Wills Canyon. Springs are found on
both hillsides and canyon floors and are stratigraphi-
cally controlled. Most springs discharge from perched
aquifers in fractured limestone beds overlying relatively
impermeable red mudstones in the upper 200-230 feet
(60-70 meters) of the Yeso Formation (Walsh, 2008).

Many springs discharge into stream beds that
convey water along the surface for some distance,
while others discharge water that almost immediately
infiltrates into the stream bed downstream. Springs
are preferentially located along stream reaches parallel
to regional fracture trends and decrease in abundance
away from these streams (Walsh, 2008). These obser-
vations indicate that bedrock fractures are preferential
groundwater flow paths and influence surface water
patterns as well.

Spring discharge rates are generally low, less than
about 0.04 cfs (20 gallons per minute (gpm)), but a
few springs discharge more than 0.22 cfs (100 gpm).
Two examples of high-discharge springs are Posey
Spring (SM-1079) near Mayhill and Monument Spring
(SM-1076) near Timberon (Fig. 17B, C). Posey Spring
discharges into a large pond and contributes significant
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flow to the Rio Pefiasco. There is a nearly 4-foot
high boil of turbulent sediment over the spring outlet
on the floor of the pond. Total discharge has been
estimated to be approximately 3.8 cfs (1700 gpm)
(R.L. Posey, personal communication). Monument
Spring discharges turbulent water from a cavernous
solution-enlarged fracture in limestone of the San
Andres Formation, at the contact with the underlying
Yeso Formation.

Many springs in the study area show evidence of
calcareous tufa precipitation, and many are located
on or near large tufa mounds (Fig. 17C, D). In
addition, there are numerous fossil spring mounds
composed of tufa overgrown with vegetation, which
suggest ongoing dynamic fluctuations in the shallow
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Figure 17-Springs in the southern Sacramento Mountains.
A-Locations of springs inventoried in the study area.
B—Posey Spring (SM-1079) pond near Mayhill.
C—-Monument Spring (SM-1076) tufa mound near Timberon.

groundwater system as spring outlets progressively
dry and/or plug with precipitated carbonate minerals.

Groundwater
Hydprostratigraphic units

Based on surface geologic mapping, spring
surveys, and lithologic logs in water well records, the
Yeso Formation, a heterogeneous unit of limestone,
shale, siltstone, and sandstone, is the primary source
of groundwater west of Mayhill. Water-bearing zones
are distributed vertically and laterally throughout
the formation and connected by local and regional
fracture systems. Most springs discharge from discon-
tinuous, perched aquifers in the Yeso Formation, but
distinguishing between these local perched aquifers

D—Tufa precipitation on leaves and rocks from spring discharge in Scott Able Canyon (SM-1101).
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and the regional aquifer is often difficult. Subsur-
face correlations of individual beds within the Yeso
Formation are tenuous due to complex stratigraphic
variation and dissolution-induced collapse (Fig. 11B).
In approximately 80% of wells with lithologic logs
(Appendix 2), the water producing intervals are com-
posed of either fractured limestone or collapse brec-
cias within the Yeso Formation. The remaining wells
are completed in shallow valley-bottom alluvium or
spring deposits.

To the East of Mayhill, along the Pecos Slope,
wells are completed in both the Yeso and San Andres
Formations. In the subsurface, the Yeso Formation
is still the primary aquifer, as saturated zones of the
San Andres occur in only the lower portions of the
formation. In contrast to the groundwater system
in the high mountains, along the Pecos Slope, the
saturated zone in Yeso Formation likely occurs in the
bulk formation, rather than in specific rock types. The
San Andres Formation becomes more important as
a regional aquifer in the eastern portion of the study
area. The saturated zones in the San Andres Forma-
tion are often karstic, characterized by large conduits
and sink holes. The Glorieta Sandstone in the San
Andres Formation is not a significant water-bearing
interval because it is thin in the study area and gener-
ally lies above the zone of saturation, except perhaps
east of the Dunken-Tinnie anticlinorium where water-
levels rise into the lower San Andres Formation.

Groundwater flow conditions

We created a map of the regional water table in
the southern Sacramento Mountains (Fig. 18), which
is available as NMBGMR Open-file Report 542. Data
used to contour the water elevations are presented in
Figure 19 and Appendix 6. Contours of the regional
water table elevation in the study area were drawn
by hand based on water-level measurements made
between 2005 and 2009. The water-level elevations
from wells were combined with spring elevations and
valley floor elevations along the reaches of peren-
nial streams. In locations where these data were not
available, static water-levels were used from selected,
recent (year 1995 or newer) New Mexico State
Engineer Office well records. No attempt was made
to distinguish between perched and regional aquifers
for contouring.

Regional groundwater flow is driven by the
topographic gradient from high to low elevations
(Fig. 18). Water elevation contours range from 9,000
feet, near the crest of the Sacramento Mountains, to
3,600 feet, near the eastern margin of the study area.
The groundwater mound enclosed by the 8,200-foot
water table elevation contour delineates the primary
recharge area along the crest of the mountain range.
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By assuming that hydrologic properties of the aqui-
fers are isotropic on a regional scale, we approxi-
mate horizontal groundwater flow perpendicular to
groundwater elevation contours and down gradient
to the east, west, and south. Locally, groundwater
flow velocity and direction are influenced by geology
(rock type, bedding dip, and geologic structures) and
hydrologic characteristics such as porosity, perme-
ability, and aquifer thickness. In reality, local ground-
water flow directions may differ from that indicated
by the regional groundwater surface (Fig. 18). The
water table at lower elevations on the Pecos Slope

is a subdued reflection of the regional topography
and indicates that groundwater generally flows east
toward the Pecos Valley and southeast toward the
Salt Basin.

Spacing of the groundwater elevation contours
on Figure 18 defines the hydraulic gradient, which
is the vertical change in water table elevation over a
lateral distance. The water table is steepest west and
southwest of the crest of the Sacramento Mountains,
with gradients close to 500 feet/mile, or about §
degrees. These steep gradients are associated with
the steep topography of the western escarpment,
and strongly folded and faulted strata, which form
low permeability zones that likely impede or restrict
horizontal groundwater movement.

East of the crest, hydraulic gradients range from
approximately 150 to 220 feet/mile and are greater
than the stratigraphic dips in Yeso and San Andres
Formations. Groundwater flows across bedding
planes and permeable rock layers, enhanced by
fractures. East of Mayhill, on the Pecos Slope, the
hydraulic gradient flattens to about 100 feet/mile in
the vicinity of Dunken, and to less than 50 feet/mile
west of the village of Hope. Stratigraphic dip is gener-
ally steeper than the hydraulic gradient beneath the
Pecos Slope. Eastward-flattening of the water table
indicates areas where groundwater flows through
high-transmissivity limestone in the San Andres
Formation, which contains large cavernous fractures
and sinkholes. This is particularly noticeable across
McDonald Flats, where the slope of the water table
is less than 48 feet/mile. Geologic structures such as
the Dunken-Tinnie anticlinorium also produce a
local steepening of the hydraulic gradient east of
McDonald Flats.

A depth-to-water map was also created based on
our extensive data set of wells and springs (Fig. 20).
The hydrology of the aquifer system above about
7,400 feet land surface elevation, east of Mayhill, is
very complex (large, dark blue region, Fig. 20). This
region of the high mountains is where the majority of
springs are located. It is complicated due to: 1) high
topographic relief in canyons and watersheds, 2) the
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Figure 18—Water table surface map for the Sac-
ramento Mountains. Average water-level elevation
contours (in feet) show that regional groundwater
movement is controlled by topography. Groundwa-
ter flows from the crest of the mountains to lower
elevations east, west and south. Contours do not
distinguish between perched and regional aquifers.
The actual direction of groundwater flow at a local
scale, particularly in the high mountains, may
differ from that indicated by the regional elevation
contours due to lithologic heterogeneities of the
Yeso Formation, the presence of regional fracture
systems, and variation in topographic relief. Most
groundwater recharge occurs near the crest of the
Sacramento Mountains above the 8,200-foot water-
level contour (pink-line).
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presence of local and regional fracture systems,
and 3) the lateral and vertical distribution of dif-
ferent lithologies in the Yeso Formation. Depth to
water in shallow (less than 300-foot) wells ranges
from 4 to 233 feet and averages 99 feet. Wells
completed in deeper aquifer zones (greater than
300 feet) generally have deeper water-levels that
range from 65 to 420 feet and average 260 feet in
depth. This observation suggests that an overall
downward hydraulic gradient exists, in addition
to a strong horizontal gradient. Areas with depths
to water of 100 to 500 feet occur at high eleva-
tion, most prominently in James Canyon along
US Highway 82 between Cloudcroft and Mayhill
(Fig. 20). Depth to water on the Pecos Slope,
which is generally deeper than in the high moun-
tains, ranges from 4 to 900 feet, with an average
of 297 feet.
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Water-level changes and bydrographs

By comparing changes in water-levels, in
wells of various depths and completions, to the
timing and magnitude of local precipitation
events, we can broaden our understanding of the
hydrodynamics and physical properties of the
various aquifers. To evaluate water-level responses
to precipitation, continuous water-level records
from four wells and hydrographs from 11 selected
wells that were measured monthly and bimonthly
are plotted with daily precipitation recorded at
NOAA weather stations near Cloudcroft (Figs.
21A and 22A). These wells range in depth from
30 feet (SM-0026) to over 700 feet (SM-0055),
and are distributed from the crest of the mountain
block to just east of Mayhill (Figs. 21B and 22B).
Monthly and bimonthly water-level data are pre-
sented in Appendix 3, and continuous water-level i
records are available electronically in Appendix 4.
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shallow wells are completed in the perched and shal-
low regional aquifer systems in the high mountains,
except for SM-0026 and SM-0044, which are located
in the upper Salt Basin and Pecos Slope, respectively.

(2) Long-Term Response (LTR)—All of these wells
are completed in the deeper horizons of the regional
aquifer west and north of Mayhill; most are greater
than 300 feet in depth. The well hydrographs (Fig.
22A) generally show slow water-level rises starting in
late summer and fall of 2006 that leveled off before
increasing again in response to precipitation events
during the summer 2008. At the end of the monitor-
ing period in June 2009, water-levels in these wells
remained at or near peak magnitudes, with no defined
hydrograph recession. Water-level increases during the

2006 monsoon season ranged from 20 to 116 feet and
for 2008 ranged from 5 to 45 feet (Table 4).

Recharge to a fractured or karst aquifer via
infiltration of precipitation or streamflow can produce
a rapid increase in spring discharge and water-levels in
wells. The shape of the hydrograph — the form and rate
of recession, in particular — provides significant infor-
mation on the storage and structural characteristics of
the aquifer system sustaining the spring or producing
water to the well, including quantitative and qualita-
tive information on aquifer properties (transmissiv-
ity (T), storativity (S), and diffusivity (T/S)) and the
hydrodynamics of the aquifer (matrix versus conduit
flow) (Powers and Shevenell, 2000; Bailly-Comte et al.,

2010). The various forms of spring discharge hydro-
graphs have long been used as indicators of the role of
conduit versus matrix flow in karst aquifers (Bonacci,
1993; Ford and Williams,1989, 2007). Recently,
Bailly-Comte et al. (2010) interpret spring and well
hydrographs in terms of water exchange and pressure
transfers between conduits and matrix. Qualitative
interpretations of the hydrodynamics of the perched
and shallow aquifers based on STR well hydrographs
are discussed below. A quantitative analysis of aquifer
properties in a shallow zone of the high mountain
aquifer based on the SM-0049 well hydrograph is
presented in Appendix 9.

A rapid water-level rise from low water table
conditions, followed quickly by an exponential reces-
sion curve, as observed in the SM-0049 hydrograph
in August 2006 and July 2008 (Fig. 21A), follows the
shape of an ideal well or spring hydrograph from a
karst aquifer and reflects the movement of infiltration
and recharge from the storm event through the unsatu-
rated and saturated aquifer zones (Ford and Williams,
2007, 1989). The August 1, 2006 storm event hydro-
graph (Fig. 23) nicely demonstrates fast percolation
of rainfall and displacement of storage water from
various zones of a karst aquifer. A rapid water-level
rise of 17 feet over a 3-hour period (from 11:00 to
14:00) indicates recharge occurring through conduit
flow that likely involved no water exchange between
conduits and matrix. Water transfer from the conduits
to the matrix occurred over the next 1.5 hours (14:00
to 15:30) as the rising limb flattened to its peak level.

Figure 20—Map of depth to groundwater
created from spring locations and depth-
to-water measurements in wells. Static
water-levels from well records on file
with NM State Engineers Office drilled
after 2000 were used to supplement this
study’s well monitoring network to create
this map.
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£ SM{EEN o180 Dunken fracture porosity) into higher transmissivity frac-
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SH-0044 ‘."' i is characteristic of a matrix-dominated flow regime
320 -y and is explained by slow transfer of water from the
! g2 Ven saturated matrix back to fractures and/or conduits,
2 which either discharge to the numerous springs or
recharge deeper levels of the regional aquifer.
Hydrographs from LTR wells (Fig. 22B), which
show a slow water-level rise and little or no decline,
cannot be interpreted through hydrograph separa-
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Figure 21-Hydrographs showing a short-term water-level
response to precipitation.

A-The hydrographs (curves) show rapid water-level responses tion techniques as Water—levd momtoring did not
to precipitation in five wells with monthly and bimonthly capture flow recession. Persistent high Watq—levels
measurements and two wells with continuous water-level following the hydrograph peak usually indicate a
recorders. The vertical bars show total daily precipitation at flow constriction or low-permeability barrier down
several weather stations near Cloudcroft gradient in the aquifer that prevents the aquifer
B-Locations of short-term-response (STR) wells shown in the from draining quickly. In this case, it may simply
hydrograph, with total well depth (in feet) below point label. reflect convergence between the deeper regional
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The well hydrographs (Figs. 21 and 22) also
show that mild monsoon seasons do not have a
significant effect on groundwater-levels. The
monsoon season of 2007 was above average (Fig.
15), but stimulated little or no response in water-lev-
els. This indicates that summer precipitation events
must have a volume threshold in order to recharge
the aquifer system. It is fortuitous that water-level

Figure 22—Hydrographs showing a long-term water-level
response to precipitation.

A-The hydrographs (curves) long-term water-level responses
to precipitation in six wells with monthly and bimonthly
measurements and two wells with continuous water-level
recorders. The vertical bars show total daily precipitation near
Cloudcroft.

B-Locations of long-term-response (LTR) wells, with total well
depth (in feet) below point label.
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monitoring captured the two large recharge events of
2006 and 2008.

Although most continuous water-level records
indicate that the wells being measured penetrate
unconfined aquifers, there is evidence that some aqui-
fers in the high mountains are confined. The hydro-
graph of well SM-0015 shows small (approximately 5
cm or less) water-level fluctuations, superimposed on
the rising limb of the hydrograph. These fluctuations
were inversely correlated with atmospheric pressure
changes, which is indicative of a confined aquifer
(Ramussen and Crawford, 1997). Additional evidence
of confined aquifer behavior was found in three wells
that were installed on private property near James
Canyon with depth to water ranging from 35 to 400
feet. For all of these wells the water-level increased
significantly shortly after reaching groundwater.
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Figure 23—Well hydrograph from SM-0049 and fracture-matrix
interactions.

A-During the August 1, 2006 storm event, the rapid increase in water-
level on the rising limb demonstrates conduit flow. The exponential
water-level decrease on the recession limb demonstrates matrix
drainage.

B—Fracture matrix interactions are controlled by the total head
gradient between the matrix and fractures (conduits). Arrows indicate
groundwater (hatched pattern) flowing from conduits into matrix on the
left, compared to groundwater draining from the matrix on the right.
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These water-level increases indicate confined conditions
in these aquifers.

Regional aquifer systems

The Sacramento Mountain area is comprised of
four regional aquifers or aquifer systems: the high
mountain aquifer system, the Pecos Slope aquifer, the
Tularosa Basin mountain front aquifer and the Salt
Basin aquifer (Fig. 24). The aquifer divisions are based
on drainage divides, depth to water, the regional water
table surface, and geologic boundaries. This study
focuses on the high mountain aquifer system and the
Pecos Slope aquifer, which are separated by the Mayhill
Fault. The Mayhill Fault marks the location where the
Yeso Formation dips beneath land surface and the San
Andres Formation becomes a significant hydrostrati-
graphic unit, generating a change in flow characteristics
and a decrease in the number of springs. Chemical and
stable isotope data (discussed in the following section)
also indicate differences in water chemistry and isoto-
pic characteristics across this hydrogeologic boundary.

Surface water drainage divides do not always
coincide with groundwater divides, for example the
boundary between the Pecos Slope and Salt Basin
aquifers. Here, the water table dips gently to the east
and southeast, perpendicular to the surface water
boundary. The disparity between the groundwater and
surface water divides may partly reflect the limited
number of data points or wells in the area. But our
water table surface also includes existing data to the
south on Otero Mesa (Sharp et al., 1993; Mayer and
Sharp, 1998), and is thus broadly representative of the
regional hydraulic gradient. Discrepancies between
drainage divides and groundwater divides are common
in karst terrains and reflect substantial subsurface flow
through solution-enlarged regional fracture systems
and karst conduits that cross local drainage divides.

High mountain aquifer system—From the crest of

the southern Sacramento Mountains to just east of
Mayhill, groundwater primarily resides in the Yeso
Formation. The combination of lateral and vertical
heterogeneity in Yeso strata, karst collapse and solution
features, regional fracture systems, and deeply incised
canyons creates a complex karst/fractured hydrologic
system. This system consists of multiple, discontinu-
ous, shallow and perched aquifers with recharge and
discharge zones that function on the scale of a single
watershed to a composite of watersheds. Deep wells
within this aquifer system also demonstrate the pres-
ence of a deep aquifer of more regional extent.
Shallow and perched aquifers discharge to a multitude
of springs that may be interconnected through shallow,
regional fracture networks and local streams, and

also appear to allow downward leakage and recharge
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Figure 24—Map of regional aquifer sys-
tems in the Sacramento Mountains. Blue
lines are water-level elevation contours
shown in Figure 18.

to a deeper, more regional aquifer that coalesces with
adjacent aquifers in the Salt Basin and the Pecos
Slope. Because of these characteristics, we identify the
high mountain aquifers as a system rather than a
single aquifer.

Pecos Slope aquifer—The Pecos Slope aquifer occupies
a broad area on the eastern slope of the Sacramento
Mountains, east of Mayhill, with elevations below
about 7,000 feet. Wells here average 600 feet and
depth-to-water is generally greater than in the high
mountains (Fig. 24). Although the Yeso Formation
remains the principal water-bearing zone, in some
areas the water table rises into the lower part of the
overlying San Andres Formation. These areas are
characterized by a flatter hydraulic gradient (Fig. 18),
reflecting the higher transmissivity of the large cavern-
ous fractures and sinkholes in the San Andres Forma-
tion. The Pecos Slope aquifer eventually merges with
the aquifer system in the Roswell Artesian Basin to the
east, where the San Andres Formation is the principal
water-bearing zone. The Yeso Formation contributes

a significant component of old groundwater to the
Roswell Artesian Basin by subsurface groundwater
flow into the San Andres Formation (Morse, 2010).

Tularosa Basin mountain front aquifer—The Tularosa
Basin mountain front aquifer is located along the
western escarpment of the Sacramento Mountains.

The geology, topography, and hydrologic conditions,
as well as physical and chemical characteristics of

the aquifer, differ markedly from other regions to the
east and southeast. Groundwater discharges through
alluvium and colluvium overlying deeper water-bearing
formations including parts of the Abo Formation, the

Yeso Formation or Paleozoic limestone beneath the
Yeso Formation. The water table is steep and mimics
the steep topography of western flank of the moun-
tains. Strongly folded and faulted strata form low
permeability zones that likely impede or restrict hori-
zontal groundwater movement.

Salt Basin aquifer—The Salt Basin aquifer encom-
passes the southern margin of the mountain block
and extends north up the Sacramento River drainage
to include Timberon. The northern boundary east of
Timberon coincides with the surface drainage divide
separating east-flowing and south-flowing drainages.
The San Andres Formation and a carbonate facies of
the Yeso Formation make up the principal aquifer in
the Salt Basin, and the karst character of the aquifer
beneath Otero Mesa is well-documented (Mayer and
Sharp, 1998). Wells in the vicinity of Timberon are
completed in the Yeso Formation and range from 86
to 1200 feet deep. South and east of Timberon, wells
in the Salt Basin range from 500 to 1638 feet deep
and are completed in both the Yeso and San Andres
Formations. Groundwater flows south and southeast
from the Sacramento Mountains to Otero Mesa and
the Salt Basin under steep hydraulic gradients resulting
from steep topography, faulting, and heterogeneity in
the Yeso Formation. Shallow gradients reflect high-
transmissivity fractures and cavernous zones in the San
Andres Formation.

Hydrogeologic framework

Geologic mapping, lineament analyses (Walsh,
2008), and water-level data have helped us to char-
acterize the hydrologeologic framework and identify
important features that control the transport of water
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Figure 25—\Watershed-scale conceptual model aquifers in the Yeso
Formation of the Sacramento Mountains.

1-An upper vadose zone is the unsaturated bedrock that exists above
local perched aquifers. Water can be

stored in fractures, epikarst, and pores in this zone.

2-An intermediate vadose zone is unsaturated bedrock located between
two saturated carbonate aquifers.

3-A local perched aquifer is the upper-most perched aquifer that is
recharged by infiltration from directly

above and discharges at a spring in the local watershed.

4-An intermediate perched aquifer is located beneath at least one other
perched aquifer and is recharged by focused recharge from one or more
watersheds and leakage from above aquifers. This aquifer discharges to
springs. Most STR wells are likely completed in these aquifers.

5-A regional aquifer is primarily recharged by focused recharge from
several streams and leakage from perched aquifers. These aquifers are
deep enough to avoid groundwater/surface water interactions and likely
merge with the Pecos Slope aquifer. Some LTR wells are likely completed
in these aquifers.

through the high mountain aquifer system and the
Pecos Slope aquifer. Hydrogeologic characteristics for
different rock types can greatly affect the amounts,
rates, and direction of groundwater flow. Depend-

ing on the rock type, the rock (or matrix) will have
intergranular or matrix porosity, which is the volume
of water that occupies the pore spaces in the rocks.
Different rock types are also characterized by different
permeabilities (the ability of a rock to transmit water).
Fractures and conduits are referred to as secondary
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porosity and generally have higher permeabilities than
the rock matrix. The following discussion identifies
important features, based on the observed geology,
that control groundwater flow. The resulting concep-
tual model provides a framework, under which water
chemistry, stable isotope, and age dating data will be
interpreted.

High mountain aquifer system—The most significant
aspect of the regional and local aquifers in the high
mountains is the extreme heterogeneity with respect
to permeability. The different rocks that make up the
Yeso Formation range from shale with very low perme-
abilities to limestone with intermediate permeabilities
(Freeze and Cherry,1979). The vertical distribution of
limestone beds that overlie rocks of lower permeabili-
ties largely influences the locations of springs on hill
slopes and valley bottoms. Rocks of low permeability
that overlie more permeable, saturated rocks can act as
local confining beds, resulting in some locally confined
aquifers, which has been observed. The lateral distri-
bution of rock types due to the spatial and temporal
variability of depositional environments (Zeigler et al.,
2010), folding, and the dissolution of soluble miner-
als affect the location and extent of local and regional
aquifers in the study area.

In addition to the spatial distribution of different
rock types, the presence of regional fractures systems
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greatly increase the heterogeneity of the hydrologic
system. Fracture permeability is significantly higher
than the intergranular or matrix permeabilities. How-
ever, total water storage in fractures is minor com-
pared to that in the matrix. This contrast in porosity
and permeability between matrix and open fractures
(called “dual porosity,” Fig. 25) results in a complex
interchange of water between fractures and matrix

as described above. Vertical fractures or joints allow
water to move quickly from the surface into the bed-
rock and across stratigraphic boundaries. Therefore,
fracture controlled stream reaches, which represent
zones of high fracture density (Walsh, 2008), are likely
areas of high recharge rates.

Karst processes within limestone and dolomite
beds add more complexity to the high mountain
hydrologic system. Carbonate dissolution enlarges
fractures to form conduits, which increases the sec-
ondary porosity and permeability in these rocks.
Karst features observed in the high mountains west of
Mayhill include solution enlarged fractures (Fig. 13B),
sinking streams, and tufa mounds. A well-developed
karst system is characterized by an interconnected
network of pipe-like solution enlarged conduits that
localize the transport of groundwater (White, 1988).
The hydrograph for well SM-0049 (Fig. 23) shows
evidence of conduit flow and several well records
report voids where the circulation of drilling fluids
was lost, providing more evidence of the presence of
conduits. However, the scale and extent of an intercon-
nected network of conduits is not known. The lateral
flow of groundwater through limestone and dolomite
beds is likely enhanced by the formation of conduits.
However, the vertical movement of water is limited
by the permeability of fractures in less soluble rocks
(siltstones, shales), which are not significantly affected
by karst processes. Therefore, the karsitification of
limestone and dolomite does not necessarily enhance
vertical groundwater flow. These perched carbon-
ate aquifers are similar to the “Sandwich Aquifer”
described by White (1969). This type of carbonate
aquifer is perched and capped by rocks of lower per-
meability and recharge from overlying beds is limited.

In the uppermost unsaturated layer of a karst
aquifer, called epikarst, a large proportion of the
fractures have been enlarged into fissures and pipe
conduits by erosion and dissolution. These features
have very high permeability and porosity that allow
rapid percolation of rainfall and temporary storage
of large quantities of water in an unsaturated state
(Fig. 25). This karst feature is present on upper hill
slopes and ridge tops where soil overlies the San
Andres Formation.

In a fractured or karst aquifer system, recharge
occurs by two mechanisms, diffuse and focused

recharge. Diffuse recharge is the infiltration of local
precipitation through soils, epikarst, and fractured
bedrock on hill slopes and ridges, while focused
recharge occurs in perennial and ephemeral streams
and rivers (Fig. 25). In the high mountains, water in
streams, derived from base flow, spring discharge,
and runoff, infiltrates quickly through valley bottom
alluvium and fractured bedrock to recharge local and
regional aquifers.

Figure 25 shows a conceptual model of local,
intermediate, and regional aquifer systems in the Yeso
Formation at the watershed scale. Water makes its
way through the mountains to adjacent regional aqui-
fers by traveling through five main domains or zones:

(1) Upper vadose zone—This unsaturated zone
includes soil and underlying bedrock that overlies the
shallowest aquifer in the area of interest. All water
enters this zone by infiltration of local precipitation.
Water is stored in pores, fractures and conduits in
epikarst and other rocks.

(2) Intermediate vadose zone—This unsaturated zone
includes fractured bedrock that lies between two aqui-
fers. Water enters this zone by leakage from the above
aquifer. Water is stored in pores and fractures in rock.

(3) Local perched aquifers—A perched aquifer that

is recharged purely from diffuse recharge within the
watershed. Water percolates through soils, epikarst
and other fractured rocks and pools in karstified
limestone or dolomite that overlies less permeable
mudstones or shales. These shallow aquifers discharge
at one or more springs in the local watershed. These
aquifers are relatively small and may dry up during
long periods of little or no precipitation.

(4) Intermediate scale perched aquifers—Recharged
by a combination of leakage from other aquifers in
overlying strata and focused recharge through higher
elevation stream beds. If no aquifer lies above it, dif-
fuse infiltration of local precipitation can also recharge
this aquifer. Overlying rock of low permeability may
act as a confining bed, resulting in local artesian pres-
sures. Most STR wells are likely completed in these
aquifers.

(5) Regional aquifers—These aquifers are located
deep enough below the surface that they do not
discharge at springs or streams, and eventually merge
with the Pecos Slope aquifer. These aquifers are
recharged primarily by leakage from perched aquifers
at higher stratigraphic elevations. These aquifers can
be under confined conditions. Most LTR wells are
likely completed in these aquifers.
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Pecos Slope aquifer—Down slope and east of the
Mayhill fault in the Pecos Slope aquifer, Yeso strata dip
below the surface and are entirely overlain by thick,
resistant limestone beds of the San Andres Formation.
Karstification of the San Andres limestone manifests in
large cavernous fractures and sinkholes. Many wells
east of Mayhill produce from fractured and cavern-
ous limestone in the San Andres, particularly east of
the Dunken-Tinnie anticlinorium. However, the Yeso
Formation is still the primary water bearing formation.
Unlike, the high mountains aquifer system, the Pecos
Slope aquifer appears to be one regional aquifer that
transports groundwater to the east and south.

CHEMICAL COMPOSITION OF
GROUNDWATER

In this section, we present geochemical data,
including field parameters that were measured during
sample collection, and major ion concentrations in
spring and well samples. Locations of sampled springs
and wells are shown in Figure 26. Water chemistry
results from this study are available in Appendix 7.

Field parameters
Chemical and thermal parameters collected in the
field during sample collection reveal general spatial

trends in water chemistry and geochemical conditions.
The pH measurements of spring and well water are typ-
ically around neutral with mean values of 7.5 and 7.4,
respectively. There does not appear to be any significant
spatial variability in pH. Specific conductance (SC) of
spring water (135 to 956 puS/cm, mean of 611 pS/cm)

is lower than for well water (399 to 3269 pS/cm, mean
of 808 pS/cm). These trends in SC suggest that water
discharging at springs has undergone slightly less water/
mineral interaction than water collected from wells. A
spatial trend in SC measured in springs and wells was
also observed. Box plots (Fig. 27A) show that SC for
wells and springs in the high mountain aquifer system
is generally lower than in the Pecos Slope aquifer.
Similar trends are observed for temperature (Fig. 27B).
The spatial trends for SC and temperature suggest
groundwater in the high mountains has undergone

less water/mineral interaction than water in the Pecos
Slope aquifer. Oxidation reduction potential (ORP) and
dissolved oxygen (DO) were variable. In general, ORP
was positive, indicating oxidizing conditions, which is
supported by DO values generally greater than 5 mg/L.

Major ions
A statistical summary of chemical parameters
measured in spring and well samples is presented in

Table 5. In most water samples, total dissolved solids
(TDS) are below 1000 mg/L and are therefore defined

Table 5-Statistical summary for chemical parameters for springs and wells. The standard deviation of the dataset is indicated in the column labeled
“SD.” In the parameters, specific conductance is abbreviated as “SC” and total dissolved solids as “TDS.”

Parameter Unit Mean Min Max STD Mean Min Max STD
Temperature °C 10.0 6.3 18.4 3.0 15 7.3 22 3.7
pH pH units 7.4 6.8 8.5 0.34 7.5 6.89 8.6 0.29
SC uS/cm 623 135 956 176 791 399 3269 357
TDS mg/L 406 260 634 85 529 240 3072 341
Calcium mg/L 112 58 140 18 120 56 515 55
Magnesium mg/L 18 9.9 39 7.8 34 8.8 272 31
Sodium mg/L 10 2.2 76 12 13 2.6 42 6.5
Potassium mg/L 0.48 0.3 1.1 0.16 0.75 0.20 3.0 0.39
Bicarbonate mg/L 361 195 455 55 309 200 445 54
Sulfate mg/L 58 12 250 57 178 16 2090 257
Chloride mg/L 11 2 107 18 12 2.3 38 6.8
Nitrate mg/L 2.0 0.19 11 1.9 4.4 0.46 17 3.7
Bromide mg/L 0.028 0.0090 0.064 0.013 0.047 0.02 0.11 0.017
Silicon mg/L 4.8 3.1 71 0.97 55 3.3 12 1.5
Fluoride mg/L 0.15 0.078 0.28 0.056 0.40 0.11 1.8 0.33
Iron mg/L 0.44 0.015 3.1 0.90 0.36 0.0040 1.7 0.50
Boron mg/L 0.012 0.0040 0.039 0.0077 0.040 0.0070 0.58 0.078
Barium mg/L 0.036 0.019 0.086 0.013 0.032 0.010 0.064 0.0091
Nickel mg/L 0.0024 0.0010 0.006 0.0010 0.014 0.00080 0.058 0.016
Strontium mg/L 0.48 0.18 14 0.30 1.1 0.14 11 1.4
Zinc mg/L 0.0030 0.0010 0.029 0.0056 0.32 0.0060 15 0.42
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Figure 26—Locations of sampled springs and well. A-Springs sampled. B-Wells sampled.
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as “fresh water” (http://ga.water.usgs.gov/edu/
dictionary.html). Calcium, magnesium, bicarbonate
and sulfate (Ca, Mg, HCOj3, and SO,) are the domi-
nant ions. This section presents chemistry data for well
and spring samples, identifies spatial and temporal
trends, and provides interpretations of these trends.

Spatial variability

Groundwater generally flows from west to east,
from high to low elevations (Fig. 18); therefore, surface
elevation can be used as a spatial proxy for down-gra-
dient groundwater flow. Any observed trends in water
chemistry that correlate to elevation can help assess
processes that control water chemistry as ground-
water flows from recharge to discharge areas. TDS
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Figure 27—\Water temperatures and specific conductance box plots.
A-Specific conductance in springs and wells in the high mountains and
Pecos Slope regions.

B-Temperature in springs and wells in the high mountains and Pecos
Slope regions. Box plots graphically represent the range of each data-
set. On these plots, the number of samples in each group is “n,” which
is the same for both specific conductance and temperature. The bar in
the middle of each box represents the median of the dataset, and the
top and bottom of the box represent the upper and lower quartiles re-
spectively. The “T” bars extending from the box indicates the maximum
and minimum values. The points represent statistical outliers.
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concentrations show a rough inverse correlation with
elevation (Fig. 28A), with lower TDS values at higher
elevations. Similar but more pronounced trends are
observed for SO, and Mg (Fig. 28 B, C). HCO; shows
an opposite trend, with values decreasing down gradi-
ent (Fig. 28D). Calcium and chloride (Cl) show little
or no correlation with elevation (Figs. 28 E and F).
This spatial trend for SO, in springs and wells
(Fig. 29) increases from west (high mountains) to
east (Pecos Slope), and also appears to increase from

south to north in the high mountain aquifer system.
These south-to-north and east-to-west trends of
increasing concentration are also found with other
constituents, including chloride, strontium, sodium,
magnesium, silica, and TDS (data not shown).

Temporal variability

Several springs and wells were sampled mul-
tiple times to assess temporal or seasonal variability
in water chemistry. Figure 30 shows the change in
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in five wells and six springs distributed throughout
the study area. There was very little variability in ion
concentrations between fall 2006 and spring 2009.
The slight fluctuations observed do not correlate with
seasonal climate fluctuations or groundwater-levels.

Water type

The Piper diagram shown in Figure 31 catego-
rizes water samples into four water types based on
the dominant cations and anions: 1) Ca-HCO3, 2)
Ca-Mg-HCO;3, 3) Ca-Mg-HCO;-SO,, and 4)
Ca-Mg-SO,-HCOs;. All water samples, with the
exception of SM-1090, fall along linear trends
of increasing Mg and increasing SO,. The spatial
distribution of the four water types, shown as hydro-
chemical zones in Figure 32, illustrates that the high
mountain aquifer system is characterized as type 1,
2, or 3 waters, while the Pecos Slope aquifer consists
of type 3 and 4 waters. Springs and wells producing
type 1 water are located near the crest of the moun-
tain range, and the water type progresses from type
1 to type 4 as surface elevation decreases to the east.
Groundwater gradually changes from Ca-HCOj;
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(type 1) to Ca-Mg-SO,-HCO:; (type 4) as it flows
down gradient from the high mountains into and
through the Pecos Slope aquifer.

Controls on water chemistry

The chemical characteristics of groundwater in
the Sacramento Mountains may be affected by several
processes such as, dissolution of minerals and mixing
between chemically different water sources. In this
section we evaluate the effect of rock-water interac-
tions and possible mixing of chemically different
sources using the data, plots and maps described
above, and by evaluating mineral saturation through
speciation modeling with the geochemical model
PHREEQC (Parkhurst and Appelo, 1999).

Figure 31-Piper diagram showing
different water types observed for water
samples collected from springs and wells.
Four dominant water types are found:
Ca-HCO;, Ca-Mg-HCO;, Ca-Mg-HCO;-S0,,
and Ca-Mg-S04-HCOs.

Carbonate and gypsum dissolution

Most springs and wells discharge water from
fractured limestone and dolomite in the Yeso
Formation. The dominance of Ca and HCO; ions
is due to dissolution of limestone. The second most
abundant cation, Mg, likely originates from dissolution
of dolomite. Most water samples have a moderate to
high molar ratio of bicarbonate to silica (HCO3:Si0,,
median value of 32), which indicates that carbon-
ate dissolution, rather than silicate weathering, is the
dominant process influencing chemical characteristics
of groundwater (Hounslow, 1995). The most common
source of SO, is gypsum or anhydrite, both of which
are present in the Yeso Formation. Water chemistry
data suggest that gypsum, calcite and dolomite dissolu-
tion are dominant processes affecting water chemistry.
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Mineral saturation

Mineral saturation was assessed to better under-
stand thermodynamic controls on the composition
of spring and well water and the degree to which
the groundwater has equilibrated with various
mineral phases. The state of saturation is expressed
as the Saturation Index (SI). Super-saturation (SI
>0) indicates that precipitation of a specific mineral
is thermodynamically favorable. Under-saturation
(SI <0) signifies that dissolution of that mineral is
favored. Figure 33 shows SIs for calcite (CaCOs),
dolomite (CaMg(CO3),) and gypsum (CaSO,) as a
function of SO, concentration in springs and wells.
In general, waters are under-saturated with respect to
gypsum and saturated or super-saturated with respect
to calcite. For dolomite, most samples with low SO,
concentrations are slightly under-saturated. This trend
is most obvious in spring water. As sulfate concentra-
tions increase, waters quickly become saturated with
respect to dolomite.

Dedolomitization

The spatial trends for water chemistry (Fig. 32)
and the relationship between mineral saturation indi-
ces and SO, concentrations can best be explained by

a process called dedolomitization. Dedolomitization
occurs when the dissolution of gypsum or anhydrite,
and the associated increase in SO, concentration,
causes dissolution of dolomite and precipitation of
calcite. A solution in equilibrium with calcite and in
the presence of gypsum and dolomite will become
saturated to super-saturated with respect to calcite
due to the addition of Ca ions from the dissolution of
gypsum. As the dissolution of gypsum continues, the
common ion effect will cause calcite to precipitate,
which removes carbonate from the system, and forces
the dissolution of dolomite. This process is well docu-
mented in the Madison aquifer in parts of Montana,
Wyoming, and South Dakota (Plummer et al., 1990;
Back et al., 1983).

Observed increases in SO, and Mg concentrations
in down-gradient flow (Fig. 28) and the evolution of
water chemistry from Ca-HCOj; to Ca-Mg-SO,-HCO;
(Fig. 32) are a reflection of ongoing dedolomitiza-
tion along the groundwater flow path. The water
chemistry data is consistent with groundwater that is
primarily recharged at high elevations in the moun-
tains, where interactions with limestone and dolomite
control the water chemistry signature. As groundwa-
ter flows down gradient through the high mountain
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Figure 32-Hydrochemical zones inferred from water types from sampled wells and springs. Grouping water types into contoured zones generally mim-
ics water-level elevation contours. The blue arrows represent general flow direction from type 1 to type 4 water.
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Figure 33—-Saturation indices for calcite, dolomite and gypsum.
A-Saturation indices from spring water samples.

B—Saturation indices from well samples. The state of saturation is the
Saturation Index (Sl). Super-saturated (Sl >0) indicates that precipitation
of a specific mineral is thermodynamically favorable. Undersaturated

(Sl <0) indicates that dissolution of that mineral is favored.

aquifer system and into the Pecos Slope aquifer,
the ongoing dissolution of gypsum and anhydrite
drive the process of dedolomitization, causing the
water chemistry to evolve. During dedolomitization,
there is no gain or loss of HCOj3. Therefore, the
down-gradient decrease of HCOj; (Fig. 28D) is not
due to this process, but instead is probably a result
of calcite precipitation driven by increasing water
temperatures associated with deeper, longer circula-
tion pathways (Fig. 27B). The solubility of calcite
decreases as water temperature increases.

The chemical end member in dedolomitization
is represented by sample SM-0217, the uppermost

point in the Piper diagram (Fig. 31), which along with
SM-0219 was collected near the northern end of the
Dunken-Tinnie anticlinorium (Fig. 10). Waters that
have undergone complete dedolomitization and are in
equilibrium with dolomite and gypsum have a molor
ratio of (Ca+Mg)/SO, approaching one (Richter and
Kreitler, 1986). Molar ratio values for SM-0217 and
SM-0219 are 1.1 and 1.5, respectively, and the waters
are in or approaching equilibrium with gypsum,
calcite and dolomite (Fig. 33). Well SM-0076 located
along the Mayhill fault zone has a similar molar

ratio of 1.4. These waters are relatively warm (16.9
to 17.5°C) and have high concentrations of sulfate,
total dissolved solids, and magnesium. The mix of
chemical signatures — dolomite-gypsum equilibrium,
high TDS, and warm temperatures — and proximity
to faults suggests that these structures may act as bar-
riers or partial barriers to flow at depth, and provide
vertical conduits that facilitate upward movement of
regional groundwater.

In general, water chemistry from springs at lower
elevations and down gradient in the flow system is
more evolved than that at high elevations, which
indicates that water discharging from low elevation
springs has a longer residence time. This suggests
that most springs below about 8,200 feet elevation
discharge from an intermediate or regional aquifer
rather than a local, system. This trend also indicates
interconnectivity between perched aquifer systems in
the high mountains.

Mixing of different water sources

The mixing of high-chloride brines with fresh
groundwater was assessed using chloride/bromide
(CI/Br) ratios. The analyses confirm that some mixing
of high-Cl waters does occur. This mixing is appar-
ent in SM-1090, but it is volumetrically insignificant
(Appendix 8).

Summary

The dissolution of limestone and dolomite is the
primary process that controls the water chemistry in
groundwater. Dedolomitization results in the gradual
geochemical evolution from Ca-HCOj; to Ca-Mg-
SO,-HCO; water type as groundwater flows down
gradient from high elevations to low elevations.
This gradual change in water type is also observed
in springs in the high mountains aquifer system,
indicating inter-connectivity between springs. Spring
discharge at higher elevations recharges shallow
perched aquifers that discharge at lower elevation
springs. This trend also suggests that most water
initially enters the system at high elevations that likely
correlate to the 8,200 water-level elevation contour
in Figure 18.
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STABLE ISOTOPES OF
HYDROGEN AND OXYGEN

Precipitation

Figure 34 shows locations of precipitation col-
lection sites. The linear regression of stable isotope
data from precipitation defines a local meteoric water
line (LMWL) for the Sacramento Mountains (Fig. 35)
with an equation of:

8D =8.40"0+23.4

The seasonal variability of the isotopic composition
of precipitation is shown in the shaded areas of

the LMWL (Fig, 35) as winter precipitation (October
to March) and summer precipitation (April to Sep-
tember).

Variations in the stable isotopic composition of
precipitation are due to three seasonal factors
(Rozanski et al., 1993): 1) changing temperature, 2)
modulated evapotranspiration flux, and 3) changing
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Figure 34—Locations of precipitation collectors. Rain and snow were col-
lected at a range of elevations.

source areas of vapor and/or different storm trajec-
tories. All three of these factors play a role in the
observed seasonal variability in stable isotopic com-
position of precipitation in the Sacramento Moun-
tains. In this area, the average temperature difference
between summer and winter is approximately 15°C.
The Sacramento Mountains are heavily vegetated com-
pared to surrounding areas, and during the summer,
a significant amount of water vapor is returned to the
atmosphere due to an increase in evapotranspiration
rates. This addition of water vapor to the atmosphere
effectively reduces the extent of isotopic depletion

of precipitation during the summer (Rozanski et al.,
1993). As discussed previously, the dominant source
area of winter storms is the Pacific Ocean, while
summer storms associated with the North American
Monsoon originate from the eastern Pacific and the
Gulf of California.

Occasionally an individual storm event will result
in precipitation with an isotopic composition that
plots outside the expected seasonal range. During
July 2008, a remnant disturbance of Hurricane Dolly,
which traveled overland in southern Texas and north-
ern Mexico, produced heavy rainfall in the Sacramento
Mountains (Pasch and Kimberlain, 2009). Cloudcroft
received 13 inches of rain within a few days in late
July. Stable isotope values for precipitation that fell
during this period plot along the LMWL within the
range of winter values (Fig. 35). An anomalously light
isotopic composition associated with hurricanes has
been observed by other researchers (Lawrence et al.,
2002), and is mainly attributed to high condensation
efficiency and long storm duration, which produces an
extreme rain-out effect.

The volume-weighted mean isotopic composi-
tions of samples collected at four sites (SM-20035,

-20 Figure 35—Precipitation samples
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Summer + oric water line (LMWL). In the
40— Precipitation .
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-100 average range of isotope values
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SM-2006, SM-2008, SM-2009, Fig. 34) in 2007 plot
within the range of summer values (Fig. 35), which
reflects the large proportion that summer precipita-
tion contributes to the annual total. The variability

in the volume-weighted mean isotopic composition
observed for collection sites is due to elevation (Fig.
36). Weighted mean 8D values for annual precipita-
tion from 2007 and for summer precipitation for 2007
and 2008 become lighter with increasing elevation.
Similar trends are observed for 6'*0O (data not shown).
The elevation effect is attributed to the progressive
condensation of atmospheric vapor and rainout of the
condensed phase as air masses rise up mountain slopes

0
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Figure 36-Volume weighted average stable isotopic composition of
annual and summer precipitation as a function of elevation. The isotopic
composition of precipitation is generally more depleted at higher eleva-
tions. The four precipitation collection stations shown here are SM-2009
(5461 ft elevation), SM-2005 (5935 ft), SM-2006 (7204 ft), and SM-
2009 (9203 ft).

and cool because of adiabatic expansion (Gonfiantini
et al., 2001). Interestingly, we did not observe an
elevation effect for winter precipitation. The fact that
we see the elevation effect for summer precipitation
but not for winter precipitation reflects the different
physical characteristics of the two primary weather
patterns — frontal storms in the winter and the North
American Monsoon in the summer - that contribute
precipitation to the Sacramento Mountains.

Surface water and groundwater

Figure 37 shows stable isotope data for all spring,
well and stream samples from this study collected
between 2006 and 2009, with some repeat samples.
The data are plotted along with the LMWL and an
evaporation line that was defined by groundwater and
surface water samples collected in 2003 by Eastoe
(2005) (Newton et al., 2008). The isotopic composi-

tion of many of these water samples plot along this
evaporation line or between it and the LMWL.

-40
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-50
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Figure 37-Stable isotope data for

all stream, spring and well samples.
Stable isotope water samples were
collected between 2006 and 2009 and
are shown here plotted along the local
meteoric water line, also with the local
evaporation line. Several springs and
wells were collected multiple times.

Figure 38—Monthly precipitation data
for Cloudcroft between 1998 and
2005 shows that monsoon precipita-
tion amounts over this time period
were usually significantly below those
that caused the 2006 and 2008
recharge events. 2007 monsoons did
not result in a significant increase in
groundwater-levels, and therfore it is
unlikely that monsoon rains between
1998 and 2006 resulted in signicant
rechage events.

o)

Precipitation (in)

9

-8

Monthly precipitation data at Cloudcroft (Fig. 38)

-7 show that monsoon precipitation amounts between

14

124

Jan-98
May-98

Sep-98
Jan-99
May-99
Sep-99

Recharge
events

Eastoe (2005) ~

Jan-00
May-00
Sep-00
Jan-01
May-01
Sep-01
Jan-02
May-02
Sep-02
Jan-03
May-03
Sep-03
Jan-04
May-04
Sep-04
Jan-05
May-05
Sep-05
Jan-06
May-06
Sep-06
Jan-07
May-07
Sep-07
Jan-08
May-08
Sep-08
Jan-09
May-09

49



NEW MEXICO BUREAU OF GEOLOGY AND MINERAL RESOURCES l
PROGRAM

Figure 39-Stable isotopic com- E [ f _" S0in  Springs Wells ]
positions of wells and springs - ! f Units i -
as a function of easting. As J'*vhrj ‘ pm }.{U o }.w
groundwater flows from west to ! ® ! 325 v e E 0
east, stable isotope values (8D | \ :_,___ . e
shown here) generally increase ! Mescaler Apache Reservation N R A 10M
as elevation decreases. The | e ey -.-.lJrE e
dashed vertical lines represent g | Lot - £l = R W E 0 5 10km S~
the approximate UTM easting or 2 1 —Cloudiroft” ® X ; P e
elevation boundary between the = s High mounkain Elk g i get
high mountain aquifer system fo aquifer sysiem --.Mj - :if::' ‘ P
and the Pecos Slope aquifer, f e == . JE :
which are approximately aligned . v - ﬁ:f = M | o
with map. [ = Ze ® /- T _-‘I\,,__Th‘\
e N Y 4 ipn 8
§ v vl.- 'y ___...__." i .
RN -t'#J .,';, 1" e‘ N
= L) ok ‘ : e e i
N AT e e
\F’s} Y "" salt-Basin aquiter i ‘
B 8 5 B & 3 B S g = B
g = 2 g 2 2 g g g g =
50 T
v : o®
-55 4 vov !.: ° ° v°® ¢ o
"V:’xw. e * %%eoe o® o.:
60 v ® % o c % ° o
z e
a o :
s v } Ve Vi °
v wvwvv |
0]l e w & & |
o Vv !
! WV Spring
- . . ! . . . . . ® Wel
Figure 40-Springs sampled 5 & £ & 5 5 S 5 a a @
in March 2008 at lower eleva- 3 3 S 5 S S 3 S S S S
tions plot farther along the < < < < < ° < < < < <
evaporation line than those at UTM Easting (meters)
higher elevations.
-50 Evaporation 1998 and 2005 were similar to those observed in
Line - 2007 but significantly lower than those during 2006
55— - and 2008. The fact that no significant increases in
e groundwater-levels were observed during or shortly
e after the monsoons in 2007 suggest that summer
60 More recharge events such as those observed in 2006 and
- evaporated 2008, did not occur within 5 years prior to 2003
= 65 when samples were collected by Eastoe (2005). Data
~ from our study plot along this evaporation line dur-
20- ing certain time periods. This section discusses the
temporal and spatial variability of the stable isotopic
Springs (March 2008) composition of surface water and groundwater and
-75] Decreasing elevation their implications for recharge processes.
80 : : : O OIOO Spatial Distribution
A2 11 10 9 -8 7 8D values for spring and well samples (Fig. 39)
30 (%) range from -71 to -51%o, and generally increase from

50



SACRAMENTO MOUNTAINS

west to east and as elevation decreases. In the Pecos
Slope aquifer, 8D values are relatively uniform and
range from -65 to -52%o. Isotope values for Pecos
Slope aquifer are similar to those observed at the
eastern boundary of the high mountain aquifer system
(Fig. 39). This implies that recharge to the Pecos
Slope aquifer system flows directly from the high
mountain aquifer system. Similar spatial trends were
observed in 6'0 values. Stable isotope results for
springs in the high mountain aquifer system sampled
in March 2008 plot along the evaporation line (Fig.
40), with samples from springs at lower elevations
plotting further along the evaporation line, indicating
that water discharging from springs at lower eleva-
tions has undergone more evaporation than springs at
higher elevations.

Temporal variability

Figures 41 and 42 demonstrate that over the time
period of data collection (2006-2009), the isotopic
compositions of springs, wells, and perennial streams
varied. The fluctuations can be examined in terms

of proximity to the LMWL. Data points that plot
significantly below the LMWL represent water that
has undergone evaporation. Figure 42 shows the 8D
offset from the LMWL, where positive values indicate
that the data point plots above the LMWL and nega-
tive values indicate that the data point plots below the
LMWL (evaporation).

Springs sampled in 2006 are tightly grouped
around the LMWL. Wells and springs sampled in
2007 plot close to, but beneath the LMWL. Springs
sampled before the 2008 recharge event plot signifi-
cantly below the LMWL and close to the evaporation
line, while those sampled after the 2008 recharge
event have shifted away from the evaporation line
and back toward the LMWL. Springs, wells, and
perennial streams sampled in 2009 plot similarly to
those from 2007 and early 2008.

Trends seen in Figures 41 and 42 suggest that
the stable isotopic compositions of springs, wells
and streams are related to the timing of the 2006
and 2008 recharge events. It appears that during
time periods with no significant groundwater-level
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Figure 41-Temporal variations in stable isotopic compositions of streams, springs, and well samples from 2006 to 2009. Isotope values for samples
collected shortly after 2006 and 2008 recharge events generally plot near the LMWL. Isotope values appear to drift towards the evaporation line after

the the recharge events.
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increases, most springs, streams, and wells will have
an evaporative signature and plot close to the evapo-
ration line. Water entering the hydrologic system

in the high mountains as a result of these recharge
events in 2006 and 2008 appear to shift the isotopic
composition of springs, wells and streams toward the
LMWL. This effect on the isotopic composition of
surface water and groundwater decreases with time
after the occurrence of these recharge events, with
isotopic compositions slowly shifting back towards
the evaporation line.

Controls on isotopic composition
Focused and diffuse recharge

As discussed above, we observed a shift of the
stable isotopic composition of groundwater from the
evaporation line toward the LMWL as a result of the
2006 and 2008 recharge events. This observed tempo-
ral variability in the isotopic composition of ground-
water and surface water indicates that recharge
occurs by two different mechanisms that result in two
different isotopic trends:

(1) Water that plots along a single evaporation
line—This trend indicates that the hydrologic system
within the recharge area is a well-mixed system and
that the water has undergone evaporation. The point
at which the LMWL and the evaporation line inter-
sect represents the isotopic composition of a mixture
of summer and winter precipitation that percolates
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past the root zone. As can be seen in Figure 41, this
initial isotopic composition plots within the range of
expected values for winter precipitation, indicating
that snowmelt contributes more to this recharge com-
ponent than summer rains. The evaporative signature
suggests that some of this recharge occurs as focused
recharge in mountain streams. This water likely origi-
nates as high-elevation precipitation that infiltrates
quickly through fractured bedrock to recharge local
and intermediate perched carbonate aquifers and
runoff in mountain streams that infiltrates through
streambeds. Mixing of waters from different aquifers
happens quickly due to aquifer/aquifer interactions
and groundwater/surface water interactions (Fig. 25).
In the subsurface, mixing can occur due to leakage
from one aquifer to another, or the merging of two
or more aquifers due to the intersection of different
fracture zones. Springs discharging from multiple
levels in a single watershed mix in perennial or
ephemeral streams that then recharge an underlying
aquifer system.

(2) Water that plots near the LMWL—This water
represents diffuse recharge that infiltrates quickly
through the thin soils into unsaturated fractured bed-
rock. The isotopic composition of this water does not
have an evaporative signature. The spatial variability
observed for this water is controlled by elevation
effects on the isotopic composition of precipitation
(Fig. 36). Epikarst features in the San Andres
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Formation can store large volumes of this water in
the unsaturated zone. Extreme monsoon rains, such
as those observed in 2006 and 2008 flush this vadose
zone water into the saturated system.

Groundwater-surface water interactions

Springs in the Sacramento Mountains are the
source for most perennial and ephemeral stream
reaches, many of which subsequently infiltrate back
to the shallow groundwater system. This observation
in the high mountains region, along with the observed

seasons, caused isotopic composition of groundwater to shcift
towards vadose zone values.

trend of increasing isotope values (higher degree of
evaporation) with decreasing elevation (Fig. 40), indi-
cates a circular “recycling” relationship and intercon-
nection between surface water, springs, and shallow
groundwater. Water that recharges a shallow perched
aquifer may discharge at a spring that flows into a
stream where it undergoes evaporation. This stream
water, with an evaporated signature, can recharge
another shallow aquifer and discharge at a spring at
a lower elevation. This cycle may occur several times
as the water flows down gradient. Therefore, the
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isotopic composition of water evolves as it makes its
way through the high mountain groundwater system
due to these groundwater/surface water interac-
tions. Earman (2004) identified a similar process

in the Chiricahua Mountains, which he termed
“re-recharge”. This recycling process does not occur
beyond the high mountain aquifer system.

Summary

Two primary recharge mechanisms identified
based on the stable isotopes of oxygen and hydrogen
are depicted on Figure 43. Snow and rain enter the
system in primary recharge area (denoted by the rect-
angle), via fractures and losing mountain streams,
where water undergoes evaporation. The extreme
heterogeneity of the Yeso Formation combined with
the regional fractures systems results in the mixing
of groundwater through aquifer/aquifer and ground-
water/surface water interactions described above.
Groundwater (wells and springs) in the recharge area
is characterized by an isotopic signature that plots on
the evaporation line close to where it intersects with
the LMWL (Fig. 43B). As this water moves through
the high mountain aquifer system, shallow ground-
water is exposed to the atmosphere repeatedly due to
groundwater/surface water interactions. Evaporation
of this water in mountain streams causes its isotopic
signature to evolve along the evaporation line, with
groundwater at lower elevations being more evapo-
rated. Isotopic compositions that plot along the
evaporation line were observed in springs sampled in
March 2008, and spring and well samples collected
in and around the study area in 2003 (Eastoe, 20035;
Newton et al., 2008). It appears that isotope values
for most groundwater plots along this evaporation
line during dry climatic conditions, such as those
observed in the early 2000’.

Water residing in unsaturated bedrock (triangles
in Fig. 43) originates as local precipitation that
infiltrates through soils into fractures and pores with
little or no evaporation occurring. The isotopic com-
position of these waters is controlled by the elevation
effects on the isotopic composition of local precipita-
tion (Fig. 36). Therefore, the isotopic composition
of this water plots along the LMWL with heavier
isotopic compositions at lower elevations. On ridge
tops and upper hill slopes where the San Andres
Formation underlies shallow soils, large quantities of
water can be stored in epikarst features. This water
was flushed into the saturated carbonate aquifer
system by large rainfall events during 2006 and 2008
monsoons, causing the isotopic composition of well
and spring samples to shift towards the LWML. This
recharge mechanism appears to occur as a response
to extreme precipitation events.
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GROUNDWATER AGE
AND RESIDENCE TIME

When conducting large-scale groundwater
tracer investigations, it is important to understand
the residence time of groundwater within an aquifer.
The residence time of groundwater is often inferred
from its “isotopic age”, based on interpretation of
environmental tracers such as tritium (*H), chlo-
rofluorocarbons (CFCs), or carbon-14 (*C). The
isotopic age relates to the time elapsed between
groundwater recharge and collection of a sample at a
discharge point such as a well or spring (Mazor and
Nativ, 1992). The heterogeneous nature of the Yeso
Formation aquifer system can result in very differ-
ent groundwater flow velocities and groundwater
ages. Tracer ages will also be influenced by mixing of
waters due conduit/fracture/matrix interactions and
by mixing of groundwater from multiple sources.
Such aquifer heterogeneities complicate studies of
groundwater flow rates in large, regional-scale inves-
tigations such as this study. Figure 44 shows sample
locations for various age-dating analyses collected in
the study area.

Tritium

Tritium levels collected from precipitation
samples in the southern Sacramento Mountains
range from 3 to 10 TU, reflecting typical seasonal
variations (Appendix 7). Tritium concentrations in
well and spring samples from the study area range
from zero to 7.82 TU (Table 6). The highest tritium
concentrations, indicating shorter residence times
(younger water), generally occur in the high moun-
tains region (Fig. 45), and there is a rough correla-
tion between sample elevation and *H concentration.
In general, tritium values decrease from west to east
(down gradient), and the lowest concentrations of
H, less than about 1 TU, are found in wells sampled
on the Pecos Slope, in the eastern part of the study
area (Fig. 45B).

Water samples from wells in the study area tend
to have lower tritium concentrations than spring
samples. The average *H concentrations from all
well samples is 1.6 TU, compared with 3.7 TU for
springs. This observation reflects the fact that wells
are accessing deeper, older water than springs in
the high mountains, many of which discharge from
perched aquifers.

Several springs from the high mountains, and
one from the Pecos Slope, were sampled twice to
assess changes in the groundwater age and poten-
tial age effects from recharge events. From springs
sampled in the high mountains, the first samples
were collected after the monsoons of 2006, while
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the second set of samples were collected in March of
2008 before winter snowmelt. The data are displayed
in bold in Table 6. Samples collected in 2008 indicate
the tritium values are nearly the same, suggesting that
the tritium ages in the high mountains are largely
unchanged by large precipitation events.

In the high mountains, samples with surpris-
ingly low tritium concentrations (less than 1 TU)
include SM-0023, SM-0086, SM-0040, SM-0076, and
SM-1079 (Fig. 44, 45). SM-0023 is located at the crest
of the mountain range where we would expect young
groundwater; however, this well is along a fault which
may affect groundwater flow and contribute older
water. Wells SM-0086 and SM-0040 are not near any
known faults, but the older age may reflect circulation
of deeper, older water along a particularly well-devel-
oped joint system along the James Canyon drainage or
the presence of low velocity flow paths through lower
permeability rock. Well SM-0076 and spring SM-1079
are both located along the Mayhill fault zone, and
also have anomalous water temperatures and chemical
characteristics, which makes it likely that older water
is circulating from depth along the Mayhill fault zone.
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In the Pecos Slope region, the trend of young
water along the margins of the high mountain aquifer
indicates that this is the primary recharge zone for
the Pecos Slope aquifer. Additional recharge likely
occurs proximal to the Rio Pefiasco where slightly
higher tritium concentrations are found. Well
samples collected in areas distal to the eastern margin
of the high mountain aquifer system and the Rio
Penasco are older, with lower concentrations of
tritium. Presumably these areas with older water and
low tritium concentrations are not receiving signifi-
cant surface recharge.

Tritium-helium and noble gases

Noble gas analyses were performed on 20
groundwater sample locations within the study area.
Many of these analyses were used to derive tritium-
helium (*H/*He) groundwater ages, which vary from
zero (= 3 years) to greater than 50 years (Table 6). A
sample with an age greater than 50 years indicates
that the age is off the SH/3He scale, and the true age
of the groundwater sample is too old to be deter-
mined using noble gas systematics.
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Most of the tritium-helium ages in the study area
are quite young, in several cases less than one year
old, with an average age of approximately 13 years.
Although the youngest SH/3He dates were found
in the high mountains, some very old waters were
also sampled in that region. Three well samples in
the study area that dated at greater than 50 years,
SM-0023, SM-0040, and SM-0076, also had very low
measured tritium concentrations, as discussed above
(Figs. 44, 45).

Most groundwater samples from the southern
Sacramento Mountains yielded *He/*He ratios similar
to that observed for atmospheric gases, making it
unlikely that mantle-derived helium is contributing to
the 3He component. Sample SM-0023, located near
the crest of the Sacramento Mountains, has a high
SHe/*He ratio, but a very low tritium level, making
this the only site where there may be a source of
mantle derived helium-3.

By contrast, low 3He/*He ratios may result
from elevated levels of “He in groundwater samples.

A i53 # High -
: e v miountain
g PR e ! 8 b Y 11 f b 1221
i agquiter # 1
C‘Inudcml't 3 ‘ g Elk = . 4
iy syslem i
451 451 gﬂ - x i
; 11
3 P 185 R
32 087¥ Mavhill
1 §
433 164
Y 405 ' Pecos
/T A4 -"”r s ) Slope
453 vy aquifer Drunken |
' 43 _ - }
426 Y | Sacramento '
‘ 532 te A
450 vus 8 ; =
] i] 4
' s VW s L5 . ) -
Tritum | m Tritiom | " Figure 45-Spatial variation of
: ' s e | Iritium in springs rtium INWels |y in samples. Points are
' v 1 Tnhun‘: units in T”““m units | aneled with tritium concentra-
{ o tions in tritium units (TU). Larger
% 2ali Bz P a9 4 0 o
Salt Basin aouiler V 2.4 . 2-4 symbols indicate water that
v - 45 . 4-45 is younger relative to smaller
B [ 7 I onst v e i symbols. o
| A-Tritium content in spring
e p—
I Mesealero ! 005 v samples.
| ) | 0 B-Tritium content in well
I ! N 0.2 %Ik samples.
| Mescalero .-’-p-é-:he Reservalion ]. :T"'j‘ wJ'r\E :_1_'| -
fealill . e L3 ot o il o ;q"‘i'{'; s 024Km /7~
Aoy ifie ; i
Lluudcrufl .. 8157 B! . 153 s
r 5 :}né. 252 19 Elc @ o7
”ﬁ' High mauntain gl Bt L1 : ell/
156 aquifer syste ._'0.13 o & L ] T . - -
@ @@ i R
prASSEE @075 1 “Haor
§ A : 5.“ SED"“'““ i 034 L
Al . 86 1 ®05:
001 72 ‘sﬂl’lﬂilltl;‘l‘;. l.l- : ﬁ e
! : N FEE 917 ;
s =y ; ® goi2 ®oss o 1
. FH Y ket & 0.41
L s i B i
100 @ @ 272 t) S @06
Salt Basin aquifer e
Timberon Pifion
@ i {

57



NEW MEXICO BUREAU OF GEOLOGY AND MINERAL RESOURCES LUl

MAPPING
PROGRAM

Helium-4 is the most common isotope of helium in
the atmosphere, and is also a product of radioac-
tive decay of uranium and thorium nuclides in the
earth’s crust. Wells SM-0076 and SM-0040 yielded
tritium-helium ages greater than 50 years and have
low *He/*He ratios, indicating a possible deep crustal
source of groundwater (Solomon, 2000). Well
SM-0076 is located along the Mayhill fault zone,
which is a probable conduit for upwelling of deeper,
crustal water. It is unlikely that SM-0040 sample
was entirely from a deep crustal source; however, this
well may draw water that has had some degree of
mixing with deeper water.

Chlorofluorocarbons (CFCs)

Calculation of apparent age based on CFC
concentrations in water samples is dependent on
knowledge of the input recharge elevation and
recharge temperature, with temperature being the
more critical variable. In many areas of the southern
Sacramento Mountains these parameters are dif-
ficult to determine and must be estimated. Estimated
recharge temperatures that are too cold will result in
apparent CFC ages that are too old, while warmer
estimated recharge temperatures will result in errone-
ously young apparent ages. Similarly, an overestima-
tion of recharge elevation will result in apparent
ages that are too young, and an underestimation of
recharge elevation will produce erroneously old ages
(Kazemi et al., 2006).

For this study, recharge elevations were estimated
to be approximately the same as the elevation of
the sample site. Calculated recharge temperatures
were determined from eight water samples based on
analysis of their noble gas concentrations (Stute
and Schlosser, 2000). Recharge temperatures for
the remaining samples were then estimated from a
linear regression based on temperatures of those eight
water samples and their noble gas-derived recharge
temperatures according to the following equation:

Sampled temperature = 0.94* (recharge temperature)+5.76

Samples analyzed for chlorofluorocarbons have
CFC12 ages ranging from 20 to 64 years, with an
average age of 28.4 years (Table 6). CFC113 ages are
generally younger, with an average age of 25.1 years.
Most of the CFC apparent ages are not concordant,
with discrepancies of 3 to 10 years between CFC12
and CFC113.

CFC ratio ages were determined using CFC
2005-2a, a U.S. Geological Survey spreadsheet pro-
gram for preliminary analysis of CFC data (Busenberg
and Plummer, 2006). Groundwater apparent ages
based on CFC113/CFC12 concentration ratios range
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from 17 to 25 years, with an average age of 21.2 years.
In every case where a ratio age could be determined,
the ratio ages are younger than apparent ages based

on concentrations of CFC12 alone (Fig. 46). Such a
discrepancy between apparent and ratio ages usually
implies that mixing of waters of different ages has
occurred (Han et al., 2001; Plummer et al., 2006).

In large-scale, regional studies, it is common to
encounter water samples that result from mixing of
two sources of groundwater with different ages, a
process referred to as binary mixing. If the mixture
includes an old component that is free of CFCs com-
bined with a younger, CFC-bearing component, the
CFC ratio age represents the age of the younger frac-
tion. Under such circumstances, the ratio method can
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Figure 46—Comparison of apparent ages from CFC12 vs. CFC113/
CFC12 ratios. CFC113/12 ratio ages are consistently older than CFC12
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also be used to determine the proportion of young based on the percent young fraction and CFCs ages
water in the mix (Han et al., 2001; Plummer et al., include SM-0076 (with only 6.5% young water),
2006). The percentage of young water in southern SM-0217, and SM-0152 (Fig. 44). Well SM-0076 is
Sacramento Mountains groundwater samples ranges located along the Mayhill fault zone, has anomalous
from 99% to 6%, with an average of 77.2%. There water temperatures and chemical characteristics,
is a correlation between the CFC12 apparent age and an old (greater than 50 years) tritium-helium
and the fraction of young water in the mix, with the age. It is likely that older water is circulating from
oldest samples containing the smallest percentage of depth along the Mayhill fault zone to this well. CFC
young water (Fig. 47). This correlation indicates a concentrations in SM-0217 are very low, suggesting
binary mixing model is valid and that the percent- that much of this sample was recharged prior to the
age of young water is the principal factor influencing introduction of CFCs to the atmosphere. This well is
groundwater apparent age based on individual CFC located along the eastern margin of the Mescalero-
species (e.g., Long et al., 2008). Apache Reservation, and along the northern extent
A plot of CFC12 versus CFC113 mixing ratios of the Dunken-Tinnie anticlinorium. The well also
(Fig. 48), using the method of Busenberg and has high major ion concentrations consistent with
Plummer (2006), clearly shows that most CFC data older, more evolved groundwater circulating from
can be explained by a binary mixing model. The depth along faults related to the structural zone. Well
results show that the young components of ground- SM-0152 is located within the area of McDonald
water recharge in the southern Sacramento Moun- Flats, which is an area where the slope of the water
tains occurred during the mid-to-late-1980s. The table is noticeably flattened (hydraulic gradient less
plot also shows a few samples that are significantly than 48 feet/mile).
older, as well as evidence that microbial degradation
or contamination processes have altered the CFC Carbon-14
composition of some samples (Plummer et al., 2006). Most water samples collected from springs and
Samples with contamination issues are identified in wells in the high mountain aquifer system (above
Table 6 as “cont.” 7,000 feet elevation) are saturated with respect to
Several locations sampled for CFCs strongly calcite (Fig. 33), a fact supported by multiple field
indicate the presence of old water. The oldest samples observations of tufa mounds, and springs actively
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precipitating tufa at many locations. In addition,
those water samples from higher elevations that were
analyzed for '*C show elevated levels of percent mod-
ern carbon (pMC) (Table 6). These two observations
strongly suggest that the high mountain aquifer sys-
tem is an open system, allowing for re-equilibration
between dissolved inorganic carbon and *C-active
soil and atmospheric CO,. Therefore, conventional
14C dating techniques are not likely to be useful in
determining groundwater residence time. The pMC
and calcite saturation data are, however, consistent
with field observations and stable isotope records that
suggest groundwater is recycled multiple times during
its flow down gradient through the high mountain
aquifer system.

Carbon-14 methods appear to have more appli-
cation farther down gradient beneath the Pecos Slope,
where the aquifer is a closed system (Morse, 2010).
Samples collected from wells on the Pecos Slope,
along an apparent flow path from the McDonald
Flats area to Hope, show a systematic decrease in *C
pMC from west to east, coupled with increasing §'3C
values. The decrease in *C pMC is due to radioac-
tive decay of *C and the addition of “dead carbon”
resulting from the dissolution of Permian carbonates.
The increase in 8*C values is due to the dissolution
of carbonate rocks. There is also a pronounced and
consistent eastward increase in Mg/Ca ratios, indica-
tive of dedolomitization processes as groundwater
moves down the flow path from west to east. Mass
transfer models of the dedolomitization process have
been used to adjust “C ages for groundwater in the
Madison aquifer (Plummer et al., 1990; Back et al.,
1983) and the Pecos Slope aquifer as a part of this
study (Morse, 2010). Morse (2010) used 8'3C data
along with dedolomitization stoichiometry to correct
14C values so that they reflect the decrease in pMC
values that are only due to radioactive decay.
Corrected *C values beneath the Pecos Slope along
this flow path, indicate that it takes groundwater
approximately 1300 years to travel from the western
boundary of the Pecos Slope aquifer along a flow
path approximately 18 miles (35 kilometers) down
gradient.

Groundwater residence time

Groundwater residence time in the southern
Sacramento Mountains study based on tritium
samples, and on tritium-helium and CFC method-
ologies, ranges from less than one year to greater
than 50 years. Average residence times vary from
~13 years based on *H/*He systematics to ~28 years
based on CFC12 concentrations. CFC apparent ages
derived from concentration ratios yield intermediate
ages averaging 21.2 years. The spatial distribution
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of tritium in water samples (Fig. 45) indicates that
groundwater age generally increases to the east, which
is consistent with regional groundwater flow derived
from mapping of the water table and water chemistry
sampling in the southern Sacramento Mountains

(Fig. 18, 32).

Our findings suggest that most groundwater in the
southern Sacramento Mountains entered the aquifer
system approximately 15 to 25 years ago. However,

a distinctive feature of the sampling program is the

lack of concordance among the several methods used
to determine the residence time of groundwater in the
study area. This discordance provides additional insight
into the heterogeneous character of the high mountain
aquifer system. Three main factors, discussed below,
contribute to the discordance among the several meth-
odologies employed to evaluate groundwater residence
time in the southern Sacramento Mountains.

Thick unsaturated zone

Water-levels in many of the wells sampled are
quite deep, in some cases several hundreds of feet
below ground level. These deep water-levels imply
that there is a thick unsaturated zone in many parts of
the study area. The seepage of water through a thick
unsaturated zone can produce conflicting results when
dating groundwater using CFC and tritium-helium
methodologies. Tritium in groundwater that decays in
the unsaturated zone produces *He atoms that partition
into the gas phase and do not continue to travel with
infiltrating water (Kazemi et al. 2006). Only those *He
atoms produced in the saturated zone are preserved in
groundwater, which means that the >H/*He age begins
below the water table and does not account for travel
time through the unsaturated zone. In areas where a
thick unsaturated zone is present and vertical rates of
water infiltration are low, 3H/*He ages will be much
younger than the true age of the groundwater sample.

A thick unsaturated zone will have the opposite
effect on groundwater age derived from CFC con-
centrations. If there is a thick unsaturated zone and
soil water content is high, CFCs may be preferentially
dissolved into the soil water, leaving the groundwater
somewhat depleted in CFCs. In addition, dissolved
CFCs will partition into gas phase and ultimately travel
through the vadose zone at a slower rate that infiltrat-
ing water. The net effect leads to an overestimation of
groundwater age. In other words, a thick unsaturated
zone can result in anomalously young *H/*He ground-
water ages, and anomalously old CFC apparent ages
(Kazemi et al., 2006, Happell et al., 2006).

Discrepancies between *H/*He and CFC ages
suggest the influence of a thick unsaturated zone
in the southern Sacramento Mountains recharge area.
The greatest difference between the two methods is
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observed in five wells with water-levels ranging from
100 to 800 feet (32 to 240 meters) below ground
level. These wells (samples SM-0057, SM-0201,
SM-0202, SM-0038, SM-0021 and SM-0074) yield
SH/3He groundwater ages of less than one year, and
CFC12 ages ranging from 20 to 33 years (Table 6).
It should be noted that leakage of perched aquifers
through an intermediate unsaturated zone (Fig. 25)
can cause the same effects on H/*He and CFC
apparent ages that are described above. The dispari-
ties between CFC and tritium-helium groundwater
dates suggest that groundwater flow through
unsaturated zones may be an important component
of the total residence time of groundwater in the
study area.

Recycled groundwater

A second factor influencing discrepancies among
the different groundwater dating methods involves
recycling of surface water to groundwater, particu-
larly in the high mountains. Regional mapping of the
water table (Fig. 18), along with water chemistry,
stable isotopes and tritium data (Fig. 45), shows that
the primary source of groundwater recharge is local
precipitation at elevations above 8,200 feet. Stable
isotope data, water chemistry and field observations
suggest that water discharging from perched aquifers
and springs at higher elevations undergoes evapora-
tion as part of the surface water system. Surface
water then recharges the shallow groundwater system
via losing streams, and later discharges from other
springs at lower elevations. This process of recycling
may occur several times before the water is deep
enough below the surface that it no longer interacts
with the surface water system. Each time groundwa-
ter re-emerges from springs, the water partially of
fully re-equilibrates with the atmosphere, resulting
in the CFC and *H/*He clocks being completely or
partially reset. However, the tritium content remains
the same.

Recycling of groundwater is strongly indicated
by discrepancies between tritium content and *H/*He
or CFC ages of several water samples (Table 6). One
example is SM-0026, with a tritium-helium age of
less than one year and a tritium content of 2.72 TU.
Sample SM-0026 was collected from a well adjacent
to a perennial flowing stream that is spring-fed (Fig.
44). The very young tritium-helium age of the water
sample coupled with rather low tritium concentration
reflects recycling of groundwater. Other examples
in the high mountains region, where the recycling
effect is pronounced, include SM-0057, SM-0038 and
SM-0021.

Previous workers have invoked groundwater
recycling as a mechanism to account for discrepancies

between CFC apparent ages and tritium content in
the Roswell Artesian Basin farther to the east (e.g.,
Land and Huff, 2010). Similar discrepancies between
CFC apparent ages and tritium content within springs
in the high mountains are apparent in SM-1079,
SM-1097 and SM-1042 (Fig. 44).

Groundwater mixing

Mixing of groundwater of different ages can also
cause the discordance among the different methodolo-
gies employed to evaluate groundwater residence time
in the southern Sacramento Mountains. Stable isotope
data indicate that the high mountain aquifer system
is a well-mixed system. The heterogeneity of the Yeso
Formation, along with regional fracture systems
results in a hydrologic system that can facilitate mix-
ing of waters within flow paths at different velocities
(different ages). The conceptual model shown in
Figure 25 illustrates different mixing mechanisms
that include leakage from one aquifer to another, the
merging of two or more groundwater flow paths, and
the integration of water from springs that discharge at
different stratigraphic levels in perennial and ephem-
eral streams. Water chemistry data indicates another
mixing mechanism. Water from a few wells and
springs appears to be a mixture of fresh groundwater
and older water that is upwelling along fault zones
(Appendix 8).

Mixing of groundwater of different ages is
strongly indicated by CFC data. Discrepancies in
apparent CFC age among the three different CFC
species suggest that some degree of mixing has
occurred. In addition, apparent ages based on CFC12
concentrations are consistently older than apparent
ages derived from CFC113/CFC12 concentration
ratios (Fig. 46). This disparity indicates a very high
probability for mixing of waters of different ages
within the aquifer (Han et al., 2001). Most CFC
data can be explained by a binary mixing model that
assumes mixing of two principal groundwater end-
members, one old source that is CFC-free (pre-1940
recharge), and one younger source of CFC-bearing
groundwater. Most water samples appear to be
composed of >50% young groundwater (Fig. 47), and
this young component is typically 15 to 25 years old
(Fig. 48). Most of these water samples are probably
a mixture of groundwater of different ages as a result
of the extreme heterogeneity of the high mountain
aquifer system.

Four samples (SM-0076, SM-0040, SM-0023,
SM-1079) are composed of <25% young water
according to CFC concentrations. All of these samples
show low tritium concentrations (<1TU), and the
groundwater samples exhibit tritium-helium ages
greater than 50 years (Table 6). Sample SM-0076
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was collected near a gaining reach of the Rio Pefiasco
along the Mayhill fault (Fig. 44). CFC113/CFC12
ratios indicate that the sample contains only 6%
young water (Table 6). High chloride-bromide ratios
(CI/Br = 1,267) and high ion concentrations (TDS

= 1,025 mg/L; sulfate = 530 mg/L) are consistent
with mixing of deeply sourced brines (Davis et al.,
1998). Sample SM-0076 also has a low *He/*He ratio,
indicative of groundwater with a deep crustal origin
(Solomon, 2000).

Approximately 3 miles upstream of well
SM-0076, spring SM-1079 discharges a large volume
of water with only ~20% young water in the mix
(Table 6). SM-1079 also has a rather high CI/Br ratio
of 525, although the water is fresher than SM-0076,
with TDS of only 546 mg/L. SM-1079 is located
in the valley bottom and the low TDS may result
from mixing of deeper artesian waters with younger,
fresher groundwater derived very locally from Rio
Pefiasco valley alluvium.

Wells SM-0023 and SM-0040 also have low
SHe/*He ratios, indicative of a deep crustal com-
ponent of groundwater. Taken together, these data
strongly support a model that involves mixing of
relatively young, fresh, shallow groundwater with
older artesian groundwater upwelling along fault
zones from much greater depths. Mixing of ground-
water from multiple sources has clearly contributed
to the disparity in groundwater ages derived from the
different analytical methods employed in this study.

Summary

The youngest groundwater ages are predomi-
nantly found in the high mountain aquifer system,
with increases in age down gradient into the Pecos
Slope. This supports our finding that the high moun-
tains region is the primary recharge area for the sur-
rounding aquifers. Most groundwater in the southern
Sacramento Mountains watershed entered the aquifer
approximately 15 to 25 years ago. However, complex
flow paths, a thick unsaturated zone, and recycling
of groundwater over the course of its down-gradient
flow from west to east have resulted in ambiguities
in age data among the different groundwater tracers.
Mixing of groundwater from multiple ages is strongly
indicated by tritium samples, tritium-helium and
CFC dating, and helium-3/helium-4 ratios, consistent
with mixing of young, fresh groundwater with
pre-modern, artesian groundwater upwelling along
fault zones.
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IV. CONCLUSIONS

In this section, we integrate the results of geologic
mapping, water chemistry, stable isotope, and age
dating analyses to answer specific questions about
the hydrologic system in the southern Sacramento
Mountains. We present a regional hydrogeologic con-
ceptual model focused on the high mountain aquifer
system and Pecos Slope aquifer. We compare our
results and previous studies and then suggest future
work to be done.

REGIONAL HYDROGEOLOGIC
CONCEPTUAL MODEL

Figure 49 shows our regional hydrogeologic con-
ceptual model along a cross-section. Under average
climatic conditions, precipitation (mostly snowmelt)
enters the system in the primary recharge area (eleva-
tions greater than 8,200 feet), through fractures and
conduits on ridges and upper hill slopes and stream
beds. Water of different ages mixes in the subsurface
due to the heterogeneity of the Yeso Formation and
the presence of regional fracture systems. High eleva-
tion streams (e.g. Upper Pefiasco and Wills Canyon)
that are fed by multiple springs allow mixing of water
from different perched aquifers. Groundwater flows
down gradient from the recharge area through a
series of perched carbonate aquifers that are con-
nected to varying degrees by fractures and surface
water drainages. These shallow perched carbonate
aquifers are located at multiple stratigraphic levels in
the Yeso Formation and result in hundreds of springs
throughout the high Sacramento Mountains west
of Mayhill. Springs at higher elevations feed streams
that recharge perched aquifers that discharge at
springs at lower elevations.

Groundwater attains an increasingly evapora-
tive isotopic signature as it makes its way through
this system due to repeated exposure of water to the
atmosphere. Ca and HCOj; are the dominant ions in
the high mountain aquifer system, due to the dissolu-
tion of calcite and dolomite in the San Andres and
Yeso Formations. Continuous water/mineral interac-
tions cause the water chemistry to evolve and become
more SO, rich along the regional flow path from west
to east. Groundwater hydrographs also suggest the

presence of deeper more regional aquifers in the high
mountain aquifer system. Most groundwater in the
high mountain aquifer system is a mixture of young
water (15 to 25 years old) and older water (>50 years
old). Groundwater and surface water in the high
mountain aquifer system ultimately recharges the
Pecos Slope aquifer and the Salt Basin aquifer.

Although snowmelt at high elevations is the con-
tributes more groundwater recharge over long time
periods, extreme monsoons, such as those observed in
2006 and 2008 flush large amounts of water stored in
the unsaturated zone into the saturated groundwater
system, resulting in significant groundwater-level
increases.

Unlike the high mountain aquifer system, the
Pecos Slope aquifer is one regional aquifer. The
stable isotopic composition of groundwater in this
aquifer reflects that of groundwater at the eastern
edge of the high mountain aquifer system and is
fairly uniform throughout the aquifer in our study
area. This uniform isotopic composition indicates
that little or no recharge from the surface is occur-
ring. However, there is evidence of small amounts of
local recharge occurring along the Rio Pefiasco and
along the eastern boundary of the study area near
the principal intake area as described by Fiedler and
Nye (1933). Groundwater in the Pecos Slope aquifer
has higher SO, and Mg concentrations due to the
process called dedolomitization. The water chemistry
in the Pecos Slope aquifer is different than that of the
high mountain aquifer system because it was been in
the system longer and has had more time to interact
with the rocks. Groundwater in this aquifer takes
approximately 1300 years to flow from the western
aquifer boundary to the eastern edge of our study
area (Morse, 2010). Groundwater in the Pecos Slope
aquifer flows into the Roswell Artesian aquifer to
the east.

HOW DOES GEOLOGY INFLUENCE
GROUNDWATER FLOW?

The Sacramento Mountains form a large, east

dipping plateau uplifted along the steep western
escarpment by the Alamogordo fault. The plateau is
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dissected by deep canyons, some more than 1000 feet
deep. This plateau extends into a low relief surface
(the Pecos Slope) to the east towards the Roswell
Artesian Basin (Fig. 9). The Permian Yeso and San
Andres Formations are the most important geologic
units in the study area. The Yeso Formation, which

is exposed in the high mountain aquifer system, is
composed of chaotic layers of limestone, dolomite,
shale, siltstone and sandstone that are not continuous
for more than a few hundred feet. The overlying San
Andres Formation is composed of gray limestone.

Within the study area, the San Andres and Yeso
Formations dip gently (2-3°) from the crest of the
southern Sacramento Mountains toward the Pecos
River. On a regional scale, groundwater generally
flows in this same direction as the bedrock dips, from
high elevation in the west to low elevation in the east
(Fig. 18). However, within the high mountains, where
the Yeso Formation is highly fractured, with lateral
and vertical heterogeneity, groundwater does not
simply flow down dip along bedding planes.

The Yeso Formation is the primary aquifer in
the high mountain aquifer system. The heterogeneity
of the Yeso Formation has profound effects on how
water moves through this system. The spatial variabil-
ity of rock types of different intrinsic permeabilities

and the presence of secondary permeability such as
fractures and conduits results in a complex hydrologic
system. Karst processes increase the permeability of
carbonate rocks, resulting in carbonate layers being
the primary water bearing zones. Perched carbonate
aquifers, sandwiched between rocks of lower perme-
abilities exist throughout the area and discharge at
hundreds of springs that feed mountains streams.
Regional fracture systems also play an important
role in the high mountain aquifer system. Fractures
allow precipitation to infiltrate quickly through rocks
of low intrinsic permeability to recharge aquifers.
Recharge through fractured bedrock is especially
important in zones of high fracture density, par-
ticularly in joint parallel stream reaches that are
areas of focused recharge. Groundwater and surface
water flow direction also appears to be influenced by
regional fracture systems (Walsh, 2008).

Within the Pecos Slope aquifer groundwater
occurs in the Yeso and the lower portion of the
San Andres Formations. The Yeso Formation is not
exposed in this area. A few springs discharge along
the Dunken-Tinnie anticlinorium. Karstification of
the San Andres limestone manifests in large cavern-
ous fractures and sinkholes and causes the hydraulic
gradient to decrease. Unlike the high mountains
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STIFF DIAGRAM

Stiff diagrams are a way of plotting the
general chemistry of water. Positively
charged ions (sodium (Na), calcium
(Ca), and magnesium (Mg)) are plot-
ted to the left of the vertical line, and
negatively charged ions (chloride (Cl),
bicarbonate (HCO,), and sulfate (SO,))
are plotted to the right. lon concentra-
tions increase as the distance between
the plotted point and the center vertical
line increases. The shape of the Stiff di-
agram indicates the relative proportions
of the different ions, and the size of the
Stiff diagram indicates the absolute con-
centration of ions in solution. In general,
the shape of a Stiff diagram is controlled
by the type of rocks with which the
water has been in contact. The size of
the Stiff diagram is usually controlled by
the solubility of the minerals in the rocks
and the amount of time the water has
been in contact with them.

Northern edge,
Mc Donald Flats

trman

Figure 49-Regional hydrogeologic conceptual
model. From the high mountain aquifer system
to the Pecos Slope aquifer, cross section is
shown on inset map from A to A". The San
Andres and Yeso Formations generally dip
eastward, and the groundwater table roughly
mimics this pattern. Recharge to groundwater
is from precipitation (primarily snow melt).
Hypothetical groundwater flow paths (in purple)
within the high mountain aquifer system il-
lustrate focused recharge occurring in canyon
bottoms, with some water following deep

or shallow flow paths. In the high mountain
aquifer system, perched carbonate aquifers
are connected via fractures and surface water.
Continual evaporation occurs as groundwater
resurfaces multiple times. The stable isotopic
composition of groundwater increases as it
moves east in the high mountains system (3D
values -71 to -51%o). The dominant ions in this
groundwater are calcium and bicarbonate due
to the dissolution of limestone and dolomite.

Many springs and wells discharge water which
is primarily young water (1525 years old)
mixed with some older groundwater. There is
evidence that faulting in the region may cause
vertical upwelling of groundwater from deep
flow paths, particularly along the Mayhill Fault.
Water in the Pecos Slope aquifer mostly resides
in the Yeso Formation, but the water table often
occurs in the lower San Andres Formation,
which becomes more important as an aquifer
towards the east. Relatively uniform stable
isotope results show that groundwater from the
high mountain aquifer system is the primary
recharge source to the Pecos Slope aquifer (8D
values -65 to -51%o). Water chemistry data
shows an increase in sulfate and magnesium
due to the dissolution of gypsum and dolomite
in a process called dedolomitization. Ground-
water may take up to 1300 years to travel from
Mayhill to the eastern edge of the study area.
Water in the Pecos Slope aquifer ultimately
recharges the Roswell Artesian Basin aquifer..
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aquifer system, the Pecos Slope aquifer appears to be
one regional aquifer that transports groundwater to
the south and east.

HOW DOES CLIMATE AFFECT
THE GROUNDWATER SUPPLY?

Data collection for this study took place from
the fall of 2005 through June of 2009. Over this
period, we observed a wide range of climatic events
and seasons. The most significant climatic events were
the monsoons of 2006 and the remnant of Hurricane
Dolly in 2008, both of which were both characterized
by extreme precipitation amounts (Fig. 15). When
this study began, groundwater-levels were declining
and springs were decreasing in flow. The region was
in a multi-year drought (NOAA, 2000), which was
followed by the extreme rainfall events. With our
dataset we were able to observe fluctuations in the
groundwater-levels and the stable isotopic composi-
tions of spring and well water with time, which have
implications for climatic controls on groundwater
recharge.

During times of stable or declining groundwater-
levels, recharge (input) still occurs, but it is equal to
or less than discharge (output) respectively. A propor-
tion of snowmelt and summer precipitation infil-
trates through the unsaturated zone to recharge the
groundwater system. Stable isotope results for spring
and well water plot along an evaporation line that
intersects the local meteoric water line in the range
of expected winter precipitation values (Fig. 37),
indicating that snowmelt contribution to groundwater
recharge exceeds that of summer precipitation. Our
data and those of Eastoe (2005) suggest that snow-
melt is the primary input to the system. However,
the large increases in groundwater-levels observed
in 2006 and 2008 (Fig. 21, 22) show that extreme
summer monsoons can also contribute significantly to
groundwater recharge

The southern Sacramento Mountains are clearly
a recharge area, with almost all groundwater being
derived from local precipitation. Therefore precipita-
tion patterns and amounts have a direct effect on
groundwater-levels in the study area. Observed
groundwater-level declines prior to this study were
a result of below average precipitation rates in the
late 1990s and early 2000s (NOAA, 2000). Extreme
monsoons in 2006 and 2008 resulted in a very
significant increase in groundwater-levels in most
wells in the study area. This link between climate and
groundwater-levels is of interest, particularly with the
uncertainties associated with global climate change.
It is our interpretation that in the past, snowmelt has

66

usually provided most of the recharge to the southern
Sacramento Mountains. However, with changes in
climate patterns, the monsoon season may play a
greater role in recharge to the area.

In a nearby study, stream discharge measure-
ments in the Eagle Creek basin in Lincoln County,
west of Ruidoso, show a change in the seasonal tim-
ing of peak streamflow (Matherne et al., 2010). From
1970 to 1980, streamflow was dominated by spring
snowmelt, whereas from 1989 to 2008, streamflow
was dominated by summer monsoon precipitation.
Overall, stream discharge was lower during the latter
period. Matherne et al. (2010) speculate that such a
change in peak precipitation and stream discharge
could negatively affect the amount of groundwater
recharge, as peak flows during monsoon season are
likely of higher magnitude and shorter duration
as compared to spring runoff from snowmelt. Similar
precipitation and streamflow trends to those in the
Eagle Creek basin likely exist in the southern
Sacramento Mountains study area (there are no
detailed stream gage records in the present study
area). However, in contrast to the Eagle Creek basin
study, results from the water-level measurements in
this study do indicate the occurrence of recharge
during intense monsoon events.

WHERE DOES GROUNDWATER
RECHARGE OCCUR?

Spatial trends observed for water chemistry,
stable isotopes, water ages and groundwater-levels
indicate recharge occurs within the area of the high
mountain aquifer system, dominantly above 8,200
feet. This high elevation recharge zone is a very
important area, as it provides recharge not only for
the surrounding high mountain aquifer system, but is
also peripherally linked with the Pecos Slope, the
Salt Basin, and the Tularosa Basin mountain front
aquifers (Fig. 24). We will call this area the primary
recharge area.

Most springs and wells above 8,200 feet pro-
duce calcium-bicarbonate or calcium-magnesium-
bicarbonate type water, as result of the dissolution of
limestone and dolomite (Fig. 31). We see geochemical
trends along regional flow paths (dominantly from
west to east and high-elevation to low-elevation)
within the high mountain aquifer system. The ongo-
ing process of dedolomitization causes groundwater
to become more enriched in SO, and Mg as it flows
down gradient (Fig. 32). This geochemical trend that
represents cumulative water mineral interactions
along a flow path indicates a common recharge area
located at high elevations.
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Similarly, stable isotope data also exhibit a spa-
tial trend that indicates a continual systematic change
along the regional flow path. Isotopic compositions of
water produced in wells and springs at high elevations
(>8,200 feet) plot close to the LMWL. Groundwater
becomes more isotopically enriched due to evapora-
tion as it flows down gradient (Fig. 40). This trend
supports a model of groundwater recharge at high
elevations, within the high mountain aquifer system.
This trend is only observed in the high mountain
aquifer system. As groundwater leaves the high
mountain aquifer system, and enters the Pecos Slope
aquifer, stable isotope results show little change (Fig.
39) indicating that little to no additional recharge
occurs. Water from the recharge zone leaves rather
quickly, moving through the high mountain aquifer
system and into surrounding aquifers.

Age data from CFC concentrations suggest that
most groundwater entered the recharge zone about
15-25 years ago. Within the recharge zone, ground-
water residence time is highly variable, as mixing
occurs between resident water and recent recharge.
Once groundwater leaves the recharge zone, the
residence time begins to increase with the oldest
groundwater occurring within the Pecos Slope aquifer.
It should be noted that Morse (2010) observed some
evidence of some young water contributing to this
system near the eastern boundary of the study area.

Most recharge occurs within the primary
recharge area under average climatic conditions. For
recharge events observed during the summers of 2006
and 2008, water entered the groundwater system
throughout the high mountain aquifer system and
possibly along the Pecos slope also.

HOW DOES PRECIPITATION GET
INTO THE GROUNDWATER SYSTEM?

Under average climatic conditions, most recharge
occurs above about 8,200 feet elevation (primary
recharge area) mainly by snowmelt. However,
extreme monsoons, such as those observed in 2006
and 2008 can also significantly recharge the ground-
water system. Mechanisms of recharge can be exam-
ined at many scales. We have identified two recharge
mechanisms: 1) the primary recharge mechanism
that appears to maintain the hydrologic system at
or near steady state (inflow = outflow) and 2) the
secondary recharge mechanism that is a response to
extreme precipitation events and can result in very
large groundwater-level increases is a relatively short
amount of time.

The primary recharge mechanism occurs at high
elevations in the primary recharge area. A key

indicator of the primary recharge mechanism is the
evaporative signature exhibited by stable isotope data
for spring and well samples. Spring and well samples
collected in and around our study area in 2003 by
Eastoe (2005) exhibited isotopic compositions that
plotted along a single evaporation line (Fig. 37). Sev-
eral of our spring and well samples also display isoto-
pic compositions that plot along this same evaporation
line (Figs. 40, 41). This evaporation line indicates that
the hydrologic system in the primary recharge area

is a well-mixed system, which suggests that recharge
flow paths are interconnected. The point at which the
evaporation line intersects with the LMWL, which
represents a mixture of summer rain and snowmelt
that infiltrates past the root zone, plots among isotope
values expected for winter precipitation. Therefore,
snowmelt normally contributes more to groundwater
recharge than summer rains. Stable isotope values

for water from springs and wells within the primary
recharge area have a slight evaporative signature (Fig.
43), indicating that some water enters the system as
focused recharge in high mountain streams. Rainfall
and snowmelt in the primary recharge zone enters the
groundwater system via fractures and conduits in the
San Andres Formation on ridges and upper hill slopes
and by focused recharge in high mountain streams.
Aquifer/aquifer interactions and groundwater/surface
water interactions in the recharge area result in a
well-mixed system (Figs. 40, 47). Groundwater of
different ages are mixed by leaking from one perched
aquifer to another, merging of two or more perched
aquifers, and mixing in streams that are fed by
multiple springs that drain different aquifers.

Spatial trends in water chemistry (Fig. 32) and
the stable isotopic composition of springs (Fig. 40)
indicates that groundwater flows down gradient from
the primary recharge area through an interconnected
system of perched aquifers and stream systems. Spring
discharge feeds mountain streams that infiltrates
through stream beds to recharge other shallow aqui-
fers. This water then discharges at springs at lower
elevations that feed mountains streams. As water goes
through this recycling process, repeated exposure
to the atmosphere causes the isotopic composition
of water from springs and wells to evolve along the
evaporation line. Water samples collected from wells
and springs at lower elevations plot farther along the
evaporation line, indicating a higher degree of evapo-
ration (Fig. 40).

Groundwater-level increases associated with
monsoons in 2006 and 2008 (Figs. 21, 22) are
representative of the secondary recharge mechanism.
The key indicator of this recharge mechanism is
groundwater with isotopic values that plot along the
local meteoric water line (Fig. 41). Unlike the primary
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recharge mechanism, recharge that occurs by the
secondary mechanism likely takes place over the
entire high mountain aquifer system and possibly
along the Pecos Slope rather than just at high eleva-
tions. Precipitation on ridge tops and hill slopes infil-
trates quickly through the thin soils into epikarst,
fractures and pores in underlying bedrock without
undergoing evaporation. Therefore the isotopic
composition of this water represents that of local
precipitation, which is controlled by elevation (Figs.
36, 43). Unlike the primary recharge mechanism, for
the secondary mechanism, recharge flow paths are
not interconnected, resulting in a non-mixed system.
Much of this water is stored in the unsaturated

zone until it is flushed into saturated groundwater
system. The 2006 and 2008 Recharge events caused
the stable isotopic compositions of water in wells
and springs to shift towards the LMWL (Figs. 41,
42) as a result of this water being flushed into satu-
rated system.

This recharge mechanism has been observed
by other researchers. In a karst hydrologic system
in south-central Indiana, Lee and Krothe (2001)
estimated that flushing of unsaturated zone water
into the underlying saturated system accounted
for 55.4% of the spring discharge response to a
precipitation event. In that karst system, with wet-
ter climatic conditions of Indiana, epikarst water
(stored in the unsaturated zone) was easily flushed
into the saturated hydrologic system as a response
to individual precipitation events. In the Sacramento
Mountains, a single precipitation event does not
appear to significantly flush water residing in frac-
tures and epikarst into the saturated groundwater
system. There is an apparent threshold of monsoon
precipitation that must be exceeded for this type of
recharge event to happen. Monsoons in 2006 and
2008 were among the wettest on record (Fig. 15).
Monsoon rainfall in 2007 was more average and did
not cause large groundwater-level increases or a shift
in the isotopic compositions of groundwater.

It appears that the primary recharge mechanism
provides a more constant supply of groundwater
recharge over long time periods. Groundwater-levels
respond to changes in primary recharge rates gradu-
ally. If recharge rates in the primary recharge area
increase over several years, groundwater-levels will
gradually increase, and if recharge rates gradually
decrease with time, groundwater-levels will gradu-
ally fall. In contrast, the secondary recharge
mechanism provides groundwater recharge in
large pulses over a much greater area as a result of
extreme monsoons. A single secondary recharge
event can result in very large groundwater-level
increases (Figs. 21, 22).
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HOW MUCH PRECIPITATION
RECHARGES THE GROUNDWATER
SYSTEM:?

Estimating recharge to a regional aquifer system
is a difficult task. We used two methods to estimate
recharge both as a relative proportion of surface
infiltration (precipitation that infiltrates into the
subsurface) and as actual volumes over an estimated
recharge area. In this section, we briefly describe
the results and recharge estimates from these two
methods. For a more detailed description of how
these recharge estimates were calculated see
Appendix 9.

For the first recharge estimate, we used the water
table fluctuation method. The water table fluctuation
method estimates recharge within a small mountain
drainage area, using individual precipitation events
and their effects on groundwater-level fluctuations.
Well SM-0049, located near the crest of the southern
Sacramento Mountains, was evaluated using precipita-
tion events that occurred in 2006. A relative recharge
rate of 5-10% of precipitation was calculated based
on the water table fluctuation method of hydrograph
analysis. This recharge rate is a reasonable estimate
for the small spatial and temporal scale that was
considered. It is highly probable that much of this
recharge water leaves the system as evapotranspiration
(ET) as it moves through the high mountain aquifer
system before reaching an adjacent aquifer such as the
Pecos Slope or Salt Basin aquifer. Therefore, a local
recharge rate, such as the one estimated by the water
table fluctuation method probably correlates to a
much smaller rate on the regional scale.

For the second recharge estimate, we used the
chloride mass balance method (CMB), wherein chlo-
ride concentrations are used to measure the relative
volume reduction of water within the aquifer due to
ET. The CMB method yields a good first approxima-
tion of the long-term average recharge on a regional
scale. Most groundwater that recharges regional
aquifers adjacent to the high mountain aquifer system
originates at high elevations and, at some point, flows
through the shallow groundwater system. As water
flows through the shallow groundwater and surface
water systems, it is available to be taken up by
vegetation and lost by ET. For well samples, using the
CMB method, relative recharge estimates ranged
from 4 to 42% with an average of 22%. In the south-
western US, an estimated relative recharge rate of 22%
is a fairly high estimate. However, with the high aver-
age annual precipitation rate in the mountains (~26
inches/year), thin soils, and highly permeable fractured
bedrock, this high recharge estimate seems reasonable.
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Assuming the main recharge area lies within the
area encompassed by the 8,200 feet surface eleva-
tion contour, the recharge zone within the study area
encompasses approximately 131,000 acres. Average
annual surface infiltration in this area was estimated
as a percentage of the average annual precipita-
tion rate of 26 inches in Cloudcroft. Canaris et al.
(2011) estimated that canopy interception in the high
Sacramento Mountains can be as high as 40%, sug-
gesting that a significant portion of annual precipita-
tion never makes it to the surface, evaporating from
the tree canopy. Using a canopy interception loss of
30%, annual surface infiltration was estimated to be
approximately 18 inches. Using the CMB method
results, we estimate recharge from the high mountain
region going into the Pecos Slope aquifer to be 43,230
acre-feet/year.

HOW FAST DOES
GROUNDWATER FLOW?

Groundwater flow velocities are highly vari-
able, but relatively fast in the high mountain aquifer
system. Most water samples from the high mountains
region are relatively young and contain a significant
amount of tritium (Fig. 45). CFC data indicates
that most groundwater in the high mountains was
recharged approximately 15-25 years ago. The
extreme heterogeneity of the Yeso Formation and
the presence of regional fracture systems results in a
variety of flow paths characterized by different flow
velocities. These features within the high mountains
allow groundwater of differing ages to mix. Variabil-
ity of flow rates is best exemplified by the discrepan-
cies in the age dating techniques, especially ages from
CFC and 3H/*He (Table 6). This mixing also occurs
as upwelling along fault zones and is reflected in age
dating results.

Tritium concentrations in Hay Canyon (Appen-
dix 10) suggest that groundwater in the high moun-
tains may flow as rapidly as 6 feet per day. This flow
velocity estimate is high relative to most hydrologic
systems, and suggests that the high mountain aquifer
system may include a karstic component. However,
with the high hydraulic gradients associated with the
mountain topography and the low effective porosity
observed for fractured hydrologic systems, the high
flow velocity estimate is reasonable.

As a part of this study, Morse (2010) used
groundwater carbon-14 age estimates to calculate the
groundwater flow velocity in the San Andres Forma-
tion along an apparent flow path between McDonald
Flats and Hope. Morse (2010) determined a ground-
water age of approximately 1300 years at the end of

the flow path (about 56 miles long) yielding a ground-
water flow velocity of 89 feet per year (0.23 feet per
day) for the Pecos Slope aquifer.

IMPLICATIONS AND FUTURE WORK

The results of this study have significantly
increased our knowledge about the hydrologic
system in the southern Sacramento Mountains, which
provides surface water and groundwater not only
for communities within the mountains, but also to
surrounding areas and agriculture in the Roswell
Artesian Basin, Salt Basin, and Tularosa Basin. Prior
to the 1970s, the Yeso Formation was not considered
an important regional aquifer due to the low perme-
ability of the siltstones and sandstones. According to
the conceptual model developed by Fiedler and Nye
(1933), most recharge to the Roswell Artesian Aqui-
fer occurs within a narrow belt called the Principal
Intake Area (PIA) on the Pecos Slope a few miles west
of Roswell (Fig. 3). Along the PIA, streams such as
the Rio Hondo, Rio Felix, and Rio Penasco lose their
water into the San Andres Formation. As part of our
study, Morse (2010) found evidence of young water
being added to the groundwater system at the eastern
edge of the study area, supporting Fiedler and Nye’s
assertion that recharge does occur in the PIA. How-
ever, our data suggests that very little recharge enters
the Pecos Slope aquifer from the surface west of the
PIA to Mayhill, except along the Rio Pefiasco. Along
the Rio Pefiasco there is a slight increase in tritium
values, suggesting that some surface water infiltrates
and recharges the proximal, shallow groundwater
system (Fig. 45). Our study conclusively shows that
the Yeso Formation is the primary geologic unit that
transmits water from the high mountains to adjacent
aquifer systems as water flows from the crest of the
Sacramento Mountains to the east, toward Hope and
the Pecos Slope. Recharge to the Pecos Slope within
the study area is estimated to be 43,230 acre-feet/year.

Our results are consistent with the findings of
Dr. Gerardo Gross and his students at New Mexico
Tech, where the high mountains of the Sacramento
Mountains play a very important role recharging sur-
rounding regional aquifers (see Previous Work). Gross
and his students suggested that the Yeso Formation
contributes a substantial amount of recharge to the
Roswell Artesian aquifer by underflow into the San
Andres Formation along the western margin of the
Roswell Artesian Basin. Because surface recharge
from these losing streams could not account for total
basin recharge, Gross and his students argued that
a deep recharge component is more important than
previous workers had assumed.
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This study identifies the importance of snowmelt
in recharging the regional aquifer system. However,
we also emphasize that extreme summer precipita-
tion events can contribute significant recharge
during above-average monsoon seasons such as those
that occurred in 2006 and 2008. This observation
has important implications on how this hydrologic
system may respond to climate change. A decrease
in snowfall and snow pack may result in a change in
the primary mechanisms that control the temporal
and spatial variability of groundwater recharge in
the high mountains. Large summer storm events may
become the most important source of groundwater
recharge. Indeed, they may already be so, as research
in the Eagle Creek Basin west of Ruidoso has docu-
mented a shift in maximum stream discharge from
spring runoff to the monsoon season (Matherne et
al. 2010). Future research on the effects of global
climate change on the North American monsoon and
hurricane systems will help to predict how climatic
controls on groundwater recharge may change in the
near future. An increase in the importance of summer
precipitation as a source of recharge to the regional
aquifer may present new challenges in the manage-
ment of groundwater and surface water resources.

Detailed information about the regional
hydrologic framework and the different recharge
mechanisms gained from this study will help water
managers and users to evaluate different strategies
and methods for managing future groundwater and
surface water resources. For example, methods of
artificially recharging the regional aquifer where
surface runoff is injected into the groundwater system
may be advantageous. The short-term and long-term
water-level responses to summer recharge events
observed in wells in this study may be useful in iden-
tifying suitable locations for the storage of artificial
recharge water in the subsurface.

There is also great interest in how thinning trees
will affect local and regional recharge. We are cur-
rently working on a watershed-scale study in the
Sacramento Mountains to evaluate the effects of tree
thinning on the local hydrologic system. As part of
this study, we are trying to determine the different
sources of water for uptake and evapotranspiration
by trees. We are also using results from this regional
hydrogeologic study to identify regional and local
aquifer systems within the watershed study area, and
local inputs and outputs to and from the local hydro-
logic system.

It is clear that knowledge gained by large-scale,
interdisciplinary hydrogeologic investigations, such
as the Sacramento Mountains hydrogeology study,
is invaluable for sustainable future management of
groundwater and surface water resources.
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