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relevant to this study. However, none of the models provide the coverage required for the
County’s needs.

Development of the hydrogeologic conceptual model involved compilation of data from
numerous sources which are detailed in INTERA 2005. A variety of recent and valuable data sets
has become available for use in modeling of both surface and subsurface geology in the study
area. As a basis for the parameterization of the numerical flow model, a three-dimensional
geologic model was assembled. The representative geologic section developed for the geologic
model was based on an evaluation of the detailed regional stratigraphy, and hydraulic properties
both measured and inferred. The initial task for development of the geologic model was to
correlate the many geologic columns available from quadrangles and cross-sections to a
consistent geologic column that was used in model development. Interpretations of geologic
contacts (elevations) based on this geologic column were then used to develop model geologic
unit structure contours and isopachs. Using these horizontal two-dimensional datasets, vertical
cross sections are constructed for incorporation into a three-dimensional solid geologic model for
the region. The hydrostratigraphic units (HSUs) incorporated into the geologic model include:
Quarternary alluvium and Ancha Formation; Tertiary Cerros del Rio Formation, Rio Grande
Axial Deposits, Tesuque Formation, Espinaso Formation, and undifferentiated intrusives;
Cretaceous Mesa Verde Group and Mancos Formation; Jurassic Morrison Formation and
Entrada Sandstone; Triassic Chinle Formation; Permian undifferentiated sediments,
Sandia/Sangre de Cristo Formation; Pennsylvanian Madera; and Precambrian crystalline rocks.

A database of measured hydraulic properties in the model region was developed from numerous
public and private sources. The largest collection of hydraulic test results was found in Johnson
et al. (2004), which provides approximately 200 transmissivity measurements from wells within
the region compiled into a consistent database. INTERA performed a review of the available
literature for development of properties in portions of the basin not covered by Johnson et al.
(2004). Once the geologic model and hydraulic property database was developed, the
hydrogeologic model was intersected with the model grid to define which HSUs are resident in
each model grid. Hydraulic properties are then defined at the HSU scale. Then, composite
properties are developed based on HSU properties and the relative juxtapositions and proportions
of each HSU in each model cell.

Historical and present-day water-level data were collected from a variety of sources. In addition,
historical water-level data was used to estimate a “pre-development™ head surface for the water
table. Pre-development water-level data was primarily taken from Spiegel and Baldwin (1963),
Mourant (1980), and Johnson et al. (2004). Johnson et al. (2004), the U.S. Geological Survey
(USGS) Ground water Site Inventory database for wells not included in the Johnson et al. (2004)
database, and the OSE database were used for historical water level data. CDM (2002) provided
data for the Buckman well field, and Shomaker (2001) data was used for the El Dorado
production wells for pump-off measurement. In the model domain, the database has 702 wells
that have at least one head measurement within the collective period of record from April 1945
through November of 2004. The well with the longest period of record runs is the Old Hickox
well, with runs from August 1946 through May 2003. The well with the greatest number of time
series measurements is the Alto well, with 765 measurements from 1954 through 2001.

To evaluate the SFCM flow balance, estimates of predevelopment inflows and outflows were
used to conceptualize the predevelopment ground water flow balance, or the steady state
condition, of the model region. To develop the flow balance, studies on recharge and stream and
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spring discharge were reviewed. Conceptual models for these processes of recharge and
discharge were documented along with the available calibration targets. The steady state flow-
balance is provided in the following table. This conceptual flow balance was developed to
provide guidance as a soft calibration target and to provide an understanding of large-scale basin
hydrology.

Steady-State Conceptual Ground water Flow Balance for the Model Region

Arm] Recharzc
Mountain Front Recharge i 30 000
Stream Loss 5,000
Subsurface Boundary Flows 3,000
Net Inflow 45,000
Streamy/Spring Gains(ET) 33,000 73%
Rio Grande 24,000 53%
ET 11,000  24%
Subsurface Boundary Flows ‘ 1,000 2%
Net Qutflow | 45,000 100%

After development, natural aquifer discharge is augmented by discharge from pumping.
Domestic and municipal pumping were approximately equal in the late 1940s at about 800 ac-
ft/yr each. Pumping has increased significantly since that time to greater than 25,000 ac-ft/yr in
2004, by which time domestic pumping had increased to 3,199 ac-ft/yr. Municipal pumping
peaked in 2002 at 15,110 ac-ft/yr. Other types of pumping include community water systems and
irrigation wells which made up another 5,000 to 6,000 ac-ft/yr by 2004, Pumping was simulated
using the Multi-Node Well Package to address the issues related to multi-aquifer completions.

The SFCM was calibrated to steady-state conditions comparing simulated to observed heads for
184 observation wells and comparing stream gain loss. The model compared well to observed
heads in the basin. The steady-state model probably over-estimates stream gains although there
is significant uncertainty in stream-aquifer interactions in the basin today and certainly in
predevelopment times. The steady-state model slightly over-predicts model heads. This high
bias in residuals was accepted given the fact that we were using theoretically unaffected post-
development head targets to represent predevelopment conditions. The model was also
simulated across a historical transient period from 1947 through 2004. The model was not
calibrated to transient conditions but was just run in the transient model. A review of model
residuals and well hydrographs show that the model performs reasonably well in the transient
mode but there are some issues which require revision.

A Decision Support System based on a site suitability analysis was developed to identify
promising areas for supply-well sites based on a variety of criteria including the location of
existing supply wells, streams, springs, existing infrastructure, and population centers, as well as
areas of favorable geology. Once four potential well locations were selected, the model was
used to simulate a pumping well at each location. Each hypothetical well was pumped at 100 ac-
ft/yr (approximately 60 gpm) for 40 years, and the potential pumping effect was evaluated
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against three metrics: (1) drawdown at the nearest supply well, (2) spring depletion, and (3)
streamn depletion.

The transient model was used as one component to provide a relative measure of potential
impacts of each potential well site to surrounding environs. While the model provided a useful
means for integrating hydrogeologic data collected to date and assessing potential impacts, the
model as it stands currently is exploratory in nature and will require further work to be
considered a reliable predictive tool. For this reason, our methed for determining potential well
sites was heavily weighted in geology and other physical constraints.

The limitations of the model are summarized as follows:

e The SFCM attempts to model complex geologic environments where limited hydraulic
parameters are available.

s The SFCM, as well as many other models in the area, assumed that areal recharge occurs
across the entire model domain. This is an assumption which requires additional
consideration.

e The SFCM, as well as all other models in the basin, assume that hydraulic conductivity
decreases with depth of burial. The depth decay constant is a very sensitive parameter for
steady-state mode] calibration but cannot be uniquely determined through calibration.
The implementation of this parameter requires additional investigation in model
revisions.

s The SFCM extends to significant depth throughout the model domain because it was
based upon a complete geologic model. The geology and physical properties within the
model are poorly understood below a depth of 2000 feet and the accuracy of the model
must be considered highly uncertain below these depths.

The SFCM as currently documented in this report, provides a good initial model for the region of
interest to the County. The conclusions reached using this model are considered preliminary
because of the issues related to data gaps and calibration described above. Recommendations for
necessary improvements to this model include:

s Further analysis and refinement of boundary conditions in the southwestern part of the
model,

e Further refinement of the geologic model in the Galisteo Basin area of the model as well
as the locations optimal for well siting as described in Section 10.0 of this report.

e Refinement of the approach to mountain front and areal recharge implementation.

e Refinement, and perhaps redevelopment, of the MODFLOW stream formulation for
stream reaches which are currently out of calibration with known or inferred gain/loss

estimates.
e Completion of transient calibration once conceptual issues such as boundary

implementation and recharge are satisfied through calibration of the steady-state model.
A transient sensitivity analysis should also be performed.

Final Report on Santa Fe County Model Development August 31, 2006
and Regional Aquifer Evaluation xii



1.0 INTRODUCTION

INTERA Incorporated (INTERA) was retained by Santa Fe County (the County) to perform a
Geohydrologic Study and Regional Aquifer Evaluation under contract number 25-104-UT, dated
January 25, 2005. The main objective of the study is to determine potential water supply well
locations that will have minimal environmental impacts for future water resource development in
the County. A key aspect of the study is development of a model of ground water flow in the
County which can be used to evaluate potential water supply well locations for future exploration
boreholes and ground water resource development.

This study focuses the search for potential ground water resources within the County in areas
east of the Rio Grande, west of the Sangre de Cristo Mountains, and north of the Estancia Basin.
These areas include a geologically and hydrogeologically complex region south of the Santa Fe
River and north of Galisteo Creek. Figure 1-1 illustrates the project area. Development of the
Santa Fe County Model (SFCM) provided the framework for this water resources evaluation and
a tool for future use by the County as it endeavors to develop its conjunctive water resource

management strategy.

INTERA and the County collaborated with the City of Santa Fe (the City) and their consultants,
Camp, Dresser, and McKee (CDM) in the model-development phase of this study. In early 2005,
the City began a new model development effort aimed at updating the CDM (2002) model. It
was decided in early 2005 that the City and the County would join forces and collaborate on the
development of a new regional model. The model development phase of this project is
documented in Sections 2.0 through 7.0 of this report. Due to differences in City and County
objectives and schedules, INTERA completed the first version of the model described in this
report (hereafter referred to as the Santa Fe County Model (SFCM)) in order to evaluate specific
well locations in a time frame important to the County. The SFCM model completion and
application are described in Sections 9.0 through 11.0 of this report. The SFCM has been
provided to the City and CDM and it is anticipated that additional improvements will be made
and provided to the County; however, the time frame for this phase of the project is unknown.

There have been two earlier reports produced for the County which provide important
background information. The Final Report on Data and Model Evaluation for the Santa Fe
County Regional Aquifer Evaluation was completed in June 2005 (INTERA, 2005). A summary
of this Report is provided in Section 1.1. The Final Report on Model Construction for the Santa
Fe County Regional Aquifer Evaluation was completed in December 2005 (INTERA, 2005a). A
summary of this report is provided in Section 1.2

1.1 Data and Model Evaluation Report — June 2005

The Data and Model Evaluation Report (INTERA, 2005) was completed on June 10, 2005, as a
first requirement under INTERA’s scope of services with the County. There were two main
objectives for completion of this report (1) Evaluate existing data and provide a summary of
reliable data and data sources to be used in development of the conceptual hydrogeologic
framework to be incorporated into the construction of SFCM and (2) Evaluate existing models
for the area and recommend a model for the County. Pertinent information from this report, as
well as new information obtained since its completion, is provided in Sections 2.0, 4.0, and 5.0.
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1.2 Model Construction Report — December 2005

The Model Construction report (INTERA, 2005a) was completed on December 30, 2005 as a
second requirement under INTERA’s scope of services with the County. The main objective of
this report was to describe in detail the outcome of the SFCM model construction. This report
provides the initial documentation of the following model attributes:

Domain

Layering

Hydraulic Properties

Lateral Boundary Conditions

Areal Recharge, and

Pumping.

In addition this report provides a snapshot of model construction and implementation at the
beginning of calibration. Many of the parameters, such as properties, boundaries, and recharge
have been modified in the calibration phase of the model development. This updated
information is provided in Section 6.0 of this report.

The material presented in the Model Construction Report was developed through technical
discussions and, in some cases, compromise between the County and the City and their
respective consultants.

2 @ & & & @

1.3 Model Limitations

The County’s first objective for use of the model described in this report was to evaluate
potential well locations for future water resource development. The County’s schedule to
complete this initial study was initially September 2005. After the initiation of this project the
County and City agreed to collaborate on the development and calibration of this model and also
agreed to extend the schedule to December 2005.

The development and calibration of a three-dimensional regional-scale model is a significant task
best executed by a dedicated project team able to identify and quickly respond to challenges that
arise during the project. The collaboration between INTERA staff, County staff, City staff and
CDM staff during this project, while useful for providing a mutually agreeable technical basis for
the data, model configuration and calibration goals, did not enable the County and INTERA to
achieve all the calibration goals identified early in the project. This was principally due to
differences in City and County objectives and schedules as well as the inherent inefficiency in
collaborating during model development and calibration with participants located in different
states. For example, significant time was spent simply developing an approach for collaborative
model development which pushed the actual model development and calibration closer toward
the February 2006 deadline. Therefore, the first version of the model described in this report
(hereafter referred to as the Santa Fe County Model (SFCM)) is an interim model which can and
should be improved upon. Recommendations for necessary improvements to the SFCM are
provided in Section 11.0. The SFCM has been provided to the City and CDM and it is
anticipated that additional improvements will be made and provided to the County; however, the
time frame for this phase of the project is unknown.
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2.0 STUDY AND MODEL DOMAIN

The County seeks to expand its water supply through the sustainable development of County
water resources. It is in the County’s best interest to develop new ground water resources in
regions of the County that will cost-effectively provide resources and minimize potential
conflicts. Implicit in the County’s water-resource development goals is minimal impact to
regions currently impacted by, experiencing conflict as a result of, or sensitive to ground water
discharge.

The full SFCM domain is illustrated on Figure 2-1. On the western, northem, and eastern
boundaries, the active SFCM domain is similar in extent to the CDM (2002) model. The extent
of the SFCM active domain on the southern boundary, however, is significantly greater than the
extent in previous models, including the Shomaker et al. (2001) model, which limited the
southern extent of the active model domain to the boundary of the Espafiola Basin. Because
INTERA identified several small public water supply systems (PWSSs) located south of Galisteo
Creek in the Galisteo Basin, INTERA extended the domain boundary to include these PWSSs.

As extended by INTERA, the southern boundary of the SFCM meodel domain approximately
follows the southern boundary of the Middle Santa Fe County (MSFC) aquifer system, a
boundary drawn roughly between the quaternary alluvium of the Galisteo Formation and the
Tertiary Chinle Group intrusives of the Mancos Formation (Lewis and West, 1995). At its
southeastern corner, the SFCM active domain boundary follows an outcrop of Precambrian rocks
associated with the Sangre de Cristo uplift. Extension of the model domain to include the Chinle
Group was rejected for two reasons: 1) the group is behind a source of mountain-front recharge
and 2) inclusion would have added tens of hydrostratigraphic columns to the model, resulting in
a significant increase in model overhead.

The northern extent of the SFCM active domain excludes the northern Estancia Basin, a region
INTERA assumed the County would not require to be hydrogeologically assessed by the SFCM.
The eastern extent of the model domain also excludes an area that extends north into
Cafoncito/Apache Canyon. INTERA determined this area to be characterized by poor
hydrologic potential (it is located east of one of the major mountain-front recharge boundaries in
the SFCM active domain; yield from an exploratory well drilled within the area in 1997 was 8
gallons per minute [gpm]) (GGI, 1997) and by geologic and structural complexity that would
have been very difficult to capture within the scale of the SFCM. Among the structural and
geological complexities INTERA identified for this area are its geologic age (Precambrian,
Pennsylvanian/Permian, Triassic, and Quaternary) and its unpredictable and apparently
structurally-controlled well yields (possibly affected secondary porosity from faulting). Should
future County evaluation of ground water resources require assessment of the northern region
excluded from the SFCM model, INTERA recommends use of the New Mexico Office of the
State Engineer (OSE) model for the Estancia Basin.

The geologic features of the SFCM active domain are discussed further in Section 4.0.
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3.0 REVIEW OF EXISTING MODELS

To develop the SFCM, INTERA reviewed several hydrologic models developed for the Espafiola
Basin. This section presents the major attributes of each model INTERA reviewed and
INTERA’s assessment of the relevance of the model to the SFCM and the evaluation of County
ground water resources. With three exceptions, McAda and Wasiolek (1988), Core (1996), and
Shomaker et al. (2001), the basis for INTERA model review was written model documentation
rather than model input.

3.1 Summary of Available Models

The following hydrologic models of the Espafiola Basin were available for INTERA review
during development of the SFCM and assessment of County ground water resources:

Heame (1985)

McAda and Wasiolek (1988)
Frenzel (1995)

Core (1996)

Barroll and Logan (1998)
Keating et al., (2002)
Shomaker et al. (2001)
CDM (2002)
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Of these models, the boundaries employed by Frenzel (1995), Core (1996}, and CDM (2002) are
coincident with McAda and Wasiolek (1988). Figure 3-1 depicts these coincident domains, the
domains of the other models, and the boundary for the SFCM domain. Table 3-1 provides a
summary of the principal attributes used by the models reviewed. As discussed further in
Section 5.0, the assessment of capture, based on historical data for recharge, surface and ground
water interaction, and horizontal to vertical anisotropy, or cross-flow, was important to
development of the SFCM. For this reason, Table 3-1 additionally includes brief descriptions of
how these attributes were simulated by those models for which they were available or employed.

31.1 Hearne (1985)

The Hearne (1985) model was developed to assess the impact of an irrigation plan on the
Pojoaque River basin. The model was developed with 22 layers to account for the structural dip
of the formations while keeping aspect ratios of the grid cells similar. The model was calibrated
to predevelopment conditions, defined as conditions before 1946, and against historical
conditions for the years from 1947 through 1980. The model was then used to assess impacts of
the irrigation plan over a 100-year planning horizon.

This model is poorly suited for the County’s purposes for many reasons. First, it was developed
using an early precursor to MODFLOW, which had little of the functionality of the modern
versions of the code. Second, the model has a very coarse grid-scale coupled with a layering
strategy that was based not on lithology but on structural and anisotropic considerations. This
amount of layering is excessive for the County’s purposes. Third, because the model authors
constrained the model to the area of interest, the model has no applicability to areas of interest
for the SFCM outside and south of the Pojoaque River basin. Finally, model development
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Although the Frenzel model represents recharge in a manner largely similar to the McAda and
Wasiolek model, ie., as a mixture of constant-head, constant-flux, and head-dependent
boundaries, some modifications made to McAda and Wasiolek by Frenzel were adopted by
CDM (2002) and were therefore of significance to development of the SFCM. Among these
changes are the reduction of the areal recharge rate from 0.5 inches per year (infyr) to 0.02 infyr
for most of the Tesuque aquifer systemn and the Pajarito Platean west of the Rio Grande: an
increase in hydraulic conductivity around La Cienega Springs; and the elevational drop, effected
to maintain saturated conditions in the springs region, of 30 to 50 feet for the bottom of some
grid-cells in layer 1. In considering the significance of both the Frenzel and McAda and
Wasiolek models, however, INTERA noted that the implementation of springs as specified flow
boundaries limited use of the model for assessment of impacts from ground water pumping on
spring flows. Because of this and other limitations similar to those identified for the McAda and
Wasiolek (1988) model, INTERA determined that the Frenzel model was not sufficient to the
County’s assessment of ground water resources.

3.14 Core (1996)

The OSE uses a version of the McAda and Wasiolek (1988) model modified for general water-
right administration purposes. As modified, the OSE model (Core, 1996) is a simple
superposition model that the OSE uses to estimate changes to head and flow conditions relative
to those specified by the McAda and Wasiolek model, which the OSE uses as its base model.
The only significant alteration made by the OSE to the McAda and Wasiolek model is to five
flux cells specified for use in modeling La Cienega Springs. To allow pumping to impact spring
flows to the point of eclipsing flow altogether, the OSE replaced these cells with drain boundary
conditions.

In considering the usefulness of the Core model, INTERA paid particular attention to limitations
and caveats specified by the OSE and Core for the model use. The OSE recommended that water
rights applicants contact the OSE when evaluating wells deeper than 800 feet and stipulates that
the model is best used (i.e., most accurate) for areas in the interior of the model grid and should
not be used for Eldorado, Seton Village, Hyde Park, or any other area where production is
expected to be from fractured rocks stratigraphically underlying the Tesuque aquifer system.
Core’s recommendations include not using the model for evaluating pumping effects from the
Buckman well field, west of the Rio Grande, the Pojoaque Basin, any region north of the Rio
Pojoaque, or for a well situated within 2 miles of La Cienega Springs.

Given that neither Core nor the OSE recommend application of the superposition model to the
Buckman well field or the SFCM area of interest, INTERA determined that the Core model was
of limited significance to the County’s needs and development of the SFCM. '

3.1.5 Barroll and Logan (1998)

The OSE found both the Heane (1985) and McAda and Wasiolek (1988) models to have
insufficient detail and potential boundary and discretization problems relative to OSE
requirements for reviewing well permits in the northern Espafiola Basin in and around the City of
Espafiola. To address these issues, the OSE instructed Barroll and Logan to develop a new
superposition MODFLOW model for the Espafiola region and to calibrate the model to well-field
drawdown in the city. Barroll and Logan used three model layers to model the Tesuque aquifer
system, varied layer thicknesses from 200 to 600 feet, and implemented streams as general head
boundaries so that stream depletions could be estimated and streams would not be disconnected
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from the aquifer. INTERA found the Barroll and Logan model not applicable to the County’s
needs for many reasons, principal among them being the fact that the model does not consider

the County area of interest.

3.1.6 Keating et al. (2002)

The Keating et al. (2002) model is regional model prepared to encompass Los Alamos National
Laboratory (LANL). A revision to an earlier model that Keating and others had started to
develop in 1998, the model was undertaken to provide reasonable boundary conditions for
LANL. LANL had not been included in the western extent of many of the models that had been
developed for the Espafiola Basin. In 1998, the stated goals of the LANL regional modeling
effort were synthesis of available hydrogeologic and geochemical regional data, facilitation of
conceptual model understanding, and prediction of flow velocities within the region; the model
presented by Keating et al. in 2002 was developed to provide modeling support to well-siting
decisions, to integrate new data, and to perform geochemical modeling by ground water
transport..

The model domain is shown on Figure 3-1 and extends as far south as the Santa Fe River.
Developed using FEHM, a finite-element code that employs very fine mesh rather than
traditional model layers, the model is geologically fully three-dimensional and sub-divides
several hydrostratigraphic units (HSUs) within the Santa Fe Group into eight units corresponding
roughly to facies defined by Kelley (1978). Among these are the Paleozoic-Mesozoic, which the
meodel divides into a shallow, potentially fractured, HSU, and a deeper HSU, conceptualized to
be less permeable, and the Precambrian, which is divided into three HSUs according to
geographic location.

The model is calibrated to pre-development conditions, defined as conditions before 1945, and to
transient conditions for 1945 through 1995. Major rivers are modeled as constant head
boundaries. The model’s lateral boundaries are handled as a combination of no-flow or specified
head. Recharge applied in this model is based on the work of Wasiolek (1995), for basins
originating from the Sangre de Cristo, and Gray (1997), for the Los Alamos Canyon area. In the
model, recharge was applied diffusely and conceptualized to be occurring in canyons and
streams beds. The recharge was also reported to have been specified based on a direct correlation
with elevation.

This model is not applicable to the County’s immediate requirements for ground water resource
development because of it regional focus and because it does not cover the areas of interest south
of the Santa Fe River . However, the County could use the LANL model in future revisions of
the SFCM to constrain boundary flows and geologic properties to the northwest.

31.7 Shomaker et al. (2001)

A detailed hydrogeologic study performed by Shomaker et al. (2001) for the Eldorado Area
Water and Sanitation District included the development of a ground water hydrologic model. The
study is useful for its high level of data assimilation and its incorporation of an understanding of
fundamental constraints on further development in the area. The model, developed using a
modified version of MODFLOWO96, centers on the development of Eldorado in the southern
portion of the Northern Santa Fe County (NSFC) hydrologic system.

The model has four layers and constant horizontal grid-spacing at 800 feet. The model domain
extends to the north as far as the Santa Fe River and to the south and southwest along the
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Galisteo Creek (Figure 3-1). The layers vary in thickness from 100 to 1,350 feet, with the top-
most layer handling the relatively higher permeability of the Tesuque and Ancha Formations and
alluvial sediments in the area. Following Wasiolek (1995), the model estimates mountain-front
recharge and arroyo recharge by a precipitation redistribution method and applies the estimates
as specified flow boundary conditions. No areal recharge is applied. Streams and rivers are
modeled using the RIV2 Package, which uses a head-dependent boundary with flow dependent
upon stream flow (stage) and water table elevation relative to the stream bed. The model assumes
a horizontal to vertical anisotropy dependent upon geologic units and varying from 1 to 100. For
years prior to 1947, the model is calibrated to steady-state conditions; model calibration for years
from 1947 to 1998 is to transient conditions. Predictive simulations were made for years

through 2100.

The model cannot support the County’s study without modification and recalibration. The model]
domain does not adequately incorporate the Municipal well field and does not have the constraint
of flow system discharge at the Rio Grande. It also does not consider the capture associated with
the Buckman well field. Drawdowns predicted by the Shomaker model are affected by boundary
conditions in the Santa Fe area, an effect acknowledged by the authors. The model also has
potential boundary condition effects on predicted drawdown along the southern boundary. This
model is a good initial ground water model of the very complex flow system comprising the
southern portion of the NSFC aquifer system in and around El Dorado.

3.1.8 CDM (2002)

In 2002, CDM developed a MODFLOWY96 ground water flow model to support the City’s
evaluation of near-term water-supply alternatives. The model was specifically developed to
assess drawdown and depletions in the vicinity of the Buckman well field. The model is based
largely upon the Frenzel (1995) model, and the model domain is identical to that of both McAda
and Wasiolek (1988) and Frenzel models (Figure 3-1). To represent alluvial sediments in the Rio
Grande Valley and in tributaries within the region, the CDM model modified the Frenzel model
by adding an additional model layer to the vertical discretization scheme. The CDM model
layers vary in thickness from 100 to as much as 1,400 feet. The lateral model boundary
conditions are based on Frenzel and are a combination of constant head and constant flux.
Recharge is applied similarly to the Frenzel model, also including areal recharge and mountain-
front recharge as flux boundaries.

CDM models the Rio Grande and the Pojoaque and Tesuque Rivers with the MODFLOW stream
package (Prudic, 1989) and, like Frenzel and McAda and Wasiolek, models the Santa Fe River
as specified flux boundaries. CDM’s simulations of La Cienega Springs, as a specified flux
boundary only impacted by pumping if the user specifies the depletion rate, is also consistent
with the Frenzel model. In its model documentation, CDM states that it increased vertical
conductance within the model relative to Frenzel and reports a horizontal-to-vertical anisotropy
ratio varying from 10 to 1,000. But review of vertical conductance documented by Frenzel
indicates that the vertical conductance used by CDM is actually a reduction of that used by
Frenzel. The CDM model is calibrated to steady-state conditions for years prior to 1947 and to
transient conditions for years from 1947 to 2000. Predictive simulations were made for years
through 2060.
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3.2 Model Review Conclusions

The ground water models developed for the County regions and deseribed in this section are
useful for the study of a number of ground water-related issues, and each provides information
which is relevant to this study. However, none of the models provide the coverage required for
the County’s needs. The SFCM extends farther south than the southern extent of the Shomaker et
al. (2001) model. The McAda and Wasiolek (1988) model provides a good SFCM footprint for
the northern portion of the County. The Keating et al. (2002) model provides some potential
constraints for setting or constraining fluxes at the northern and western model boundaries. The
Shomaker et al. (2001} model has provided some insight into the geologic controls in the
Galisteo Creek region, especially in the Eldorado area. The Shomaker et al. (2001) model report
also provides some valuable information with regard to watershed water balances in the
southeastern model region.
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4.0 HYDROGEOLOGIC SETTING

This section of the report provides a review of the hydrogeologic setting of the study region. The
review covers the hydrostratigraphy and structure of the aquifers and aquitards in the region, the
hydraulic properties, hydraulic heads and ground water flow patterns, recharge, and natural
aquifer discharge.

4.1 Hpydrostratigraphy and Structure
4.1.1  Data Sources

A variety of data are necessary to develop a geologic model, which is the foundation of any
ground water flow model. These include data for lithology and structure, as well as the location
and nature of faulting. A variety of recent and valuable data sets has become available for use in
modeling both surface and subsurface geology in the study area. Examples of key resources
include data from Grauch and Bankey (2003), Sweeney et al. (2002), and Johnson et al. (2004).
Many of the data from Grauch and Bankey (2003), including Tesuque thickness data within the
northern portion of the Espafiola Basin and the eastern limit of the Cerros del Rio volcanic field,
have been converted to electronic format and included in Johnson et al. (2004).

The primary digital data used for development of the geologic conceptual model include:
» Base of the Ancha — digital data from Johnson et al. (2004)
* Base of the Tesuque — digital data from Johnson et al. (2004) and Grant (1998)
e Tesuque thickness — digital data from Phillips and Grauch (2004)
e 1:500,000 digital geologic map of New Mexico (Anderson et al., 1997)
e 1:50,000 digital geologic map — digital data from Johnson et al. (2004)

* Digital geologic map derived from Grant (1998) by the New Mexico Office of the State
Engineer

¢ Digital geologic map of the Tetilla Peak quadrangle — digital data from Sawyer et al.
(2002)
s Fault locations:
- 1:500,000 digital geologic map of New Mexico (Anderson et al., 1997)
- Johnson et al. (2004) digital line data
The following draft 7.5-minute geologic quadrangles from the New Mexico Bureau of Geology
and Mineral Resources (NMBGMR) were also used:
Captain Davis Mountain (Lisenbee and Maynard, 2002)
Chimayo (Konig, 2003)
Cundiyo (Konig et al., 2002)
Espanola (Konig, 2003)
Frijoles (Goff et al., 2002)
Galisteo (Lisenbee, 1999)
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Guaje Mountain (Kempter and Kelley, 2002)

Glorieta (Ilg et al., 1997)

Golden (Maynard, 2002)

Madrid (Maynard et al., 2002b)

Picture Rock (Maynard et al., 2002a)

San Felipe Pueblo NE (Black et al., 2000)

Santa Fe (Read et al., 2000)

Santo Domingo Pueblo and Santo Domingo Pueblo SW (Smith and Kuhle, 2000)
Seton Village (Read et al. 1999)

Turquoise Hill (Koning and Hallett, 2001)

Specific cross-section data used to build the hydrogeologic conceptual model consisted of data
from A-A' and B-B' cross sections for the Captain Davis Mountain, Madrid, Picture Rock, and
Seton Village quadrangles and the Balleau (2000} study area; A-A', B-B', and C-C' cross sections
for the Galisteo quadrangle, and the E-E' and A-A' cross-sections from Johnson et al. (2004) and
Glorieta Geoscience (2000), respectively.

Interpretations of the geology with depth provided by the cross-sections from the geologic
quadrangles were also incorporated into the hydrogeologic conceptual model as well as surface
geology from the maps. Many of these cross-sections were based on deep oil-exploration
wells and water supply wells drilled in the vicinity of the study area. The specific cross sections
and state quadrangle maps used in the development of the geologic model are shown on
Figure 4-1. This figure also shows the locations of known borings and "virtual” boring locations
used in the development of the geologic model. Known boring locations consisted of the oil-
exploration wells and deep-water wells located mostly in the southeastern portion of the study
area. Where data was not available or limited, virtual boreholes were made at point locations
based on the interpretations provided by the many cross sections provided with the quadrangle
maps listed above. Table 4-1 list the oil exploration wells used to develop the hydrogeologic
conceptual model. Appendix A includes a listing of all boreholes and includes the borehole
location within the model domain, the boreholes that were used to pick formation contact
elevations for the geologic model, and references for the borehole information.

4.1.2  Geologic Framework

The County is located dominantly within the Espariola Basin, a tectonic basin filled with several
thousand feet of alluvial fan deposits and some interbedded basalt and ash beds. Most sediment
within the basin is referred to as the Santa Fe Group, which is Tertiary in age. The basin is
bounded on the east and west by the Sangre de Cristo uplift and the Jemez Mountain volcanics,
respectively. The northern boundary of the basin nearly coincides with the northern boundary of
the County, with a narrow connection to the northern San Louis Basin through the Embudo
Channel. To the south the Tertiary basin-fill sediments thin, and the basin is bounded by the
Cerrillos Intrusion (Grauch and Bankey, 2003). Also in the southern part of the basin, a series of
faults, including the La Bajada fault, have uplifted this area relative to the Santo Domingo Basin
to the south.

The Santa Fe Group sediments are considered to be in hydraulic communication with the
underlying sedimentary units and volcanic units in the northem part of the basin. The Tertiary to
Quaternary Santa Fe Group, the principal aquifer in the County area, is composed primarily of
the Tesuque and overlying Ancha and Puye Formations. In the Rio Grande Valley of the
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Albuguerque Basin, the Tesuque Formation has a thickness of more than 9,000 feet (Kelley,
1978).

The nature of the rocks below the Santa Fe Group is not well understood, as few wells have
penetrated the entire thickness. The Tesuque Formation and the overlying Ancha and Puye
Formations of the Santa Fe Group are a series of coalescing alluvial fan deposits that are
discontinuous and locally very heterogeneous. The Ancha Formation is situated mostly above the
water table throughout the Espafiola Basin, but where it is not, it is in hydraulic communication
with the Tesuque. The Ancha is more homogeneous and permeable than the Tesuque, so in areas
where these units are in hydraulic communication, ground water flows preferentially through the
Ancha. The Puye Formation is even more permeable, composed predominantly of sands and
gravels, and it overlies the Tesuque west of the Rio Grande and therefore is outside the study
area. Transmissivity for these units in the Espafiola Basin ranges from 0.05 to 11,000 square feet
per day (ft*/d) (Lewis and West, 1995),

The Tesuque Formation of the Santa Fe Group is the principal aquifer for the area and was first
proposed by Spiegel and Baldwin for the Miocene basin fill sediment, a primarily pinkish tan,
silty arkosic sandstone deposited in the Rio Grande Rift near Santa Fe (Spiegel and Baldwin,
1963). The Tesuque Formation is the largest aquifer in the Espafiola Basin. The complex nature
of the Tesuque depositional environment, coupled with the discontinuities created by faulting,
has resulted in a very heterogeneous and anisotropic formation which consists of interbedded
layers of gravel, sand, silt, and clay, with some intercalated volcanic ash deposits derived largely
from the Sangre de Cristo Mountains (Spiegel and Baldwin, 1963; Lewis and West, 1995:
Johnson et al., 2004). The alternating sequences of sandstones and siltstones dip to the west at
angles ranging from 0 to 30° (Golobek et al., 1983).

Dan Koning of the New Mexico Bureau of Geology has recently completed detailed maps and
cross sections of the County area (Johnson et al., 2004). These basin-fill sediments are mapped
by Koning as the Tesuque Formation; however, he has recently subdivided these units into
several “lithostratigraphic™ units based on provenance (origin of the sediments), texture, and
other general sedimentologic characteristics. The units of interest to development of the
County’s model are

Lithosome A — a granite-rich gravel and arkosic sand, silt, and mud deposited on an alluvial
slope, which Koning has further subdivided on the basis of gross texture;

Lithosomes B and C — floodplain mud, silt, and very fine to fine sand plus sandy to gravelly
channels deposited on a basin floor (these units are distinguished only by the petrology of the
gravel and therefore distinguishing these layers within the County’s model does not appear to
be important at this time); and

Lithosome S — pebbly sand channel deposits together with fine sand, silt, and mud floodplain
deposits associated with a large drainage that exited the Sangre de Cristo Mountains near
Santa Fe.

The sediments for Lithosome A were derived from various streams draining the Sangre de Cristo
Mountains. The unit is characterized by a predominance of small, coarse, channel deposits with
various amounts of calcium carbonate cement and clay that reduce its permeability. This unit is
unsaturated in most of the study area.
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Lithosomes B and C were deposited on a basin floor by an axial fluvial system from a mixed
provenance. These units comprise the main aquifer supplying the Buckman well field. Because
the units are comprised mainly of siltstone and mudstone, most of the ground water flow will be
in the coarser channel deposits which have varying degrees of connectivity.

Lithosome S contains fluvial deposits associated with the ancestral Santa Fe River. The overall
coarse texture of this unit, particularly in its eastern extent near Santa Fe where it lacks the finer-
grained, overbank mud deposits, makes Lithosome S relatively more permeable than other units
in the area except for some coarser units of Lithosome A in the upper Tesuque.

Llithosomes A, B, C, and S have been divided into subunits based on lithology. Given the more
highly permeable nature of Lithosome S, the geologic model incorporates this subunit as a
separate layer (see section 0).

The Ancha Formation is the uppermost basin fill unit in the Santa Fe embayment (Johnson et al.,
2004). The Santa Fe embayment is bounded by the Sangre de Cristo Mountains to the east,
Galisteo Creek to the south, the Cerrillos Hills to the southwest, and the Santa Fe uplands which
are underlain by the Tesuque Formation north of the Santa Fe River. The Ancha Formation
extends under the Cerros del Rio basalts westward toward the Santa Fe River, but is not as thick
in this area. It is comprised of gravel, sand, and silt derived from the southwestern flank of the
Sangre de Cristo Mountains. The formation is Plio-Pleistocene in age and is mostly non-
cemented and weakly consolidated. The Ancha Formation ranges in thickness from 33 to 270 ft
in the Santa Fe embayment. Because if its high permeability and lack of cementation, where
saturated it can be a prolific aquifer. This unit may be important to INTERA's geologic model,
particularly in the southern part of the model domain.

Shallow alluvial deposits, which are younger than the Santa Fe Group, lie beneath and adjacent
to the Rio Grande and the Santa Fe River and their main tributaries throughout the County area.
These deposits are better sorted and have larger average grain size than the Tesuque Formation.
These deposits vary in thickness from a few to less than 100 feet depending on the distance from
major drainage areas. Many domestic wells completed in these shallow alluvial deposits produce
excellent water.

4.1.3  Conceptual Geologic Model and Geologic Column

As a basis for the parameterization of the numerical flow model, a three-dimensional geologic
model was assembled. One of the first steps in the geologic model construction is the
development of a representative geologic section that combines the detailed regional stratigraphy
based on hydraulic properties, both measured and inferred. All of the available cross -sections for
the region and the geologic quadrangles were reviewed. In many cases, the geology as mapped in
a geologic quadrangle is at a local scale with many members and informal classifications. The
initial task for development of the geologic model was to correlate the many geologic columns
available from quadrangles and cross-sections to a consistent geologic column that could be used
in model development. Interpretations of geologic contacts (elevations) based on this geologic
column can then be used to develop model geologic unit structure contours and isopachs. Using
these horizontal two-dimensional datasets, vertical cross-sections are constructed for
incorporation into a three-dimensional solid geologic model for the region.

Table 4-2 provides the geologic column used for the development of the model
hydrostratigraphy and as the basic framework for hydraulic parameterization. This stratigraphic
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column is the basis for the three-dimensional geologic model and will hereinafter be referred to
as HSUs.

Depositional environments and volcanic events provided the basis for selecting the units
included on the stratigraphic column. Important deformational events created different
depositional settings for the development of the geology observed today in the Galisteo and
Espaiiola Basins. These various geologic settings resulted in units of variable composition that
are important to the regional hydrogeology. During the Paleozoic, before the uplifts and
volcanism that characterize much of the landscape in the Santa Fe area today, New Mexico was
covered by the Western Interior Seaway where the Pennsylvanian Madera limestone was
deposited over a granitic Precambrian basement. During various cycles of this shallow sea, non-
marine sands, silts, and muds were intermittently deposited with limestone beginning with the
fine-grained mudstones of the Permian Sangre de Cristo Formation. Overlying these sediments is
a coarsening upward sequence of Permian sediments that includes, from youngest to oldest, the
sands, muds, and limestones of the Yeso Formation; the Glorieta sandstone: the San Andres
limestone; and the sands and limestone conglomerate of the Bernal Formation (Ilg, et al; 1997).

The Chinle Formation, a thick sequence of mudstones interbedded with sandstones and
limestone, was deposited during the Triassic. From the Jurassic until the end of the Cretaceous,
sequences of muddy shales and sands were deposited. These sequences are comprised of the
Morrison Formation, including the Entrada Sandstone, the Mancos Formation, and the Mesa
Verde Group.

At the end of the Cretaceous and the beginning of the Tertiary, the mountain-building Laramide
Orogeny occurred. Stretching and thinning of the earth’s crust during this period, combined with
depositional overburden from the erosion of the newly formed mountains, created the Galisteo
Basin, which filled with the mud, sand, and gravel of the Galisteo Formation deposited from the

north.

During the Oligocene, approximately 30 million years before the present (Ma), widespread
tectonic disturbances characterized by the eruption of volcanoes and the intrusion of magma
bodies into existing sediments formed the Tertiary intrusives in the southwestern part of the
study area. These intrusive magmas created a series of sills, dykes, and laccoliths as they pressed
upward through the Precambrian basement causing deformation of and intrusions into the
overlying sediments. These volcanic and intrusive units and the overlying sediments were
subsequently eroded away to form the present-day Cerrillos Hills. Sediments from this erosional
process were deposited within the Galisteo Basin creating the Espinaso Formation.

About 20 Ma, regional-crustal extension formed a series of north-south offset faults and
depressions known as the Rio Grande Rift. Offsets along the rift zone formed steep mountains
where the crust buoyed up and formed escarpments on the down-thrown sides. In the study area,
this rifting is responsible for the creation of the Pajarito Uplift and the La Bajada fault. At this
time, the Rio Grande formed within the basins created by the rift-zone depressions. These basins,
including the Espafiola Basin, were filled with the thick gravel, sand, and silt deposits of the
Santa Fe Group, which includes the Tesuque Formation.

Around 10 Ma additional uplifting forming the Sangre de Cristo Range caused isolation of the
Espafiola and Galisteo Basin. The Santa Fe Embayment was formed where asymmetrical
deposition occurred. The Tijeras-Cafioncito fault forms the edge of a north-trending synclinal
basin where sediments of the Santa Fe Group thicken to the north. From this fault, eroded
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thicknesses of the Santa Fe Group gradually decrease forming a U-shaped hinge line where
sediments increase in thickness to the north. The USGS collected aeromagnetic data in this area
south of the City in order to define the thicknesses of the Santa Fe Group in this area.
Interpretations of the thicknesses of the Santa Fe Group and the Tesuque Formation can be made
in the area because of the magnetic properties of the underlying volcanic and volcaniclastic
sediments. The USGS study suggests that localized areas of increased thickness (as much as a
few hundred feet) occur within the general synclinal form of the southern portion of the
embayment on an erosional relief of the underlying Espinaso Formation (Phillips and Grauch,
2004). Data from this study were used in conjunction with well log information in the three-
dimensional geologic model to define the bottom of the Tesuque Formation.

4.2 Hydraulic Properties

A database of measured hydraulic properties in the model region was developed from numerous
public and private sources. The largest collection of hydraulic test results was found in Johnson
et al. (2004), which provides approximately 200 transmissivity measurements from wells within
the region (Figure 4-2) compiled into a consistent database. Many of the other reports reviewed
were found to be considered and collected within the Johnson (2004) database. INTERA
performed a review of the available literature for development of properties in portions of the
basin not covered by Johnson et al. (2004). Additional hydraulic property data are included in
Shomaker et al. (2001) and Daniel B. Stephens & Associates (DBS&A) (1994). Hydraulic
properties for the model were distributed based on the geologic column developed for the

conceptual model (see section 0).

Table 4-3 summarizes the hydraulic conductivity estimates from aquifer tests for each of the
hydrogeologic units defined in the geologic column. The Tesuque has the additional delineation
of four lithosomes and the data are divided accordingly. The conductivity data for the Permian
and Precambrian hydrogeologic units are considered likely to be biased by anomalous local
fractured zones that are not widely applicable to the hydrogeologic unit as a whole. Conversely,
the data for Tesuque Lithosome A appear to be biased low based on well locations occurring
only at the extreme edges of the formation. The Axial Gravels and Cerros Del Rio geologic units
had no aquifer test data and maximum and minimum conductivity values were taken from

previous modeling reports.

Only Tesuque Lithosome 5 had sufficient conductivity and depth data with which to reasonably
determine a relationship between hydraulic conductivity (Kj) and depth. Figure 4-3 depicts log
K, versus depth for Tesuque Lithosome S. A trend of decreasing K, with depth is apparent in the
figure and the results of a linear regression to the data are displaycd on the plot. The K values
can range up to approximately two orders of magnitude at any given depth which is apparent in
the low coefficient of determination (R?) of only 0.22. Other HSUs lacked sufficient depth data

to fit a depth decay coefficient.

Very little data exist for storage parameters for the HSUs in the model area. Initial estimates
were based primarily on values from previous modeling reports. The Shomaker (1999) model
provides the best source for storage estimates because they also modeled formations other than
the Tesuque in the Santa Fe Embayment. Table 4-4 provides the storage values used in the
Shomaker (1999) model. Specific yield ranges from a low of 0.01 to 0.2. The low specific yield
numbers are generally used for consolidated formations which are expected to have low primary
porosities and or secondary porosity. The confined storage numbers range from a low of 0.0001
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to a high of 0.0027 for many of the formations at shallow burial. Shomaker (1999) assigned
storage properties based on the lithologic nature of the formation, the age and previous depth of
burial, and the present-day depth of burial. Decreases in storage with depth for a given media
result from a decrease in porosity and higher degree of compaction with depth. A decrease in
porosity with depth will also result in a decrease in hydraulic conductivity which provides further
conceptual support for the decreasing hydraulic conductivity with depth seen in the Tesuque
Lithosome S data (Figure 4-3).

4.3 Hydraulic Heads and Ground water Flow

Hydraulic heads provide the primary calibration target for the ground water flow model, Ground
water flows from regions of high hydraulic head to regions of lower hydraulic head. Therefore,
contour maps of hydraulic head provide a general description of ground water flow patterns
within the region. In this section of the report the data sources for the hydraulic head database
will be summarized in addition to both spatial and temporal trends in the regional hydraulic

heads.
4.3.1 Hydraulic Head Data Sources

Historical and present-day water-level data were collected from a variety of sources. In addition,
historical water-level data was used to estimate a “pre-development™ head surface for the water
table. Pre-development water-level data was primarily taken from Spiegel and Baldwin (1963),
Mourant (1980), and Johnson et al. (2004). Johnson et al. (2004), the U.S. Geological Survey
(USGS) Ground water Site Inventory database for wells not included in the Johnson et al. (2004)
database, and the OSE database were used for historical water level data. CDM (2002) provided
data for the Buckman well field, and Shomaker (2001) data was used for the El Dorado
production wells for pump-off measurement.

In the model domain, the database has 702 wells that have at least one head measurement within
the collective period of record from April 1945 through November of 2004. The well with the
longest period of record runs is the Old Hickox well, with runs from August 1946 through May
2003. The well with the greatest number of time series measurements is the Alto well, with 765
measurements from 1954 through 2001.

Figure 4-4 illustrates a cumulative-distribution function (CDF) of the number of head
measurements per well in the database. From Figure 4-4 one can see that more than 65% of the
wells have no more than two head measurements. Only 13% of the wells have 10 or more
measurements. Figure 4-5 illustrates a CDF of the date of the available head measurements and
shows that less than 10% pre-date 1970 and that a significant increase in the rate of measurement
occurred in the late 1990s. The great majority of the wells (approximately 70%) have periods of
record of less than two years with only approximately 10% of the wells having periods of record

greater than 20 years.

An important aspect of the head control database is the fact that most well completions are
relatively shallow in the unconfined or semi-confined portions of the basin sediments. McAda
and Wasiolek (1988) found that the majority of the wells in the basin were completed within 800
feet of ground surface and they used this fact to develop their model layering. Figure 4-6
illustrates a CDF of the midpoint of the well screens in the database. This figure supports the
conclusion that a very small percentage (5% or less) have screen midpoints greater than 1,000
feet. From this analysis, the conclusion can be made that aquifer conditions at depths greater than
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1,000 feet below ground surface are poorly characterized in the basin and thus are very
uncertain. A model of these aquifers at depths below 1,000 feet is exploratory in nature.
Secondly, head surfaces of the aquifers are generally representative of the shallow unconfined
portions of the aquifer and vertical gradients at the basin scale are poorly characterized.

4.3.2  Spatial and Temporal Trends of Hydraulic Properties

The hydraulic flow systems of the basin have been described by many investigators (Spiegel and
Baldwin, 1963; Hearne, 1980; McAda and Wasiolek, 1988; Lewis and West, 1995, Johnson et
al.,, 2004). The ground water head surface in the basin fill sediments and in the bedrock
formations is characterized as being controlled by elevation with higher heads in the higher
elevation regions and lower heads in the lower elevation regions. As discussed in the preceding
section, because data for the available heads are generally from shallow wells, they are indicative
of unconfined head elevations and accentuate the topographic controls.

Figure 4-7 illustrates the predevelopment head surface for the water table in the model area. One
can see the potential for flow from the higher elevations. This flow pattern is indicative of the
fact that the basin aquifers generally receive recharge from the eastern Precambrian uplift and, to
a lesser degree, from the western Jemez volcanic uplift through mountain front recharge.
Additional recharge may occur in higher elevation streams and arroyos and in areas of stream
capture. Inflow to the basin also occurs from the Embudo constriction and Chama Basin to the
north. Some discharge occurs as underflow to the Santo Domingo Basin to the south with the
dominant discharge occurring to the Rio Grande and to ephemeral streams within the basin.
McAda and Wasiolek (1988) simulated aquifer-stream interaction in the basin and demonstrated
the importance of the hydraulic communication between these systems and the importance of
baseflow as a component of basin discharge. Estimates of subsurface flow from the Espafiola
Basin to the Santa Domingo are uncertain. Recent geological interpretations by the USGS
(Minor, in press) indicate that the connection between areas north and south of the La Bajada is
very constricted and flow from the Espafiola Basin to the Santa Domingo Basin is expected to be
limited. Consistent with this interpretation, Sanford et al. (2004) re-calibrated the McAda and
Barroll (2002) model for the Middle Rio Grande and adjusted recharge from the Espanola/Hagan
Basin to the Middle Rio Grande to approximately 770 acre-feet per year (ac-ft/yr), a 94%
reduction in flow between basins.

The hydraulic flow systems in the County have been characterized into three conceptual
hydrologic systems from north to south (Lewis and West, 1995): the North Santa Fe County
(NSFC) aquifer system, the MSFC aquifer system, and the Estancia Valley (EV) aquifer system.
These hydrologic flow systems are shown in Figure 4-8. The NSFC system extends from the
north to the center of the County and is bordered on the south by the Cerrillos Uplift and the
erosional truncation of the Santa Fe Group in the Galisteo Creek drainage basin. The MSFC
occurs coincident with the Galisteo Basin except in the northern portion of the Galisteo Basin
which contains Santa Fe Group formations. The eastern portion of the MSFC extends into the
Pecos Basin. The MSCEF is structurally complex and was not considered an aquifer system by
Lewis and West (1995). The EV aquifer system coincides with the Estancia Valley surface
drainage basin and is composed of valley fill sediments overlying the Madera Limestone, the
Abo Formation, the Yeso Formation, the Glorieta Sandstone, the San Andres Formation, and the

Dockum Group.
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In terms of water level trends, ground water heads in the NSFC are reported to be stable with the
exception of those areas near large well fields such as the Buckman well field and the Municipal
well field. Johnson et al. (2004) performed a detailed review of water level trends in the NSFC.
Their review identified a zone of drawdown around the Municipal well field with documented
head decline rates from 6.4 ac-ft/yr to as low as 0.2 to 0.3 ac-ft/yr in areas at the perimeter of this
zone. Their study identified that drawdown appeared to be least in the shallow wells, which is
largely the impact of relative distance from the pumping horizons and in the wells that have the
highest transmissivity and storativity. Johnson et al. (2004) documented the drawdown rates of
0.7 ac-ftfyr 1,000 feet beneath the pumping horizon at St. Michaels. Heads near the Buckman
well field have declined since they were installed with declines of 9 to 10 ac-ft/yr over the last 15
years (Johnson et al. 2004). Head trends are mixed in the MSFC, except in the vicinity of
Galisteo, where declines are reported on the order of 1 ac-ft/yr. In the EV aquifer system,
hydrographs in the valley fill and in the western portion of the Madera Limestone have been
declining consistently between 1.4 and 1 ac-ft/yr since the 1940s.

4.4 Recharge

Conceptually, for alluvial basins in the southwest, the mountains are generally considered the
source of recharge and the sink is a structural and topographic alluvial basin adjacent to the
mountains. Under natural conditions, it is expected that recharge in the study area would be
comprised of mountain-front recharge and diffuse or areal recharge. Mountain-front recharge is
the combination of water percolating into the alluvial basin~fill from surrounding hillsides and
water flowing out of tributary mountain watersheds and seeping into the ground near edges of
the alluvial basin-fill. For the purposes of this study, these two types of mountain-front recharge
are combined. The volume and timing of mountain-front recharge is directly related to runoff of
precipitation in the upland areas. The sources of areal recharge in the study area are infiltration
of precipitation falling directly in the alluvial basin and infiltration of excess artificial irrigation
of agricultural crops and residential areas. The hydrologic model varies both mountain-front and
areal recharge in proportion to the patterns of precipitation recorded at representative sites in and

around the Espaiiola Basin.

Through model calibration, water-balance methods, and field measurements, Heamne (1985),
Anderholm (1994), Wasiolek (1995), Kernodle et al. (1995), Duke Engineering and Services
(DE&S) (2000) Shomaker et al. (2001) and McAda and Barroll (2002) have provided estimates
of mountain-front and associated tributary recharge in the region. Wasiolek (1995) developed
estimates of mountain-front recharge for five tributaries in the Sangre de Cristo Mountains;
estimates from the other studies are more regionally based. Table 4-5 provides a summary of
mountain-front recharge rates from various investigations in the region.

In arid alluvial basin settings, little natural direct recharge occurs in non-mountainous areas
because of a high evaporation potential combined with less precipitation. The recharge that does
occur is expected to be from seepage into arroyo channels associated with localized rainfall
events. The chloride mass balance work of Anderholm (1994) supports this concept. Several
studies, including those of Keating et al. (2002) and Shomaker et al. (2001), determined
threshold elevations below which no areal recharge would occur except through arroyo channels.
McAda and Wasiolek (1988) and Frenzel (1995) modeled areal recharge using broad zonations
based on the presence of major rock types present at the land surface. Frenzel (1995) estimated
recharge rates range from 0.02 in/yr in the Pajarito Plateau and Tesuque Formation to 0.05 infyr
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in the Cerros del Rio volcanic field west of the City to 0.5 in/yr in the Santa Fe River and
Galisteo Creek areas where the Ancha Formation sediments exist. Shomaker et al. (2001) applied
areal recharge only in the mountain regions and in the Cerrillos Hills area southwest of the City.
Table 4-6 provides a summary of areal recharge rates implemented in previous models in the
basin and also the field measurement results of Anderholm (1994).

4.5 Natural Aquifer Discharge

Natural aquifer discharge occurs from three basic processes: discharge to streams and rivers
(baseflow), discharge to springs, and discharge through evapotranspiration (ET). Within the
hydrologic model domain, another type of discharge occurs related to subsurface discharge from
the active model domain to areas not modeled. As discussed earlier in this section, discharge
from the Espafiola Basin to Middle Rio Grande Basin has been reduced in recent studies and is
now thought to be less than 1,000 ac-ft/yr (Sanford et al., 2004). From the range of recharge
estimates in the Espafiola Basin, inter-basin discharge makes up less than 2% of the flow
balance. This means that the Espafiola Basin acts as an isolated basin where recharge occurring
within the basin largely discharges within the basin as a result of stream and spring discharge and
ET and pumping after development began.

Natural aquifer discharge is a key aspect of ground water management because natural aquifer
discharge is the ultimate source of capture for ground water production in a basin. If a ground
water system is pumped at a volumetric rate greater than the potential ground water which can be
captured, the system will become physically unsustainable meaning that ground water levels will
never equilibrate.

Table 4-7 provides a summary of stream gain, loss, and ET estimates in ac-ft/yr. The table is
organized by the major streams in the study region. Included in the table is the time period the
estimate is considered applicable with predevelopment representing times prior to resource
development and modern representing times after development. The table includes results from
nurnerous field studies and models as indicated in Table 4-7.

The Rio Grande is generally considered to be gaining north of San Felipe Pueblo (Plummer et
al., 2004; Yapp, 1985). The general rule of thumb cited in many reports and perhaps originating
with Spiegel and Baldwin (1963) is a gain of 1 cubic foot per second (cfs) per mile (724.4 ac-
ft/yr per mile) within the Espariola Basin. This results in a discharge of approximately 28,285 ac-
ft/yr which matches closely to the discharge predicted by the McAda and Wasiolek (1989) model
of 28,500 ac-ft/yr for predevelopment conditions. McAda and Wasiolek (1989) simulated a 5.6
% reduction in Rio Grande baseflow as a result of resource development.

There is significant uncertainty as to whether the Santa Fe River was perennial in
predevelopment times. McAda and Wasiolek modeled the predevelopment Santa Fe River with
4,700 ac-ft/yr gain and 5,434 ac-ft/yr loss in the higher reaches. The Shomaker (2001) model of
the El Dorado region provided a predevelopment water balance of the Santa Fe River and the
Galisteo Creek. This model simulated a loss for these two rivers of 8,256 ac-ft/yr with a gain or
discharge to rivers, streams, and ET of 11,425 ac-ft/yr for a net gain of 3,169 ac-ft/yr.

Most attemnpts to characterize gain on the Santa Fe River in modem times result in a net gain of
from 4,700 to 5,700 ac-ft/yr. This gain is balanced by a loss of 8,500 to 1,500 ac-ft/yr. In modem
time, there are two perennial reaches on the Santa Fe River: Santa Fe Lake to the bridge at
Alameda/Camino Cabra and between the water treatment plant (WTP) and La Bajada gage.
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CDM/LWA (1998) described the following conditions for the Santa Fe River in modern times.
Through the urban reach, the Santa Fe River is typically a dry, dewatered channel except during
snowmelt and storm runoff. CDM/LWA (1998) report that the water budget for the river at La
Bajada consists of effluent discharges from the City’s wastewater treatment plant and springs in
the Santa Fe Canyon. The discharge flow averages 9 cfs but is adjusted by seepage losses to the
riverbed and banks. The springs restore about 3 cfs to the river, with the result that the flow at
the La Bajada gauge generally closely mimics the hydrograph of wastewater discharge, except
for spikes caused by storm runoff.

The Tesuque River has been characterized as a stream which has both gaining and losing
segments. Work performed in regional planning efforts found that the Tesuque watershed was
closely balanced in modern times between discharge (baseflow and ET) and loss. Work
performed by DBS&A found that loss exceeded gains by at least a factor of two although they
did not explicitly count ET as discharge. The Pojoaque was modeled by McAda and Wasiolek
(1989) and in predevelopment conditions they reported discharge exceeding losses by 2,600 ac-
ft/yr which is similar to the results of Frenzel (1995).

Galisteo Creek is ephemeral and little hard information is available on its flow balance. Modern
discharge is reported to be very small, ranging from 130 ac-ft/yr in the Upper Galisteo to 3,640
ac-ft/yr in the Lower Galisteo. Loss data are highly uncertain but have been reported to range
from 1,000 ac-ft/yr in the Upper Galisteo to 5,000 ac-ft/yr in the Lower Galisteo. Shomaker
(2001) reports, in their El Dorado report, that streams in the San Marcos Arroyo feeding into
Galisteo Creek gain approximately 335 ac-ft/yr.

Springs can also be an important discharge mechanism in a ground water basin and springs such
as La Cienega are a cultural feature. Many times significant spring flow occurs near modeled
streams so the springs are not explicitly modeled. Prior models of the basin have only tried to
handle La Cienega. Discharge associated with La Cienega, Cienega Creek, and the Santa Fe
River in the Cienega area were modeled by McAda and Wasiolek (1989) and Frenzel as a
specified flux equal to 6.5 cfs (4,059 ac-ft/yr). How much of this flow is attributed to La Cienega
is not known to the authors. The OSE (Core, 1995) modified the La Cienega area to be treated as
drain cells such that pumping capture could be assessed.

Table 4-8 summarizes spring flow measurements from identified springs in the model area.
Flows are generally less than 1 cfs, with Cienguilla being the highest measured discharge of 581
ac-ft/yr in 1953 and springs as low as 3 ac-ft/yr such as Galisteo Spring measured in 1973.

Although Table 4-8 includes estimates of stream gains and losses from previous models in the
study area, it is instructive to compare the steady-state flow balances from the two fully
documented models in the study region, the McAda and Wasiolek (1989) model and the Frenzel
(1995) model. Table 4-9 presents the predevelopment (steady-state) flow balance for each of
these models.

First, model inflows can be compared. Estimates of recharge (mountain front, stream losses, and
diffuse) range from 50,500 ac-ft/yr in McAda and Wasiolek (1989) to 32,310 ac-ft/yr in Frenzel
(1995). For comparison, summing up recharge sources from Table 4-5, the estimated recharge
from mountain front and stream losses would be approximately 49,000 ac-ft/yr which is closer to
the McAda model estimate. Mountain front recharge in the McAda model makes up 77%
(41,400 ac-ft/yr) of the inflow whereas it only makes up 42% (22,458 ac-ft/yr) of the inflow in
the Frenzel model. Diffuse recharge makes up 14% (7,700 ac-ft/yr) of the McAda model inflow
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whereas diffuse recharge makes up only 8% (3,477 ac-ft/yr) of the inflow in the Frenzel model.
Streams and model boundaries in the McAda model account for 4,400 ac-ft/yr or 8.2% of the
model inflow whereas streams and boundaries account for 15,648 ac-ft/yr or 38% of the model
inflow. In summary, the amount of recharge through precipitation within the basin is much less
in the Frenzel model with stream inflows (losses) and boundary inflows becoming more of a
relative inflow component.

In terms of model outflow, both models have stream/spring/ET discharge as the highest outflow
component. However, the magnitudes are significantly different because of the reduced recharge
in the Frenzel model and the increased boundary flows and stream losses in the Frenzel model.
The McAda model discharges approximately 69% of inflow to streams/springs/ET with 27,100
ac-ft/yr to the Rio Grande. The Frenzel model discharges approximately 42% of model inflow to
streams/springs/ET with 11,374 ac-ft/yr to the Rio Grande. Model boundary outflow in the
McAda model is approximately 28% of the outflows (14,800 ac-ft/yr) whereas they make up
approximately 43% (17,894 ac-ft/yr) of the outflow in the Frenzel model.

The McAda model estimates that there were approximately 12,600 ac-ft/yr of underflow to the
Santa Domingo Basin. The Frenzel model estimated this flow to be approximately 8,800 ac-ft/yr.
Some of these boundary flows may exit to the Rio Grande prior to entering the Santa Domingo
because of the location of these model boundaries. In their model of the Middle Rio Grande
Basin, McAda and Barroll (2002) set the flow from the Espafiola Basin as a boundary flux of
approximately 14,000 ac-ft/yr. Sanford et al. (2004) re-calibrated the McAda and Barroll (2002)
model for the Middle Rio Grande based on environmental tracer data and adjusted recharge from
the Espafiola/Hagan Basin to the Middle Rio Grande to approximately 770 ac-ft/yr, a 94%
reduction in flow between basins. This appears to be consistent with the most recent
hydrogeological interpretation of the connection between the basins by the USGS (Minor, in
press).
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5.0 CONCEPTUAL MODEL OF GROUND WATER FLOW
IN THE MODEL AREA

The conceptual model for ground water flow in the model area is based on the hydrogeologic
setting, described in Section 4. The conceptual model is a simplified representation of the
hydrogeological features that govern ground water flow in the aquifers in the County. These
include the hydrogeology, the controls on ground water flow, hydraulic boundaries, recharge,
natural discharge, and anthropogenic stresses such as pumping. Each of the elements of the
conceptual model is described below.

5.1 Geologic Setting

The geologic setting for the conceptual model is described in Sections 4.1.2 and 4.1.3. The
complex geology in this area controls the rate of movement and the volume of water available
for development in this area. The SFCM is unique with respect to other regional models
developed for the area in that it explicitly attempts to honor the geologic setting in the study area
as it is known today. Further discussion on geologic controls on ground water movement
follows.

5.2 Geologic Controls on Ground water Movement

The following are among the numerous geologic controls on ground water flow that have been
studied for the Espafiola Basin: confining beds resulting in artesian conditions (Purtymun and
Johansen, 1974), dipping Santa Fe Group beds causing preferential flow parallel to the strike
(Hearne, 1985), and cemented fault zones acting as barriers to flow (Spiegel and Baldwin, 1963;
Blake et al., 1995). At the local scale, any or all of these factors are likely to be contributing to
the nature and direction of ground water flow and may be important to a conceptual model of the

area.

Rifting has produced many faults in the Espafiola Basin (Kelly, 1978). Numerous studies have
hypothesized the hydrologic significance of these fault zones. On the one hand these faults have
been suggested to be barriers to flow (Spiegel and Baldwin, 1963); on the other, some suggest
that these faults are conduits for enhanced flow (Blake et al., 1995). Direct evidence of faults
serving as barriers to flow has been documented in the Santa Fe area (Spiegel and Baldwin,
1963) and in Ojo Caliente (Vuataz et al., 1984), where springs are located adjacent to faults
which impede ground water flow.

Dan Koning of the NMBMMR has mapped numerous faults in the Tesuque Formation (Tohnson
et al., 2004) that may have significance in the development of the conceptual model. The major
faults and related structures mapped by Koning include: 1) the Pojoaque fault system and
associated Los Barrancos monocline; 2) the Jacona fault system and associated Los Barrancos
monocline; 3) the Las Dos fault; 4) the San Isidro Crossing fault system; 5) the West and East
Buckman faults; and 6) structures along the present-day Sangre de Cristo Mountain front.

Field mapping and characterization studies in conjunction with laboratory results indicate that
faults in the Santa Fe Group are major structural and hydraulic heterogeneities in the subsurface
due to several factors. These factors include the physical juxtaposition of sedimentary units with
different hydraulic properties; the cementation and entrainment of lithologic material along the
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fault zone; and the persistent presence of clay-rich fault cores that have as much as six orders of
magnitude lower permeability than the surrounding sandstone aquifer host rock. Johnson et al.
{2004) documented anisotropic drawdown associated with the City well field in the city limits,
and attributed it to the effects of faults acting as hydraulic barriers. The degree to which faults
are acting as barriers to flow within the study area is highly uncertain. As additional drawdown
in the basin and additional monitoring is performed, the importance of faults as barriers to flow
may become more apparent.

5.3 Conceptual Hydraulic Flow Systems

Ground water flow in the basin has been described by ground water monitoring of hydraulic
heads. The majority of the wells completed in the study area are shallow with depths less than
1,000 feet. In addition, the vast majority of the head measurements available for the region are
for unconfined heads representative of the water table. As a result, the vertical distribution of
heads and the knowledge of vertical hydraulic gradients is limited. Conceptually, gradients
within the Santa Fe Group would be expected to be down in the highlands near the areas of
mountain front recharge. Moving towards the Rio Grande, vertical gradients would be expected
to reverse from downward near the mountains to upward nearing the Rio Grande. Most models
of the region have some decay of hydraulic conductivity with depth which results in less ground
water flow at increasing depths within the aquifers. The hydraulic conceptual flow systems in
Santa Fe County have been divided into three conceptual hydrologic systems which have been
described in Section 4.3,

531  Recharge

The Santa Fe Group aquifer generally receives recharge from the eastern Precambrian uplift and,
to a lesser degree, from the western Jemez volcanic uplift. Additional recharge may occur in
higher elevation streams and arroyos and in areas of stream capture. Areas away from the
uplands or arroyos are not expected to receive appreciable recharge unless they do so as a result
of human-induced activities (i.e., discharge from a waste-water treatment plant). In arid alluvial
basin settings, little natural, direct recharge occurs in non-mountainous areas because of a high
evaporation potential combined with less precipitation. The recharge that does occur is expected
to be from seepage into arroyo channels associated with localized rainfall events. The chloride
mass balance work of Anderholm (1994) supports this concept. Several studies, including those
of Keating et al. (2002) and Shomaker et al. (2001), determined threshold elevations below
which areal recharge would only occur through arroyo channels.

5.3.2  Natural Aquifer Discharge

Natural aquifer discharge occurs from three basic processes, discharge to streams and rivers
(baseflow), discharge to springs, and discharge through ET. Within the study area, another type
of discharge occurs related to subsurface discharge from the active model domain to areas not
modeled. Recent studies have determined that discharge from the Espaiiola Basin to the Middle
Rio Grande Basin may be significantly reduced relative to previous estimates (Sanford et al.,
2004). This implies that that the Espafiola and Galisteo basins collectively act as an isolated
basin where recharge originating from with the basin dominantly discharges in the basin as
stream and spring discharge and ET.

Estimates of discharge to streams vary widely for the region. In addition, little is known
regarding the decrease of aquifer discharge, through all three mechanisms, as a result on
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pumping in the aquifers. Spring discharge estimates are available for many of the springs in the
study area. However, many of these estimates are based upon a single observation at a single
point in time. Estimates of ET in the region are also lacking. However, in reaches of gaining
streams it is reasonable to assume that ET would be a significant ground water sink. McAda and
Wasiolek (1989) estimated that ET along the Rio Grande in their model region was
approximately 5,144 ac-ft/yr. DE&S (2001) estimated that the portion of the Jemez y Sangre
Planning Region within the study area had a ground water ET of 12,300 ac-ft/yr.

533 Pumping

After development, natural aquifer discharge is augmented by discharge from pumping.
Domestic and municipal pumping were approximately equal in the late 1940s at about 800 ac-
ft/yr each. Pumping has increased significantly since that time to greater than 25,000 ac-ft/yr in
2004, by which time domestic pumping had increased to 3,199 ac-ft/yr. Municipal pumping
peaked in 2002 at 15,110 ac-ft/yr. Other types of pumping include community water systems and
irrigation wells which made up another 5,000 to 6,000 ac-ft/yr by 2004.

Large portions of the study area are minimally impacted by pumping; however, knowledge of
predevelopment conditions is limited, and some portions of these aquifers have experienced
significant drawdown. In these regions, stream base flow, spring flow, ET, and cross-formational
flow are expected to have decreased with development.

5.4 Conceptual Flow Balance of Model Region

SIn a natural aquifer system unaffected by anthropogenic activities, the aquifer system is in a
long-term dynamic equilibrium condition generally referred to as a steady-state condition (or
predevelopment). In this predevelopment state, aquifer recharge is balanced by aquifer discharge
resulting in no net change in ground water storage. Recharge may include areal recharge from
precipitation, cross-formational flow from adjacent water bearing formations, and, potentially,
stream losses. Discharge includes stream base flow, spring flow, ET, and ground water

subsurface flow.

Human activities alter the dynamic equilibrium of the predevelopment flow system through
pumping withdrawals, changes in recharge through development and irrigation return flow, and
changes in vegetation. Generally, ground water withdrawals due to pumping have the most
significant impact on aquifer hydraulics. The water removed by pumping is supplied through
decreased ground water storage, reduced ground water discharge, and sometimes increased
recharge. Generally, increased recharge as a source of water to pumping wells is negligible
compared to decreased ground water storage and decreased aquifer discharge (Alley et al., 1999).
If pumping stays relatively constant, a new steady-state condition will be established. In this new
equilibrium, the source of the pumped water will be drawn completely from either reduced
discharge or increased recharge, again the latter of which is usually negligible. Bredehoeft
(2002) terms these two volumes as capture. The sources of discharge, which are ultimately
captured by pumping, include stream base flow, spring flow, ET, and ground water subsurface

boundary flow.

Bredehoeft (2002) defined sustainable yield (i.e., a sustainable pumpage) as being equal to the
rate of capture. In the situation of sustainable aquifer dynamics, the pumping rates in the basin
are being matched by the capture in discharge with a net result of water levels becoming stable
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(albeit at a lower level than pre-development). It is important to note that a sustainable yield may
not be a desirable future state of an aquifer, and therefore, may not represent an optimal yield.
For example, a sustained yield could result in decreased discharge to streams (stream-flow
capture) that would prove to be undesirable. If a basin is continually pumped at a rate (total
pumpage) that is greater than the basin’s discharge rate (discharge capture), then water levels
will continually decline and natural discharge will diminish. This condition was referred to as an
unstable basin by Freeze (1969).

To evaluate the SFCM flow balance, estimates of predevelopment inflows and outflows were
used to conceptualize the predevelopment ground water flow balance, or the steady state
condition, of the model region. Based on studies of the model area (McAda and Wasiolek, 1989;
Frenzel, 1995; and DE&S, 2001), inflow to the basin was conceptualized from areal recharge,
mountain front recharge, stream loss (sometimes lumped with mountain front recharge), and
subsurface boundary components. Qutflow was conceptualized from components consisting of
streams and springs, the Rio Grande, ET, and the subsurface boundary. With the exceptions of
estimates for ET and subsurface boundary flow, the estimates used in the steady-state
conceptualization were derived from the studies in which they were reported. Because ET was
not specifically accounted for in the McAda and Wasiolek (1989) or Frenzel (1995) models, and
because DE&S (2001) estimated ET losses for the Jemez y Sangre region but not the Velarde
Basin, the estimate for conceptual ET flow, was obtained by subtracting stream and spring gains
and subsurface boundary outflow from net outflow, posited to be equal to net inflow. The
estimate for the subsurface boundary outflow was based upon the work of Sanford et al., (2004)
but was decreased to account for the location of the current model boundaries and current
conceptualization of subsurface discharge. Table 5-1 presents the conceptual ground water flow
balance, including the flow components and estimates, for the model region.

Although the estimates presented in Table 5-1 are uncertain because of their dependencies upon
the studies on which they are based, and especially with respect to differences between
predevelopment and historical conditions (i.e., transient), they present a conceptual partitioning
of the primary basin inflows and outflows within the study region based upon available
information, the boundaries of the SFCM, and current hydrogeologic understanding. In this
partitioning, the predevelopment ground water discharge volume available for capture in the
model region is approximately 45,000 ac-ft/yr, the dominant source being stream and spring
gains (33,000 ac-ft/yr), with ET (11,000 ac-ft/yr) and subsurface boundary flows (1,000 ac-ft/yr)
making up the difference. Under the assumption of steady-state conditions, the conceptual
outflow from the region is equal to the conceptual inflow, which is also 45,000 ac-ft/yr, with
30,000 ac-ft/yr from mountain front recharge, 7,000 ac-ft/yr from areal recharge, 5,000 ac-ft/yr
from stream losses, and 3,000 ac-ft/yr from subsurface ground water inflow.

Current pumping within the study area is approximately 25,000 ac-ft/yr, or roughly half of the
conceptually available discharge. How much a decrease in storage and capture of discharge have
balanced historical pumping in the study area remains uncertain as does the nature of capture in
the Buckman wells, which may be surface water with a source outside of the basin. Interestingly,
the conceptualization of ground water flow balance in the model region estimates that the Rio
Grande is the flow component for approximately 24,000 ac-ft/yr, or 53%, of the 33,000 ac-ft/yr
outflow to stream and springs. This estimate is consistent with a gain of approximately 1 cfs
across the model area.
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5.5 Conceptual Model Summary

From a review of the conceptual controls for ground water flow in the study region, several key
conceptual issues can be identified for consideration in the SFCM. These items will be briefly
discussed in bullet form below.

* Itis expected that at the large scale, lithologic heterogeneity will have a significant effect
on ground water flow within the region. As a result, development of the SFCM attempted
to account for depositional controls through the mapping of hydrostratigraphy and
accounting for bedding structures through horizontal to vertical hydraulic conductivity
anisotropy.

® The geology in the Santa Fe Embayment is very complex. Ground water flow is largely
controlled by the complex structure and formation and aquifer juxtapositions. As a result,
the SFCM was not able to be a standard layer approach and required composite properties
to account for the complex aquifer structure.

e There is significant uncertainty in hydraulic properties at the model scale for formations
other than the Santa Fe Group. Hydraulic properties for the all units are very uncertain at
depths greater than 1,000 feet.

» Faults are a potential control on ground water flow. Therefore, the SFCM includes major
faults.

® Recharge to the model will come from three primary sources, mountain front recharge,
stream losses, and areal or diffuse recharge.

¢ Natural aquifer discharge is an uncertain, though important conceptual aspect of ground
water flow in the study area. Conceptually we expect approximately 70% or greater of
the basin discharge to occur to streams and springs, with the Rio Grande acting as the
largest sink. Ground water ET is highly uncertain but is expected to be an important
discharge mechanism before resource development.
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6.0 MODEL DESIGN AND PARAMETER IMPLEMENTATION

This section describes how the conceptual model defined in Section 5 is translated into the
numerical model. Issues related to model design (i.e., number of model layers) and initial model
parameterization (i.e., hydraulic properties) are described in this section.

An important aspect of the Espafiola Basin, especially in the Santa Fe Embayment area, is the
complex geology and structure present. A particular area of interest in this study consists of the
regions within the County south of the Santa Fe River which are characterized as having a
complex assemblage of Tertiary basin fill overlying eroded, faulted Mesozoic and Paleozoic
formations. Intruded within the sedimentary units are Tertiary intrusive volcanic units. As a
result, geologic units in the model area are discontinuous. Most finite-difference codes (including
MODFLOW) were designed to handle continuous aquifers and aquitards where each aquifer or
aquitard is able to be assigned to a continuous model layer. However, many potential aquifers
within the model domain are not continuous within the model domain, making the classical

layered approach impossible.

As a result, a different approach has been implemented for this hydrologic model. The approach
to hydrologic model development starts by developing a three-dimensional geologic model
comprised of the modeled HSUs. The HSUs being included in the model are defined in
Table 4-2. Once the geologic model is developed, the hydrologic model is intersected with the
model grid to define which HSUs are resident in each model grid. Hydraulic properties are
defined at each HSU scale. Then, composite properties are developed based on HSU properties
and the relative juxtapositions and proportions of each HSU in each model cell

6.1 Model Layers and Grid

As discussed above, the complexity of the geology within the model domain precludes a layer-
aquifer approach to model layering. As a result, hydrologic model layers were developed to be of
uniform thickness. The hydrologic model layers were tied to the pre-development water table
surface in an attempt to avoid significant wet-dry oscillations during model convergence.

A map of estimated pre-development conditions was developed and is based on the maps
presented by Spiegel and Baldwin (1963), Mourant (1980), Frenzel (1995) and DBS&A (1994).
The surface was smoothed and forced to lie at or below land surface. The resulting pre-
development surface is shown in Figure 4-7.

Layering thicknesses were based on existing models of the region, particularly the Frenzel
(1995) and CDM (2002) models. The model contains nine layers, with layer thicknesses (from
top to bottom) of 100, 100, 275, 325, 475, 725, 1,000, 1,200, and 1,400 feet. Specifically. the top
of layer 1 was based on the USGS digital elevation model (DEM) elevation averaged within each
model cell and the base of layer 1 was set at 100 feet beneath the pre-development surface. This
resulted in model layer 1 having variable thickness but an initial (pre-development) saturated
thickness of 100 feet.

The model grid was designed to have a grid size dimension from 1 mile to as small and 0.25
mile. Consistent with the requirements of MODFLOW, the grids are rectilinear. The smallest
grid size of 0.25 miles was selected based upon maintaining a reasonable size simulation grid.
The smallest grid dimensions were applied in and around large pumping centers such as the

Final Report on Santa Fe County Model Development August 31, 2006
and Regional Aquifer Evaluation G-1



Buckman well field and the Santa Fe well field and in areas of the model where improved
resolution was desired. The model grid has 313,956 grid cells (9 layers, 228 rows, and 153
columns). The number of active grid cells is 286,308. Figure 6-1 is an illustration of the model

grid.
6.2 Geologic Model

As discussed above, geologic controls on the nature and extent of the principle aquifers within
the Espafiola Basin play an important role in the assessment of water resources. The primary
focus for the development of the geologic model described in section 0 was to provide a rationale
for parameterization of the hydrologic model. Depositional environments and volcanic events
provided the basis for selecting the HSUs included in a representative geologic column
(Table 4-2). This common geologic column of HSUs was used as the basis for defining the three-
dimensional geologic model developed in the Ground water Modeling System (GMS) software
environment through the use of surface geology, available regional cross-sections, aeromagnetic
data, and unpublished work in the region connecting the Espafiola and Santa Domingo Basins,
Using a Geographic Information System (GIS)-based methodology to integrate the wide variety
of geologic data, the previously defined grid and layering was then superimposed on the geologic
model to begin the process of assigning the hydraulic parameters within the hydrologic model
grid.

Available NMBGMR and USGS quadrangle maps, cross sections, and well logs were compiled
for this study (Section 4.0 and Figure 4-1). Available geologic maps and well information were
imported into the GMS environment as georeferenced images. Information from these images
was then used to provide data control at the ground surface for the construction of a three
dimensional geologic model. Lithology and geologic units described by the geologic maps were
categorized based on the HSUs. Similarly, cross sections provided with quadrangle maps were
used to establish subsurface relationships. A borehole (stick) model was constructed based on
available well and boring information as well as interpreted stratigraphy from cross sections.
Information from boreholes along the section lines was included where available including the
wells referenced in Section 4-1. To increase the data coverage, synthetic boreholes were also
developed from estimations of geologic unit contacts and thicknesses along cross section lines.
The borehole model was then used to develop schematic cross-sections that linked the data from
the various sources. Figure 6-2a provides the approximate lines of section for the schematic
cross sections illustrated in Figure 6-2b. The cross sections illustrated in Figure 6-2b define the
interpreted structural hierarchy of the basin. The sections shown in Figure 6-2b include borehole
data derived from actual wells and synthetic boreholes inferred from various cross sections.

Geophysical data collected from various studies were also compiled during the process of the
geologic model development. The data includes basin-wide aecromagnetic data from Phillips and
Grauch (2004) and other gravimetric surveys within the transfer zone between the Espaiiola and
Santo Domingo Basins (Minor et al, in press). In general, the data provided in these studies
provides an estimate of the structure and form of the basin bedrock. However, some of the more
recent geophysical data (Minor et al, in press) also provide some estimates of the thicknesses of
the more recent Cerros del Rio and other volcanic units that overlie deeper basin sediments.
Figure 6-3 shows the surface derived from the combination of these datasets. Contour elevations
indicate deep basin sediments (greater than 10,000-foot depth) in the northern portion of study
area, while the sediments are significantly shallower in the southern portion of the basin within
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the remnants of the uplifted Galisteo paleobasin. The narrow basin transfer zone in the westemn
portion of the map along the Rio Grande is bounded on the east by fault zones that include the
Tano and La Bajada faults.

Within the geologic model, the only fault with major offset explicitly represented was the La
Bajada fault zone in the western portion of the model. Although this fault has a varjable dip,
ranging from approximately 20 to 90 degrees where measured (Sawyer et al, 2002 and Maynard
et al, 2002}, to simplify the geologic model construction the fault was assigned a single vertical
dip of 90 degrees along the main trace of the fault described by Sawyer et al. (in press). Other
fault traces within the basin with less structural offset were more easily represented in the flow
model using the hydrologic flow barrier (HFB) package within MODFLOW.

Construction of the three dimensional geologic model used the horizon approach within GMS
based on superposition principles where each of the HSUs was assigned a hierarchical position
based on depositional history (Section 4-1). Surfaces and solid models of each of the HSUs were
created from the interpreted datasets integrated within the software, as illustrated in Figure 6-4.
The upper bound of the geologic model was derived from a DEM of the topography, while the
lower bound the model corresponded to the elevation of the bottom of the flow model grid. The
lateral extents of the geologic model were placed outside of the extents of the flow model grid.
To maintain the offset along either side of the La Bajada fault, independent solid models were
constructed on either side of the fault trace. Similarly, separate models of intrusive igneous zones
in the southemn portion of the model were developed based on known and estimated lateral
extents of these zones and then integrated into the rest of the solid models. The solid models of
each HSU were then mapped to the model grid for development within the MODFLOW HUF
package. A representative flow model column shown in Figure 6-4 depicts HSU structure
mapped across the grid column and the translation of the HSUs to initial hydraulic conductivity
used in the flow model development.

6.3 Initial Hydraulic Properties

The HUF2 Package was used to apply the hydraulic properties within the model. The HUF2
Package was chosen for the following reasons:

» The complexity of the geology, particularly in the southern portion of the model domain,
is not amenable to the typical layer-aquifer approach to parameterization;

¢ Aquifer test data and previous modeling efforts suggest that hydraulic conductivity
decreases with depth within the model domain;

* Assigning parameters, primarily HSUs, results in a minimal number of model parameters
for calibration.

The HUF2 Package allows material properties to be varied by HSU and computes composite
properties for each of the active model cells. The effective horizontal K, within a model cell is
the weighted arithmetic mean of the Kjs of all the HSUs in that cell. The weighting is dictated by
the thickness of each HSU ‘within the cell. The effective vertical hydraulic conductivity (X,)
within a model cell is the weighted harmonic mean of the K,s of all the HSUs in that cell.

The HUF2 package allows hydraulic conductivity to decrease with depth within a single HSU.
Hydraulic conductivity is assumed to decay exponentially with depth and, using land surface as
the reference surface, may be computed as:
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Kivin = K ppun 107 (6.1)

where

Kiepn = hydraulic conductivity at depth d,
Ksurface = hydraulic conductivity at land surface,
A = depth-decay coefficient, and

d = depth below land surface.

The only HSU with sufficient data to fit a depth decay coefficient was Lithosome S of the
Tesuque Formation. As a result, a depth decay coefficient and the value of 0.0012 was used as an
initial estimate for all HSUs. For the Ancha, Espinaso, Galisteo, and Tesuque Lithosome B units,
a few concurrent depth and conductivity data existed and, using a 4 of 0.0012, an initial value for
Ksurface Was fit through linear regression. For all other HSUs the initial reference conductivity
value had to be estimated based on relative differences in the median K), from Table 4-3. This
process assumed that well depths, although not reported, were comparable between HSUs and
maintained a hierarchy in the relative differences in conductivity from one unit to the next.
Table 6-1 summarizes the initial estimates for the Kurface and A parameters to be used in the
model. Initial model simulations investigated the sensitivity of the depth decay parameters.
Those that were found to be sensitive were varied in calibration (see section 0). Note that K e
is a fitting parameter with no physical significance. For example, the value of Koufoee Was
reduced by 25% in the first 100 feet from ground surface and by 94% at a depth of 1,000 ft,

In transient simulations, aquifer storage must be specified. The HUF2 package calculates the
effective storage term within a model cell as the weighted arithmetic average of the storage terms
of all the HSUs in that cell. For convertible layers, the HUF2 package uses the location of the
water table, computed during each outer iteration, to recalculate the storage and conductivity
terms using only the portions of the HSUs within the cell that lie beneath the water table. Very
little data exist for storage parameters for the HSUs in the model area. Initial estimates were
based primarily on values from previous modeling reports. Table 6-1 summarizes initial
estimates of specific yield (unconfined) and specific storage (confined) coefficients for each of
the HSUs in the model. Conceptually, the HSUs may be broken up into two groups regarding
unconfined storage parameters: alluvial sediments with a specific yield approaching the material
porosity and bedrock units with a specific yield more indicative of fractures. The specific storage
values used are consistent with those used by Shomaker et al. (2001).

The hydraulic parameters discussed above were anticipated to be key calibration parameters in
the SFCM. Parameters were adjusted by HSU and, in the case of the Tesuque, zones within an
HSU. If target data warrant it, additional zonation, whereby material properties vary within a
given HSU, can be added in the future stages of calibration.

A series of faults exist within the model domain. The majority of faults trend primarily north-
south and many are conceptualized to result in zones of significantly lowered permeability
(Johnson et al., 2004). To simulate the effect of these faults, the MODFLOW Horizontal Flow
Barrier (HFB) package (Harbaugh et al., 2000) was used.

A coverage of the fault traces at land surface was generated from a compilation of existing fault
maps (Grauch and Bankey, 2003; Johnson et al., 2004). The fault coverage was screened to
include only faults with lengths greater than 4,000 meters to eliminate minor faults. From
comments provided by the OSE, the Barrancos fault was added to the fault traces considered in
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the model. Figure 6-5 shows the remaining faults which were included in the HFB package. The
faults were assumed to penetrate the entire model depth and to be vertical in orientation. The first
assumption is considered adequate because the model will likely be insensitive to faults within
the lower conductivity materials at depth within the model. The second assumption is necessary
due to a lack of information describing the fault slopes and is considered adequate based on the
lateral scale of the model grid blocks compared to the estimated horizontal offset of the fault
slopes.

The HFB (fault) conductances are unknown and therefore were considered in model calibration
as free parameters. A free parameter is a parameter which will be allowed to be adjusted during
calibration. HFB conductances have been lumped together to be applied uniformly for a given
fault or a group of neighboring faults. An initial sensitivity analysis, where fault conductances
for Los Barrancos fault were lowered until an effect upon model targets is observed, was
performed to develop initial conductance estimates. All other faults were inactivated but left in
the model for consideration by other investigators.

6.4 Lateral Boundary Conditions

Specified flux, no-flow, and head-dependant flux boundary conditions were used to describe the
interaction of the active model area with regions beyond the model domain. The types and
locations of boundary conditions used in layer 1 of the model are depicted in Figure 6-6.
Figure 6-7 shows the types and locations of the boundary conditions used for layers 2 through 9.
An implicit no-flow boundary is assumed beneath layer 9.

The eastern boundary of the active model domain, from the Santa Cruz River in the north to the
southern extent of the Sangre de Cristo mountains in the south, is described by a specified flux
boundary condition representing the mountain-front recharge from the Sangre de Cristo
mountains. The western boundary, from Santa Clara Creek in the north down to the southern
extent of the Jemez mountains in the south, is described by a specified flux boundary condition
representing the mountain-front recharge from the Jemez mountains. The determination of these
recharge fluxes is discussed in section 0. The stream boundary conditions are head-dependant
flux boundaries and are also discussed in section 0.

The MODFLOW general-head boundary (GHB) package (Harbaugh et al., 2000) was used to
represent the head-dependent flux boundary conditions at the remaining portions of the lateral
boundary of the model. The GHB package requires specification of a hydraulic head within the
mode] cell and a conductance.

The northern boundary of the model is defined by Santa Clara Creek and the Santa Cruz River
and is a GHB. Insufficient gage data existed for these streams to be included in the Stream
package however, both streams are perennial. To approximate the stream stage elevation in each
model cell, the DEM elevations at the location of the stream polylines were averaged for each
model cell and the average elevation was used to represent the GHB head. GHB cells are
assigned to Layers 1 through 9 in the northern boundary. The streams are considered natural
ground water divides near the surface and the streams run roughly parallel to the direction of
flow coming in as mountain-front recharge from the eastern and western boundaries and
discharging to the Rio Grande.

The southeastern, southern, and southwestern boundaries of the model, from the southern extent
of the Sangre de Cristo mountains wrapping southward to the southernmost extent of the model
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and northward past the La Bajada constriction to the southern extent of the Jemez mountains, is
described by a GHB. The pre-development water table surface was used to represent the GHB
head. GHB cells were applied to Layers 1 through 9.

The initial conductances of all the GHB cells were based on the initial values of effective Ky
within the model cell. The depth decay applied to the hydraulic conductivity dictates that the
conductance will decrease with depth and the majority of the flow through the GHBs will occur
in the uppermost layers. The conductances were adjusted during calibration through a multiplier
that was kept uniform across groups of GHB cells. In this way, the number of adjustable
parameters is kept to a minimum during calibration (see Sections 8 and 9). The current locations
of the groups of uniform adjustment for calibration are shown in Figure 6-8. Groups 1 and 2
represent Santa Clara Creek and the Santa Cruz River, respectively. Groups 3, 4, and 5 represent
different portions of the southern boundary through which little flow is expected to occur. Group
6 represents the region where ground water flows out from the Santa Fe basin into the Santa
Domingo basin along the Rio Grande alluvial deposits. Group 7 represents the region west of the
Rio Grande through which little flow is expected to occur. The initial conductance ranges for
each of the GHB conductance groups were developed based on a hydraulic conductivity of 1 ft/d
at ground surface with depth decay equivalent to what was used for the hydraulic conductivity
field. The reason for using a conductivity of unity was to allow simple modification of
conductance groups during calibration.

6.5 Implementation of Recharge

Mountain-front and areal recharge are simulated in the model using the MODFLOW Recharge
package. The details on how each type of recharge is distributed spatially in the model are
described in the subsections below,

6.5.1  Temporal Variation in Recharge

Both the mountain-front and areal recharge are based on precipitation in the region. Both
mountain front and areal recharge are varied with time as inputs to the model to account for the
natural variation in precipitation within the region. The approach for varying the conditions over
time involved determining the average annual precipitation for the western, central, and eastern
portions of the model domain separately. Then, for each subregion, recharge at a given time was
calculated as the ratio of that time periods deviation from the mean precipitation. Therefore, if
precipitation in a given year was 10% above average, then recharge would be 10% over the
average model recharge value. The details of this process follow.

Four precipitation gages were used for each area of interest, except for the west boundary where
three gages were used. The areas of interest were defined as the East boundary, representing the
Sangre de Cristo Mountains; the West boundary, representing the Jemez Mountains; and Areal
recharge, representing the interior portions of the model. Table 6-2 provides a list of the gages
used for each region, their period of record, average precipitation for each station and average
precipitation for each region.

The average precipitation value for each region was used to calculate an annual recharge
coefficient (monthly recharge coefficients for 2002-2004) based on the percent deviation from
the average for each region and the initial recharge values used. The recharge coefficients are
computed as follows:
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Recharge coefficient = (Total Precipitation for Given Time Period) / (Total Average
Precipitation)

The monthly recharge coefficients are also based on the Total Average Yearly Precipitation.
Table 6-3 and Table 6-4 present the annual recharge coefficients for 1948-2001 and monthly
coefficients for 2002-2004, respectively. Coefficients of 1.0 are applied to the years 1946 and
1947 since no precipitation data were available for those years.

6.5.2  Spatial Variation in Mountain-Front Recharge

The initial values used for the eastern and western mountain-front recharge were estimated from
water balance studies where they were available and on values from calibrated models for areas
where field studies were not available. Wasiolek (1995) provided estimates of mountain-front
recharge for five tributary basins in the Sangre de Cristo Mountains. Shomaker (2001) provided
estimates of mountain-front recharge for the Sangre de Cristo Mountains south of the Santa Fe
River. Frenzel (1995) provided estimates of mountain-front recharge for the Sangre de Cristo and
Jemez Mountains. These sources were used to define zones along the east and west model
boundaries, with each zone simulating a constant flux as the initial condition. In addition to the
major mountain-front recharge zones from the Sangre de Cristo and Jemez Mountains, recharge
from the Ortiz porphyry belt to the southwest of Galisteo creek was also applied to a portion of
the southwest model boundary.

6.5.3  Spatial Variation in Areal Recharge

Areal recharge was applied using a zonal approach, with uniform recharge within a given zone.
The areal recharge zones were delineated based on two criteria: the surface geology and the
presence of irrigated acreage.

It was assumed that the surface geology in the region correlates to the density of arroyos present.
It was also assumed that the arroyos are the surficial locations where areal recharge occurs but
that, at the scale of this model, the focused source could be areally spread. Two zones were
defined and assigned different initial areal recharge rates. To the northwest of the Rio Grande, a
rate of 0.035 in/yr was applied and to the southeast of the Rio Grande, over the remainder of the
model domain, a rate of 0.05 in/yr was applied.

Regions within the model domain that contain irrigated acreage are delineated separately since
the volume of irrigation-based recharge can be significant compared to native recharge. Irrigated
acreage within the study area was identified using 1996 digital orthophoto quarter quadrangle
(DOQQs) and natural-color Landsat imagery refined with USGS 7.5-minute digital raster
graphic (DRG) topographic quadrangles. The irrigated lands were superimposed on the model
grid to delineate model cells where irrigation was simulated. Model cells that contained 50% or
more irrigated lands were included. OSE water usage reports (Sorensen, 1982; Wilson, 1986;
Wilson, 1992; Wilson, 1997; Wilson, 2003) were used to estimate irrigation-based recharge. The
OSE water usage reports include detailed tables for irrigation withdrawals and irrigation
depletions by key irrigated areas within each county. Data from the Pojoaque and Santa Fe
irrigated areas were used to estimate irrigated region recharge rates since these fall completely
within the model area. Irrigation water potentially available for recharge was determined from
the difference in total irrigation withdrawals and total irrigation depletions, the latter assumed to
be used from crop consumptive use. Generally about twice as much water is withdrawn as is
reported to be used consumptively by crops. It was assumed that approximately half of the
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irrigation water not used consumptively runs off as surface flow and returns to nearby streams
and half percolates into the ground to become recharge.

The recharge rate was calculated by dividing the volume assumed to recharge by the irrigated
acreage reported in the OSE reports. The resulting recharge is approximately 6 in/yr. This rate is
consistent with what was used in the Middle Rio Grande Basin ground water model (McAda and
Barroll, 2002). Areal recharge in the irrigated areas of the model will not vary over time. This is
because irrigation practices are assumed to have remained constant over time and therefore the
excess irrigation water that is potentially available for recharge should also stay constant over
time relative to the error in the estimate. Figure 6-9 shows the areal recharge zones including the
irrigated acreage areas, and initial recharge rates. Some of the irrigated acreage near Santa Fe
includes large lawn and grass areas; for the purposes of this modeling effort they are also
assumed to produce a ground water recharge rate of 6 in/yr,

A zone of higher areal recharge (0.5 infyr) was applied to the Cerrillos Hills in the southern
portion of the model domain. This accounts for the recharge mound apparent in the pre-
development water levels and resulting from the higher elevation of the Cerrillos Hills. This
recharge boundary is likely in part a result of poor boundary location and poor adherence of the
physical conditions to the boundary assumptions.

Another potential source of recharge is from septic tanks. The septic tank recharge is factored
into domestic well pumping rates through a reduction in total domestic pumping (see
Section 6.6.2).

6.5.4  Ground water Evapotranspiration

Ground water can be a source of ET when the water table surface is within the root zone of
native and irrigated plants. It is a potentially significant physical discharge process in the lower
elevations of the basin near the existing surface water systems. The ET package of MODFLOW
was implemented to simulate this process. An elevation mask was used to constrain ground
water ET to elevations below an elevation of 6,400 ft above mean sea level (amsl). Below an
elevation of 6,400 feet amsl, the maximum allowable ET rate was varied linearly with a rate of 5
in/yr oceurring at the lowest elevation within the model domain and a rate of 0 in/yr occurring at
an elevation of 6,400 feet amsl. An extinction depth of 20 ft was used.

6.6 Ground water Pumping

For the purposes of the SFCM, all aquifer pumping is categorized in three ways: municipal,
domestic, or other water systems. The following sections provide background on how each was
approached conceptually and describes how the pumping was implemented in the model. The
implementation of pumping was performed in collaboration with CDM who developed the
approach and values described in this section.

6.6.1  Municipal Pumping

Municipal well fields located within the model domain were identified. The Utilities Department
or equivalent at Santa Fe, Buckman, Los Alamos and El Dorado well fields was contacted to
obtain historical municipal pumping records and well information for each of their wells.
Historical well production data were collected for the years 1947 through 2004, as applicable for
the given water system. Where data gaps existed, other sources of information were investigated
including the OSE WATERS database and previous modeling report for the area.
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Municipal pumping records and well information were collected for each of the wells in the
Santa Fe, Buckman, Los Alamos, Guaje, Pajarito, and El Dorado well fields. Historical data were
gathered from City production reports, Frenzel (1995), County of Los Alamos production
reports, Eldorado Utilities production reports, and Shomaker et al. (2001).

Municipal production data from each source were compiled into a single database and average
production rates were computed for each model stress period. Stress periods are annual from
1947 through 2002 and then monthly from January 2002 through December 2004. All rates were
converted into consistent units of cubic ft per day (cfd). Table 6-5 contains well information and
production data, respectively, for the municipal wells that were included in the ground water
model. Municipal well production was distributed using the Multi-Node Well (MNW) package
in MODFLOW. This package uses the screen top and screen bottom elevations to assign
pumping to model layers in proportion to the transmissivity of each model layer screened by a
well.

6.6.2  Domestic Pumping

The domestic and other low-capacity pumping, defined herein as domestic wells, was
extrapolated from data contained in multiple sources. The first is the WATERS database
obtained via the OSE website, screened to remove the exploratory, observation, and municipal
wells. This database was queried on predetermined time intervals by ‘Start Date’ in the database
to identify when domestic wells were installed. Domestic well production data have been
estimated in the 2001 and 2003 Jemez y Sangre Water Plans as well as in OSE water usage
reports (Sorensen, 1982; Wilson, 1986; Wilson, 1992; Wilson, 1997; Wilson, 2003). These
sources quantify domestic well production over time for a given county or planning region. Total
domestic production within the model domain for each predetermined interval was calculated
using available data.

Often coupled with domestic wells is a septic system that allows for a portion of the amount of
water pumped from a domestic well to return to the aquifer as recharge. To account for this
recharge to the upper portion of the aquifer, the domestic well production rate was reduced by 45
percent. This assumes that septic system recharge occurs in the same areas where there is
domestic pumping.

Using the well distribution for a given time interval, the amount of water attributed to domestic
pumping was divided amongst the domestic wells known to exist according to the WATERS
database. All domestic wells were assumed to be relatively shallow, averaging less than 100 ft of
penetration below the water table surface, and are assigned to model layer 1.

Domestic pumping rates were obtained from OSE water usage reports (Sorensen, 1982; Wilson,
1986; Wilson, 1992; Wilson, 1997; Wilson, 2003). These reports list domestic water use by
county.

The model domain does not coincide with county boundaries, therefore population estimates
from U.S. Census 2000 tracts were used to arrive at an approximate model domain population,
The entire population of any tract, fully or partially within the model domain, was counted
toward the model domain population. Total domestic usage for each county was then derived by
multiplying total domestic usage by the ratio of model domain population to total population,
This number likely overestimates actual domestic pumping because of the inclusive use of
census tracts. The population ratio was assumed to remain constant in time.

Final Report on Santa Fe County Model Development August 31, 2006
and Regional Aquifer Evaluation 6-9



Domestic usage within model domain:

2 O P
MM 0, =0 (6.2)
‘PT QT PT
where:

Pr = Total population of the given county (from OSE reports)

Py = Population in the model domain of the given county (from census tract

estimation)

Or = Total domestic well pumping in the given county (from OSE reports)

On  =Domestic well pumping in the model domain of the given county (unknown)

To estimate domestic pumping for 1947-1979, an exponential curve was fit to the 1980-2000
domestic water use data and back-extrapolated to 1950. The value for 1950 was used for 1947—
1955, the value for 1960 was used for 1956—1965, the value for 1970 was used for 1966-1975,
and so on. Historic and estimated domestic water usage within the model domain by county is
shown in Table 6-6 and Figure 6-10.

The domestic pumping rate is distributed spatially to the well locations identified by the
WATERS database and evenly distributed among them. The spatial distribution of domestic
wells reported in WATERS was used to approximate the actual spatial distribution of population
using domestic wells, as the true number of domestic wells is most likely underestimated in
WATERS, especially in pre-basin years (OSE, 2000). The total domestic pumping in a given
year reported in Table 6-6 was reduced by 45 percent to account of septic system recharge as
assumed in OSE water usage reports. To distribute the resultant domestic pumping spatially and
temporally, the total domestic pumping, less the amount assumed to recharge, is divided evenly
amongst the domestic wells identified via the WATERS database, Table 6-7. The “effective”
domestic pumping rate ranges from a high of 6.72 ac-ft/yr in 1950 to a low of 0.63 ac-ft/yr in
1995. Domestic usage by time interval is illustrated in Figure 6-11.

Domestic well production was distributed using the MNW package in MODFLOW. However, it
is assumed that all wells occur in the upper model layer, which contains 100 ft of saturated
aquifer thickness under predevelopment conditions.

6.6.3  Other Pumping

Other significant well pumping identified in the region can be classified in two categories:
community water systems and agricultural pumping. Production and well information was
gathered from Shomaker et al. (2001), OSE water usage reports (Sorensen, 1982; Wilson, 1986;
Wilson, 1992; Wilson, 1997; Wilson, 2003), the WATERS database, and County records. This
data were compiled to provide an estimated spatial and temporal representation of non-municipal
and non-domestic pumping.

Community Water Systems

Four sources were used to identify community wells within the model domain. These sources
were used collectively to identify community water systems. Shomaker et al. (2001) identified
28 community water systems within the southern portion of the modeling domain. A second
source used to identify community water systems was the OSE water usage reports (Sorensen,
1982; Wilson, 1986; Wilson, 1992; Wilson, 1997; Wilson, 2003). The OSE reports identify 40
additional community water systems located within the model domain. The data provided by two
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other sources, the County and the OSE WATERS database, identified seven and one additional
community water systems respectively. A database of the community water systems included in
the SFCM is provided in Table 6-8, including location and pumping rates.

Where pumping rate data conflicted between the sources identified in the previous section,
preference was given to values reported in Shomaker et al. (2001), then the OSE reports, then
from the County report, and finally from the OSE WATERS database. Shomaker et al. (2001)
recently compiled a database of community wells with location and pumping data and this was
supplemented with wells identified in OSE reports since it does not include location information.
The OSE WATERS was used to identify any wells that had not been identified in previous
sources and to determine well location.

For each community water system, an average annual production rate was determined from
available data. Pumping begins at a particular well at the earlier of the well completion date or
the first year production data are reported. Pumping stops only for those community water
systems that appear in at least one OSE report and do not appear in any subsequent OSE reports.
The last year of pumping is the last year of the interval associated with the last report in which
the community water systems appears. In rare instances, a community water system is omitted
from an OSE report, but later reported (e.g. reported in 1980 and 1990, but not in 1985). In these
cases, the average annual pumping rate is used for years of the omission. The annual average
pumping rate is used for the lack of available production data. In the case were model stress
periods are monthly, the production rates in community water system wells are assumed to be

constant throughout the year.

Well completion information for a majority of the community water systems is not readily
available. Based on information provided in Shomaker et al. (2001), community system wells
were completed in layers 1 through 3 of the model (approximately 400 to 1,000 ft deep).
Community water systems well production was distributed using the MNW package in
MODFLOW.

Agricultural Pumping

The locations of agricultural wells were determined using the OSE WATERS database. The
database was queried for wells located in the model domain that had a primary use code of IRR,
indicating irrigation well and a diversion amount greater than 5 ac-ft/yr. A total of 39 wells was
found in the database. A list of these wells is provided in Table 6-9.

Information on the amount of ground water pumping for irrigation has been reported every
5 years since 1980. The OSE water usage reports (Sorensen, 1982; Wilson, 1986; Wilson, 1992;
Wilson, 1997; Wilson, 2003) were used to identify historical irrigated acreage within the study
area. Based on these studies, the amount of irrigated acreage has remained relatively constant
over time. Total agricultural pumping is estimated by the sum of the WATERS reported
diversions to be 1,554 ac-ft/yr. Agricultural pumping rates are assumed to remain constant over
time in the model.

Agricultural pumping was distributed according to WATERS diversion amounts. For the years
2002-2004 when the model converts to a monthly period, production rates were doubled and
applied in the assumed 6-month growing season months of April through September. It is
assumed that agricultural wells penetrate up to 200 ft into the aquifer system based on
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predevelopment water levels. Agricultural well production was distributed using the MNW
package in MODFLOW.,
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7.0 MODELING APPROACH AND CALIBRATION TARGETS

Ground water models are inherently non-unique, meaning that multiple combinations of
hydraulic parameters and aquifer stresses can reproduce measured aquifer water levels. The
approach used to calibrate a ground water model is essentially the calibration philosophy
employed to address issues that arise because of the model’s non-unigue nature. To address these
issues, calibration should use as many hydraulic parameters and aquifer stresses as possible,
specify the measures by which the calibration will be quantified, and assess those observed
parameters and stresses (“calibration targets™) that may subject the calibration to uncertainty.
The approach to calibration used for the SFCM, SFCM calibration targets and measures, and
SFCM calibration uncertainties are discussed in this section.

7.1 Calibration

An accepted approach to calibration for ground water modeling involves the process of
producing agreement between water levels and aquifer discharge simulated in the model and
water levels and aquifer discharge measured in the field through the adjustment of independent
variables (typically hydraulic conductivity, storativity, and recharge). This approach usually
includes performance of a sensitivity analysis, which entails re-simulating aquifer conditions
under systematically varied calibrated parameters and stresses. Parameters that strongly change
the simulated aquifer heads and discharges are viewed as important parameters to the calibration.
The SFCM was calibrated and a sensitivity study was performed in a manner consistent with this

approach.
7.1.1  Calibration Approach

To reduce the impact of non-uniqueness, a method described by Ritchey and Rumbaugh (1996)
was employed to calibrate the SFCM. This method consists of the following:

e Calibrating the model using parameter values (i.e., hydraulic conductivity, storativity,
and recharge) that are consistent with measured values

e Calibrating to multiple hydrologic conditions, and

¢ Using multiple calibration performance measures such as hydraulic heads and discharge
rate to assess calibration,

The method used to calibrate the SFCM additionally involved using historical information, as
available, to define parameters and limiting the number of parameters being estimated through

calibration.

The method used for model calibration was automated by using PEST (Doherty, 2002), a
calibration software package. PEST was successfully used to calibrate the model’s steady-state
phase; however, because of the limitations described in Section 1.3, calibration of the transient
model has been limited to date. Manual calibration was also performed to improve model fit to
stream and spring discharge measurements,

Measured hydraulic conductivity and storativity data were used for the initial estimated
parameter fields. With the exception of parameters for the Tesuque formation, hydraulic
conductivity parameters provided in O of this report offered limited data for analysis of geologic
units in the model area. To address these limitations, initial estimates for hydraulic conductivity
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in these units were made using previous models and by constraining analogous type formations
and values through a ranking hierarchy. Although vertical hydraulic conductivity can be a
function of grid scale, it is not measurable at the model scale and therefore cannot be well
constrained. For the SFCM, literature estimates of vertical anisotropy and results from other
models developed in the Espafiola Basin were used to constrain initial vertical hydraulic
conductivity. Unfortunately, vertical hydraulic conductivity can be a function of grid scale
making a direct comparison between models problematic. , Specific storage and specific yield
also are not well characterized in the region or at the scale of the model. In the SFCM, data for
these parameters were based upon results from Shomaker (2001).

Recharge has not been directly measured in the study area and is arguably not measurable at the
model scale. However, basin yield studies have been performed for many of the watersheds in
the study area and several models have estimated recharge for the region. Studies of and
estimates for regional aquifer discharge through streams, springs, and ground water ET also
provide a lower bound on recharge. Recharge was developed largely from these studies and
models. The initial recharge estimates are within plausible ranges based upon the available data
and relevant literature.

A challenge in calibrating a model as complex as the SFCM is the large number of active grid
cells for which horizontal and vertical hydraulic conductivity and storativity are being estimated.
Because these parameters are estimated for each grid cell, the number of potential unknowns is
equal to the number of grid cells, and this number far exceeds the number of observations
available for calibration purposes. The result is an inherently non-unique calibration. To deal
with this issue, the calibration process began with an assumption that the hydraulic conductivity
for a given HSU can be described by a single unknown, posited as the hydraulic conductivity of
the specific HSU at the ground surface (Kuurface). This method assumes homogeneity within a
given HSU at a common elevation. The issue was also addressed during application of the depth
decay model to hydraulic conductivity by holding the depth decay constant and then reviewing
its sensitivity during calibration to see if it warranted adjustment. This calibration approach
limited adjustments to parameters to global adjustments rather than local (cell to cell)
adjustments. Due to time constraints, local adjustment of parameters to improve local residuals
for SCFM calibration has yet to be performed. However, local model over-calibration does not
guarantee a notably better predictive model, especially when one has calibrated to levels below
the error in the observations (Freyberg, 1988).

The SFCM was calibrated over two time periods, one representing steady-state conditions and
the other representing transient conditions. Predevelopment conditions were used for the steady-
state model in hopes of recreating aquifer conditions before significant resource development.
No pumping stresses were applied to the predevelopment model to ensure consistency with the
assumption of steady-state conditions before significant resource development. For our purposes,
predevelopment conditions were assumed to be conditions before 1947, when total production
from the model domain was less than 2,500 ac-ft/yr or a factor of ten less than produced by 2004
pumping.

The transient calibration period ran from 1947 through 2004, with annual stress periods from
1947 through 2002 and monthly periods from January 2002 through December 2004. Pumping
estimates based upon historical records were changed in each transient stress period, as were
estimates for recharge.
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The model was calibrated through a range of hydrological conditions. The steady-state
predevelopment model represents a period of equilibrium where recharge and aquifer discharge
through streams and cross-formational flow are in balance (see section 0). Under these
conditions, the amount of recharge to the aquifers is in equilibrium with the amount of discharge
from the aquifer. The transient calibration period (1947 through 2004) represents a period of
development when portions of the aquifers have been developed resulting in loss of storage,
declining heads, and capture of discharge. Some of the aquifer discharge observed under steady-
state predevelopment conditions is captured as a result of reduced base flow, decreased cross-
formational flow, and decreased ET.

7.1.2  Calibration Targets and Calibration Measures

Hydraulic head (water level) was the primary target used to calibrate he hydrologic model;
however, stream and spring gain-loss estimates were also used. To ensure that model head
distributions were consistent with hydrogeologic interpretations and accepted conceptual models
for flow within the aquifers, hydrographs were developed to compare simulated heads to
measured heads at specific observation points through time and head distributions for select time
periods were plotted on maps. Stream calibration targets were derived from field studies and
from previous models. The calibration targets were based upon aquifer-to-stream gains and
losses and not gaged stream flows.

Traditional calibration measures, such as the mean error (ME), the mean absolute error (MAE),
and the root mean square error (RMSE) (Anderson and Woessner, 1992) quantify the average
error in the calibration process. ME is the mean of the differences between measured heads (hm)
and simulated heads (hs):

1 n
ME=—=3% (h,~h,), (7.1)
L
where
n = the number of calibration measurements.

The MAE is the mean of the absolute value of the differences between measured heads (/1) and
simulated heads (h,):

1 & ,
MAE == 3" |(h, =1,),] (7.2)
n i=1
where
n = number of calibration measurements.

The RMSE is the square root of the average of the squared differences between measured heads
(M) and simulated heads (A,):

n o

.5
RMS = [i > (h, ~h, )f] (7.3)

where
n = number of calibration measurements.
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The difference between h,, and the simulated &, is termed a residual.

The RMSE was used as the basic measure of calibration for heads. The required calibration
criterion for heads is an RMSE that is equal to or less than 10 percent of the observed head ran ce
in the aquifer being simulated (greater than 200 feet). The RMSE is useful for describing model
error on an average basis but, as a single measure, it does not provide insight into spatial trends
in the distribution of the residuals.

An examination of the distribution of residuals is necessary to determine if they are randomly
distributed over the model grid and not spatially biased. Post plots of head residuals were used to
check for spatial bias by indicating the magnitude and direction of mismatch between hy, and A,
Distributions for h, were also compared to the head distributions developed from the field
measurements (/1,,). Finally, scatter plots were used to determine if the head residuals are biased
based on the magnitude of the observed head surface.

7.1.3  Calibration Target Uncertainty

Calibration targets are uncertain. In order to avoid “over-calibrating” a model, calibration criteria
should be defined consistent with the uncertainty in calibration targets. The primary calibration
target in ground water modeling is hydraulic head. Uncertainty in head measurements can be the
result of many factors, including measurement error, scale errors, and various types of averaging
errors, both spatial and temporal. A generally accepted rule for the calibration criteria for head is
an RMSE less than or equal to 10 percent of head variation within the aquifer being modeled.
Head differences across the aquifers in the study area are on the order of 7,400 to 5,200 feet.
This leads to an acceptable RMSE of approximately 200 feet. Comparing this RMSE to an
estimate of the head target errors shows the level of calibration the underlying head targets can

support.

Measurement errors are typically on the order of tenths of feet, and at the SFCM scale can be
insignificant. However, measuring point elevation errors can be significant. In the model
construction process, ground surface elevations must be averaged to the model grid. The SFCM
grid dimensions range from 1 to 0.25 miles. The elevation data is up-scaled from a 30 meter
DEM. This up-scaling process can result in errors that can average 10 to 20 feet and may greatly
exceed 20 feet in areas with higher topographic slopes.

Horizontal to vertical hydraulic conductivity ratios within aquifers can result in significant
vertical gradients within individual model layers; portions of the aquifer can have head variations
within a single model cell on the order of tens of feet. A single model cell has one head. On
average, in areas away from large pumping centers, this scale effect is expected to be on the
order of 10 to 20 feet. Horizontal gradients relative to the grid scale also account for up to 20 feet
of head error with even greater errors near pumping centers.

To address the error associated with representing a pumping well within a grid cell, the Multi-
Node Well Package (Halford and Hanson, 2002) was used. When the potential head errors are
added up, the average error in model heads could be as much as 50 feet, an estimate that does not
account for the uncertainty in observed heads. This uncertainty is created by the fact that many
wells in the study area are completed in multiple, transmissive zones, with the result that the
observed well water level is a composite head, less a representative of either aquifer than a
function of integrated aquifer transmissivities and heads. To account for composite heads, model
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heads were weighted by transmissivity. For a given well, which penetrates n model layers, the
composite simulated head H was calculated as:

> H Kb,
H =& (7.4)

3 Kb

i=]

where
H; = the simulated hydraulic head at model layer
K; = hydraulic conductivity at model layer
b; = total screen length within model layer i.

The composite simulated head error analysis is semi-quantitative in nature. However, it properly
identifies potential errors associated with simulated heads predicted by the model and observed
heads. In addition, the analysis suggests that calibrating the SFCM to a RMSE value of less than
30 to 50 feet would constitute over-calibration of the model, and parameter adjustments to reach
that RMSE would not be supported by the hydraulic head uncertainty.

7.2 Sensitivity Analyses

A sensitivity analysis was performed on the steady-state calibrated model to determine the
impact of changes in a calibrated parameter on the predictions of the calibrated model. A
standard “one-off” sensitivity analysis was performed. This means that hydraulic parameters or
stresses were adjusted from their calibrated “base case” values one by one while all other
hydraulic parameters were unperturbed. A transient model sensitivity analysis was not performed
and should be performed in the future.
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8.0 STEADY-STATE MODEL

The steady-state model is representative of predevelopment conditions. In predevelopment,
aquifer inflow from recharge and streams is balanced by ground water to surface water
discharge, ET, and discharge from the Espafiola Basin to the Santa Domingo Basin.
Predevelopment conditions were used for the steady-state model in hopes of recreating aquifer
conditions as they were before significant resource development. Consistent with the assumption
of predevelopment steady-state conditions, no pumping stresses were applied to the
predevelopment model. For our purposes, predevelopment conditions were assumed to be
conditions before 1947 when total production from the model domain was less than 2,500 ac-
ft/yr or a factor of ten less than 2004 pumping. In 1947, anthropogenic discharges would have
been less than 5% of basin inflows; for simulation purposes, these discharges are considered
negligible.

Calibration of the steady-state model was performed using PEST. The parameters allowed to be
modified by PEST to improve model fit were hydraulic conductivity, the depth decay coefficient,
horizontal and vertical anisotropy in hydraulic conductivity, stream conductance, GHB
conductance, and HFB conductance. The hydraulic conductivity was the most sensitive
parameter and it was varied individually for each HSU and Tesuque lithosome (see section 0).
Table 8-1 provides the calibrated hydraulic conductivities as compared to the initial estimates.
As can be seen, most were decreased in calibration if they were changed at all.

The depth decay coefficient was varied globally and by HSU but was eventually fixed at its
initial value due to correlation between it and other hydraulic parameters and a lack of deep head
measurement with which to constrain depth decay. Horizontal anisotropy was activated only for
the Tesuque formation; the value was set to 1 for all other HSUs. Vertical anisotropy was varied
globally. Because of a lack of quantitative flow targets for the pre-development case, the stream
and GHB conductances were fixed at their initial estimates for the PEST calibration. All the
horizontal flow barriers except those describing Los Barrancos fault were inactivated and the
HFB conductances at Los Barrancos were calibrated to match a steep head gradient observed
across the fault. A total of 184 hydraulic head observations were used as calibration targets in

PEST.

The following subsections provide the calibration model results and the results of a sensitivity
analysis identifying the model parameters to which the steady-state model calibration is most
sensitive.

8.1 Calibration Results

As discussed in Section 7, calibration is the process of adjusting model parameters to produce
agreement between water levels and aquifer discharges simulated in the model and water levels
and aquifer discharges measured in the field. The steady-state model results are discussed in this
section in terms of heads, stream flows, and the model water budget.

8.1.1 Heads

For head targets, the water-level elevation was calculated based on the measured water-level
depth using the grid-block as averaged elevation from the model. This adjustment was made to
reduce potential errors induced by averaging ground-surface elevation over a grid-block.
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Figure 8-1 shows the steady-state head surface results combined with the predevelopment head
surface. This figure illustrates that the simulated steady-state heads show good general
agreement with the predevelopment head surface generated to develop the model layering. The
model is generally wet with a bias in simulated high heads relative to the observed values. This
bias is reflected in the mean error of 23.3 feet (Table 8-2). This bias was able to be decreased
during calibration; however, the amount of dry cells in layer one became very large. This could
be an acceptable condition, although it makes model execution much slower and less stable.
Based upon the concept that predevelopment head targets should be biased low, the high bias
was accepted. The RMSE (Equation 7.3) for the steady-state model heads is 95.2 feet. The head
range in the observed model heads is 1,958 feet, giving an RMSE range of 0.049 or 4.9%, well
within the calibration objectives defined in section 7.

Figure 8-2 plots a cross plot of simulated heads versus observed heads. From a review of
Figure §-2 one can see that the SFCM does a good job of reproducing heads in both the high and
low elevations, but the general high simulated head relative to observed is manifested in points
falling dominantly over the 45 degree line of perfect fit.

Figure 8-3 plots the steady-state residuals where the head residual is defined as:
residual =h, —h,_ (8.1)

where

h, = simulated head
. = measured head

Because most of the target heads are composite heads (completed across more than one HSU or
model layer) and because most observed heads are completed within 500 feet of the water table,
the residuals and the calibration statistics are developed based on all 184 head values,
independent of model layer. A review of Figure 8-3 shows that the residuals tend to be positive.
Again this is a condition of a wet model with a positive mean error. Residuals in the Santa Fe
Embayment tend to be within 100 feet, with the exception of a very low simulated head in the
Cerrillos Highlands which would be difficult to fit with the poor vertical resolution in the model
layering relative to shallow heads topographically controlled.

8.1.2 Streams

Table 8-3 shows a summary of stream calibration targets from various sources (described in
more detail in Section 4.7). The uncertainty associated with stream flow targets is exceedingly
high, especially when considering predevelopment times. However, because the potential for
stream capture is the primary issue related to pumping in the basin, consideration of flow, no
matter the uncertainty, is a requirement. Figure 8-4 shows the flow values for the stream reaches
in the steady-state model which are also discussed along with the total flow targets. In
Figure 8-4, gains are positive and losses are negative and the units are in ac-ft/yr. One can easily
convert to cfs by dividing by 724,

The model fit with the Rio Grande gains is reasonable. An assumption of approximately
31.5 miles of the Rio Grande in our model area and a gain of 1 cfs (Speigel and Baldwin, 1963)
yields a target of approximately 28,000 ac-ft/yr. The simulated gains are 22,846 ac-ft/yr which
compares well. The under-prediction of Rio gains may result from the wet nature of the model
causing too great of gains in the Rio tributaries. The spatial distribution of flows shows stronger
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gaining conditions in the higher elevations of the river valley with weaker gains southward in the
basin. This is intuitive. Gains vary between grid cells from approximately 500 ac-ft/yr (0.5 cfs)
to < 50 ac-ft/yr (less than a tenth of a cfs).

A comparison to the Santa Fe River simulated gains and losses relative to the targets suggests
that the model is under predicting both gains and losses based upon current knowledge. The
distribution of flow on the Santa Fe River shows gaining conditions near the mountains, in the
Santa Fe canyons region, and near the confluence with the Rio Grande.

Gains on the Tesuque are reasonable with losses being low compared to published sources.
Pojoaque gains are high but close to those prescribed in McAda and Wasiolek (1989) but losses
are extremely low, consistent with high simulated heads in the region. A rteview of the
distribution of gains and losses on the Tesuque and Pojoaque show that most losses are clustered
in the highest reaches of the streams and is conceptually reasonable.

The Galisteo flows are very uncertain. A comparison of the combined flows for the Santa Fe
River and Galisteo streams from Shomaker (2001) compares well in terms of gains with the
model but under-predicts the losses. The discrepancy in stream losses among studies and models
may in part be a result of how each accounts for stream loss versus mountain front and arroyo
recharge. Head residuals are high in the southern model area, but are not severely too high.
Figure 8-4 shows that stream losses are occurring in the highest elevations and in the lower
elevations of the stream with gaining segments in between.

8.1.3  Water Budget

Table 8-4 summarizes the water budget for the model on a layer basis. Table 8-5 provides the
same water budget on a layer basis, expressed as a percent of the total model inflow, or outflow.
Table 8-5 gives the various sources and sinks as percentages of the total water entering or
leaving the model and for that reason does not include layer top and bottom flows included in
Table 8-4. A review of Table 8-5 reveals that flow decreases with depth, a finding consistent
with the conceptual model and a direct product of the use of depth decay in the model hydraulic
conductivity calibration method. Essentially flow has decreased to zero in layers below layer 6.
The reason for developing the model to the depths simulated was to try to develop a consistent
geologic model. It was expected that the lower model layers would be insignificant with respect
to fluxes.

Table 8-6 compares the total SFCM model water balance and compares it to the conceptual
water balance developed in Section 5 of this report. The highest percentage of recharge occurs as
mountain front recharge at 63% of inflows which is similar to our conceptual estimate. Areal
recharge makes up 20% of the inflows which is high relative to the conceptual estimate (16%).
Stream losses were 5% of the model inflows which compares to the conceptual estimate of 11%
but we have seen a consistent under-prediction in losses. Boundary inflows are higher than our
conceptual estimate at approximately 12% of inflows.

Outflows to the model show better across the board agreement with the conceptual estimates
with streams and springs making up a total 77% of outflows compared to our estimate of 73%.
The ET and boundary outflows also show very close agreement with the conceptual estimates at
22% and 3%, respectively.
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8.2 Sensitivity Analysis

A sensitivity analysis was performed for the calibrated steady-state model. A sensitivity analysis
provides a means of formally describing the impact of varying specific parameters or groups of
parameters on model outputs. In this sensitivity analysis, input parameters were systematically
increased and decreased from their calibrated values while the change in head was recorded.
Four simulations were completed for each parameter varied, where the input parameters were
varied either according to:

sensitivity value = (calibrated value ) factor) (8.2)
sensitivity value = (calibrated value)(l(]fm"’"] ) (8.3)

and the factors were 0.5, 0.75, 1.25, and 1.5. For parameters which typically vary by orders of
magnitude and are usually lognormally distributed, Equation (8.3) was used. These parameters
included the hydraulic conductivity parameters, the vertical anisotropy and the conductances in
the faults, GHB, and stream cells. Equation (8.2) was used for the depth decay coefficients and
for horizontal anisotropy. For the output variable, we calculated the mean difference (MD)
between the base simulated head and the simulated head calculated for the sensitivity simulation
for each layer. The equation for calculating the MD is:

1< o a
MD = ;;Z (hserfs.i - hra!.i) (8'4)
i=l
where
feenqi = sensitivity simulation head at location 7
heqr; = calibrated simulation head at location {
n = number of locations compared

Two approaches were considered in applying Equation 8.4 to the sensitivity of output heads.
First, the heads in all active gridblocks were compared between the sensitivity output and the
calibrated output. Second, the composite heads only at wells where measured targets were
available (i.e., n = number of targets) were compared. A comparison between these two methods
can provide information about the bias in the target locations, (i.e., a similar result suggests
adequate target coverage). For the steady-state analysis, 41 parameter sensitivities were
completed. The parameter names along with a description are listed in Table 8-7.

Completing the sensitivity analysis involved perturbing each of the 41 parameters by the four
factors. Along with the base case, this required running the steady-state model a total of 165

times.

Figure 8-5a and Figure 8-5b illustrate the sensitivity results with MDs calculated from just the
composite heads at wells with target measurements. It is clear from this figure that the model is
much more sensitive to depth decay in the non-bedrock units (KDEP_MOST) and horizontal
conductivity in Tesuque Lithosome S (MHK_2_Tts) than any of the other parameters. When the
KDEP_MOST parameter is decreased, simulated head swiftly drop well out of the range of the
observations. A similar result occurs when the horizontal conductivity in Tesuque Lithosome S is
increased. The next most sensitive parameters are the horizontal conductivities in the Ancha
formation and Tesuque Lithosome ACU, followed by horizontal anisotropy parameter. The most
sensitive stream conductance parameter is that for the Upper Santa Fe River, however, it is less

Final Report on Santa Fe County Model Development August 31, 2006
and Regional Aquifer Evaluation 8-4




sensitive than the aforementioned hydraulic conductivity parameters. The simulated heads are
relatively insensitive to changes in the fault and GHB conductances and the depth decay in the
Precambrian and Intrusive units,

Figure 8-6a and Figure 8-6b shows the sensitivity results with MDs calculated from all active
cells in the model. These figures indicate similar order of the most important variables. However,
the sensitivities for the hydraulic conductivities in HSUs other than the Tesuque are significantly
higher relative to that in the Tesuque. This indicates inadequate target coverage for units other
than the Tesuque and that the parameters are poorly constrained in these units.
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9.0 TRANSIENT MODEL

This section describes the transient model results. The transient model used the steady-state
heads as the initial condition. The transient model was simulated for the time period from 1947
through 2004.

This section details the transient model results. Because the ground water model must be
calibrated to steady-state and transient conditions using the same physical hydraulic properties,
calibration is an iterative process between steady-state and transient models. Because of time
constraints, the SFCM was not calibrated to transient conditions. As a result, the SFCM is still
considered a first-order model which requires significant refinement and additional calibration
activities. In this section, the results of the transient model are compared to the available

calibration targets.

9.1 Hydraulic Heads

Table 9-1 shows the calibration statistics for the model across the 57-year transient period. Note
that because most of the targets had incomplete records over the simulated time period,
calibration statistics have been calculated using all of the data for the calibration period that were

available in time and space.

The transient model remains generally wet with a bias towards higher simulated heads relative to
the observed heads. The bias has been reduced relative to the steady-state model from a mean
error of 23.3 feet (Table 8-2) to a mean error of 10.2 feet in the transient model (Table 9-1). The
RMSE (Equation 7.3) for the transient model is 106.8 feet and is slightly higher than the RMSE
for the steady-state model, which is generally the case between steady-state and transient models.
The head range in the observed transient heads is 2,783 feet, giving an RMSE/range of 0.038 or
3.8%, well within the calibration objectives defined in section 7.

Figure 9.1 plots a cross plot of simulated heads versus observed heads. From a review of Figure
9.1, one can see that the model does a good job of reproducing heads above an elevation of 5,400
feet amsl. It is common to see a misfit in transient models in the lowest elevation heads. To some
degree, this may be the result of the comparison of heads measured within a pumping well to
heads measured within a grid cell of effective borehole radius a factor of ten or greater than the
borehole where the head is measured. The misfit in the low heads needs to be further

investigated.

Figure 9.2 plots the transient head residuals where the head residual is defined in Equation 8.1.
For the transient model, the residuals for all measured and simulated head pairs at a given
borehole are averaged for posting in Figure 9.2. The average transient head residuals indicate
that the model is generally too wet in the Galisteo Basin and near the Buckman well field. Within
the Santa Fe region, the model tends to have a good distribution of both low and high residuals.
Because the results described in this section are with no additional calibration over what was
performed for the steady-state model, the residuals will be improved with transient calibration.

Figure 9.3 plots select hydrographs comparing simulated and observed heads. The hydrographs
were selected to provide an indication of how the model reproduced transient heads across the
model domain and areas with significant drawdown (i.e., pumping centers). (Appendix B
provides a full set of hydrographs.) In general the model does a good job of reproducing regional
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trends as indicated in the selected hydrographs. This is particularly true at Buckman No. 3. The
model performs a little worse in the Santa Fe metropolitan area as shown by the Alto Well
hydrograph. The model tends to under-predict heads in early time at this well. The model also
does not reproduce the maximum drawdown of the late 1980 and early 1990s. In general, the
model reproduces head trends well. However, as can be seen in Figure 9.2, there are regional
head biases in the model which should be addressed in further model revision and calibration.

Figure 9.4 provides a plot of drawdown simulated in the model from 1947 through 2004. The
initial steady-state heads are used as the initial heads. The model shows significant drawdown in
the large pumping centers of the model including the Guaje, Owati, Pajarito, Los Alamos,
Buckman, and Municipal well fields. Drawdown at the Buckman and Municipal well fields
exceeds 50 feet on a regional basis. A good portion of the model shows little drawdown,
Drawdown from the Municipal wells appears to intersect other pumping centers to the southwest
and towards the southeast with a large region of the model having the water table fall greater

than 10 feet.

Figure 9.4 also provides insight into issues related to the transient model. In areas where
mountain front recharge is being applied, heads are increased with time in an effort to maintain
specified transient fluxes. The mountain front recharge boundary condition requires revision. In
the southwestern area of the model, heads increase several feet over the transient model period.
This increase could be the result of several factors which require investigation. These include
aquifer properties, boundary conductances, areal recharge rates, and losing streams.

9.2 Water Budget

Table 9-2 provides a comparison between the steady-state flow balance volumetric fluxes along
with volumetric fluxes in 1956 (dry year), 1985 (a wet year), and 2004 (the end of the transient
simulation period). It is important to note that the transient model flows are greater than the
steady-state flows because of the storage term, which, by definition, is zero in the steady-state
model.

From a review of Table 9-2, one can see that in the dry year of 1956, recharge was very low
relative to the steady-state. Pumping in 1956 was approximately 8,652 ac ft and, with the dry
conditions and the steady increase in pumping from the 1940s through the 1950s, a significant
amount of water is being supplied from storage (28,390 ac-ft/yr) which is reflected in declining
water levels in the region. In 1985, simulated recharge was at a maximum (61,180 ac-ft/yr) and a
significant amount of water was going back into storage which was likely the result of both
increased recharge and a steep decline in pumping from 1981 through 1983. By 2004 a
significant amount of water is being supplied by storage (33,634 ac-fct/yr), which reflects the
continued increase in pumping that occurred from 1985 through 2004.

It is interesting to note that, for most years, recharge is a greater flow input to the model domain
than storage. However, in dry years, such as 1956 and 2004, this trend is reversed. It is also
interesting to note that drain (spring) flows decrease across the simulation period. Table 9-3
provides the cumulative inflow and outflow volumes for the model from 1947 through 2004.
From this table, one can see that recharge is the single highest inflow volume (65%) with storage
being second at 21% of total model inflow. Stream loss and boundary flows make up the
remainder of model inflows. The dominant outflow volume is streams at 53% of model outflows.
This is followed in magnitude by both wells and ET at 19% each. It is clear that a significant
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amount of the volume of pumping is being supplied through storage decreases (inflows) which
are observable in water level declines. Sources of model discharge are generally decreasing as a
result of capture, but these volumes are small (10% or less) relative to the entire model flow
volume and are poorly discermned in the global water balance.

Final Report on Santa Fe County Model Development August 31, 2006
and Regional Aquifer Evaluation 9-3




10.0 DECISION SUPPORT FOR WELL SITING

A decision support system (DSS) based on a site suitability analysis was developed to identify
promising areas for water supply well sites based on a variety of criteria such as the locations of
existing supply wells, streams, springs, existing infrastructure, and population centers, as well as
areas of favorable geology. Land ownership was also considered. As a final step, potential water
supply well locations were simulated using the SFCM to evaluate the potential effects of siting a
supply well at the target locations.

10.1 Decision Criteria
The DSS was based on four general decision criteria:

e Development of a sustainable water supply,

e Minimizing impact to existing users,

e Minimizing impact to streams and springs, and
s Cost.

Each of these decision criteria was then broken down into specific decision criteria that were
used to build the DSS. These specific decision criteria were as follows:

1. Areas of favorable hydrogeology,
2. Proximity to existing population (close proximity is desirable),
3. Proximity to existing and proposed water conveyance infrastructure (close proximity is
desirable),
Proximity to existing supply wells and large water-right holders (close proximity is not
desirable),
Proximity to existing domestic wells (close proximity is not desirable),
Proximity to streams (close proximity is not desirable),
Proximity to springs (close proximity is not desirable),
Proximity to areas of existing ground water contamination (close proximity not
desirable), and

9. Property ownership
Each decision criterion was represented as a grid, or matrix, of suitability scores that covered the
study area. The grid cell size was 100 meters by 100 meters. A normalized suitability score
between 0 and 100 was assigned to cach grid cell, with 100 indicating the most suitable areas
based on the specific suitability criterion of interest.

10.1.1  Areas of Favorable Hydrogeology

Areas of favorable hydrogeology were identified based on the occurrence of four target aquifers:
the Ancha, Espinaso, Galisteo, and Tesuque. The geologic model developed for this project was
used to develop a grid of aquifer thickness for each target aquifer. Multiplying the thickness of
the aquifer at each grid cell by the target aquifer’s hydraulic conductivity (an average,
homogeneous hydraulic conductivity was assumed for each aquifer) provided transmissivity
grids for the target aquifers. Next the transmissivity grids for each aquifer were weighted with
respect to relative depth. The deepest portions of any aquifer (relative to the depth of the tops of
all four aquifers throughout the area) were assigned a 0 weighting, and the shallowest portions

o
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were assigned a weighting of 1. The intervening portions were assigned a value between 0 and 1
depending on depth. The logarithm of the depth-weighted transmissivity score at each grid cell
was then calculated to compress the values into a smaller range of values, since the depth-
weighted transmissivity varied over several orders of magnitude. Finally, the log depth-weighted
transmissivities of all four target aquifers were summed together to produce a matrix of
composite depth-weighted transmissivities. These values were then normalized to suitability
scores ranging from O through 100. Figure 10-1, Figure 10-2, Figure 10-3, and Figure 104
present the aquifer grids. The colors of the grids represent relative thickness, ranging from red,
indicating the absence of the aquifer, to green, indicating the presence of the aquifer at its
thickest. The normalized values are presented in Figure 10-5.

10.1.2  Proximity to Existing Population

Population data were derived from United States Census Bureau block group data for 2004,
Blocks were selected which had a 2004 population greater than 300 people/square mile. These
areas were used to represent the most densely-populated areas in Santa Fe County. The shortest
distance to any block group was calculated using a GIS-based method for each grid cell. The
values were then normalized to a suitability score from 0 (farthest) to 100 (closest), since from a
cost perspective it is desirable to develop water supplies that are as near as possible to populated
areas. The results of this analysis are presented in Figure 10-6,

10.1.3  Proximity to Existing and Proposed County Water Service Areas

This suitability score for infrastructure was developed to evaluate proximity to existing and
proposed infrastructure that could be used to convey water from County supply wells. Areas that
are closest to existing or proposed County infrastructure received the highest score since
proximity to infrastructure minimizes the cost of building, operating, and maintaining additional
conveyance infrastructure. Information on existing and proposed County water service areas
came from two different sources. The County provided with data on the locations of existing
County infrastructure, and the locations of the existing Buckman pipeline, the proposed
County/City raw water pipeline, and the proposed County/City treated water pipeline were
estimated based on a map that appeared in a document prepared by the County and the City of
Santa Fe entitled Water Supply Projects Update — Spring 2004.

The suitability score for infrastructure was calculated based on the normalized distance to
infrastructure. Using a scale of O through 100, areas that are closer to infrastructure were
assigned a higher (less costly and hence more suitable) score, while areas that are farther away
from infrastructure were assigned a lower score (more costly and hence less suitable). The
suitability score map for proximity to existing and proposed infrastructure is presented in
Figure 10-7.

10.1.4  Proximity to Existing Supply Wells and Large Water-Right Holders

The proximity to existing supply wells and large water-right holders was evaluated in order to
maximize the distance to any of these features when selecting proposed locations for County
supply wells. It is desirable to maximize the distance to other existing supply wells and large
water-right holders in order to minimize the potential for impairment or perceived impairment of
these wells. The wells selected for this portion of the analysis fall into the following categories:

¢ Municipal supply wells
* Community water systems
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® Large irrigation wells (with water rights >= 10 ac-ft/fyr)

The suitability score map is presented in Figure 10-8. Areas close to existing supply wells and
large water-right holders were assigned a low score, while areas farthest from existing supply
wells and water-right holders were assigned the highest score.

10.1.5 Proximity to Existing Domestic Wells

Data on existing domestic wells was taken from the NM OSE WATERS database. The locations
of domestic wells and the associated normalized suitability scoring are presented on Figure 10-9.
Suitability scoring for this criterion is based on proximity to domestic wells; it is desirable to be
as far as possible from any domestic wells when siting a production well location. As the figure
shows, areas close to domestic wells were assigned a low suitability score, while areas distal
from domestic wells were assigned a high suitability score.

10.1.6 Proximity to Streams

The main perennial streams in the study area were used to develop a proximity-based suitability
score based on distance to the nearest stream. The streams that were considered were the Rio
Grande, the Santa Fe River, the Pojoaque River, the Tesuque River, the Nambe River, Santa
Clara Creek, and Galisteo Creek. The suitability score for proximity to streams was developed
based on the desirability of installing any production well as far as possible from any stream.
Thus, a normalized suitability score was developed based on proximity to any stream, with
proximal areas scoring low, and distal areas scoring high. The suitability scoring map is
presented in Figure 10-10.

10.1.7 Proximity to Springs

Similar to the suitability scoring for streams, the suitability scoring for springs was assigned to
score highly those potential well sites that are as far as possible from any known springs so as to
minimize spring depletions. Figure 10-11 presents springs simulated in the model along with the
normalized, proximity-based scoring map, with low scores assigned to areas near springs, and
high scores assigned to those areas that are as far as possible away from springs.

10.1.8  Proximity to Areas of Existing Ground water Contamination

Locations for known ground water contamination sites were taken from DE&S (2000), which
presented locations throughout Santa Fe County where known contaminant releases to ground
water had occurred. These were typically leaking underground storage tank and other similar
sites. The site locations and site suitability scoring map are presented in Figure 10-12. Areas
close to known ground water contamination sites were scored low, while areas farthest from
ground water contamination sites were scored the highest.

10.2 Development of Final DSS Suitability Map

The final suitability scoring map was developed by combining DSS layers 1 through 8 (property
ownership was considered separately, and will be discussed below), giving each an equal
weighting. At each grid cell on the map, the site suitability scores for layers 1 through § were
averaged. Due to the averaging process, the range of the suitability scores was diminished, from
a possible range of O through 100, to a range of approximately 35 through 100. The final
combined result is presented in Figure 10-13. Note that the color ramp in Figure 10-13 has been
adjusted to reflect the range of scores from 35 (red) to 100 (green).
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For the purpose of identifying promising potential well sites, a site suitability score threshold of
75 or greater was selected to indicate areas of good potential based on the DSS suitability
criteria. These areas were then compared against property ownership (Figure 10-14). Department
of Energy (DOE), National Park Service (NPS), and tribal lands were removed from further
consideration. Finally, four potential well locations were sited in the approximate centroid of
four areas that were identified as a result of the screening process. These locations are also

presented on Figure 10-14.

Note that this study used a generic weighting scheme that weights all of the site suitability
criteria equally. The DSS may be re-run using alternative weighting schemes in order to evaluate
different stakeholder perspectives.

10.3 Evaluation of Potential Locations Using the SFCM

Once four potential well locations were selected based on the DSS suitability analysis, the model
was used to simulate a pumping well at each location. Each hypothetical well was pumped at 100
ac-ft/yr (approximately 60 gpm) continuously for 40 years, and the potential pumping effect was
evaluated against three metrics: (1) drawdown at the nearest supply well, (2) spring depletion,
and (3) stream depletion. Note that at location 1 (see Figure 10-14) only 80 ac-ft/yr could be
sustained for the full 40 years, so this value was used for implementing pumping.

The results of the simulated pumping are presented below in Table 10-1. Based on the simulation
results, potential effects from a well pumping at location 1 were simulated as negligible with
respect to impacts spring flow and nearby production wells, since there are no nearby springs or
production wells. Depletions from the Rio Grande were simulated as 2 ac-ft/yr at 40 years.
Potential impacts from location 2 were simulated as negligible with respect to impacts to
springflow and stream depletion. A minor amount of drawdown (<1 foot) of drawdown was
simulated at the nearest production well (Buckman 13). Simulated results from pumping at
location 3 showed negligible potential impacts to spring flow, minor stream flow depletion (2 ac-
ft/yr total at 40 years from the Santa Fe River and the Rio Grande), and <1 foot of drawdown at
the nearest production well (Eldorado No. 1). Results from the simulation of a well placed at
location 4 showed that potential impacts to spring flow and production wells would be
negligible, and total stream depletions are expected to be 30 ac-ft/yr combined from the Rio
Grande, Santa Fe River, and Galisteo Creek.

An engineering analysis of relative infrastructure costs for the four proposed locations was also
completed. This analysis has been included as Appendix C. Note that for the purposes of costing
only, the engineering analysis has assumed somewhat larger flow rates than the examples
included above. If necessary, the engineering costs can be scaled accordingly depending on the
final proposed pumping rates. For now, the results of the engineering analysis should be used to
evaluate relative costs for the four proposed locations.
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11.0 SUMMARY AND RECOMMENDATIONS

This section of the report will provide a summary of achievements in the development of the
SFCM. In addition, this section discusses the limitations of the model as we perceive them at
this date and also provides recommendations as to where additional work is required.

11.1 Summary

In January 2005, INTERA was retained by Santa Fe County (County) to perform a
Geohydrologic Study and Regional Aquifer Evaluation. The purpose of the study was to
determine potential locations for future water resource development in the County that will have
minimal environmental impacts. A primary aspect of the overall geohydrologic study is the
development of a model of ground water flow termed the SECM.

As part of this study, INTERA has developed an interim ground water model. The interim status
assigned to this model is due to the impact the collaborative process of model development and
calibration had upon the time available for model calibration. This model was developed to
support the exploration of potential water supply wells. From March 30, 2005, INTERA, on
behalf of the County, started working in collaboration with the City of Santa Fe through their
consultants, CDM on model development. The desire was to develop, through cooperation, a
single model which could be the basis for future hydrologic studies performed by the City and
the County. While conceptually this has been a noble endeavor, the practical aspects of
execution have been intractable. The inherent difficulties of sharing work were exacerbated by
different modeling objectives, budgets, and timelines. The model development was a committee
process which in some instances has resulted in compromises which are at odds with INTERA s
views and may equally be at odds with the City and their consultant’s views. As a result of
collaboration, the model development phase extended far too long leaving little time for model
calibration and sensitivity analyses.

The focus area of the SFCM is different than other ground water models developed in the basin
because the focus of this model is from Santa Fe south through the Santa Fe Embayment. The
geology in the Santa Fe Embayment is complex and required a significant amount of new
interpretation work and development of the first fully-three-dimensional geologic model within
the basin. INTERA developed the model geologic structure, boundaries conditions, and material
properties. CDM developed the recharge parameters, the stream package and the pumping data
set. At this time, perhaps the most valuable aspect of the model is the three-dimensional
geologic mode] in the Galisteo Basin. While the geologic model is uncertain in many regions, it
provides a first attempt at developing aquifer-aquitard relationships and represents the work of
many investigators in the region including the most recent work of the USGS. The geologic
model should be further developed based upon a review by the many subject matter experts
working in the basin.

The SFCM was calibrated to steady-state conditions comparing simulated to observed heads for
184 observation wells and comparing stream gain and loss. The model compared well to
observed heads in the basin. The steady-state model probably over-estimates stream gains
although there is significant uncertainty in stream-aquifer interactions in the basin today and
certainly in predevelopment times. The steady-state model slightly over-predicts model heads.
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This high bias in residuals was accepted given the fact that we were using theoretically
unaffected post-development head targets to represent predevelopment conditions.

The model was also simulated across a historical transient period from 1947 through 2004. The
model was not calibrated to transient conditions but was just run in the transient mode. A review
of model residuals and well hydrographs show that the model performs reasonably well in the
transient mode but there are some issues which will require revision which will be discussed
below in Section 11.3.

A DSS based on a site suitability analysis was developed to identify promising areas for supply-
well sites based on a variety of criteria including the location of existing supply wells, streams,
springs, existing infrastructure, and population centers, as well as areas of favorable geology.
Once four potential well locations were selected, the model was used to simulate a pumping well
at each location. Each hypothetical well was pumped at 100 ac-ft/yr (approximately 60 gpm) for
40 years, and the potential pumping effect was evaluated against three metrics: (1) drawdown at
the nearest supply well, (2) spring depletion, and (3) stream depletion.

The transient model was used as one component to provide a relative, not absolute, measure of
potential impacts of each potential well site to surrounding environs. While the model provided
a useful means for integrating hydrogeologic data collected to date and assessing potential
impacts, the model as it stands currently is considered an important interim step but will require
further work to be considered a reliable predictive tool. For this reason, our method for
determining potential well sites was heavily weighted in geology and other physical constraints.

11.2 Limitations of Model

A model can be defined as a representation of reality that attempts to explain the behavior of
some aspect of reality, but is always less complex than the real system it represents (Domenico,
1972). As a result, limitations are intrinsic to models. Model limitations can be grouped into
several categories including: (1) limitations in the data supporting a model, (2) limitations in the
implementation of a model which may include assumptions inherent to the model application,
and (3) limitations regarding model applicability. The limitations of this modeling study and the
current version of the SFCM are discussed below.

e The SFCM has attempted to model a complex hydrogeologic system south of Santa Fe.
Many of the geologic units which are the subject of this study lack hydraulic property
measurements.

e Many of the aquifers of potential interest to the County have very few water level
measurements. The lack of sufficient water level data in these units increases the
uncertainty in the calibrated hydraulic parameters in the model.

¢ The calibration of the SFCM at this date should be considered first-order since its
conditioned to steady-state heads and a total systemn water balance and has not undergone
needed calibration to transient water levels (see Section 11.3). Therefore, the model
should be considered an important interim step as mentioned above. It is our opinion that
further model calibration and refinement should be conducted prior to its application
toward seeking water rights

* The model currently assumes that areal recharge occurs across the entire model domain
consistent with CDM’s implementation. This is an assumption which requires additional
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consideration. Many investigators believe that areal recharge is limited to higher
elevation and in regions with extensive arroyos. If this is true, then areal recharge in the
region is limited and represents an insignificant component of the model inflows. This
has ramifications with regards to water supply modeling. First, the total basin inflows,
and therefore outflow, will decrease which decreases the sustainable ground water limit
in the basin. Secondly, impacts of pumping will extend much further laterally as wells
can no longer satisfy decreases in storage with areal recharge.

* The SFCM, as well as all other models in the basin, assume that hydraulic conductivity
decreases with depth of burial. There is a body of literature to support this conceptual
model in alluvial basins. However, there is little data to constrain these relations in the
model area. The SFCM applied a uniform depth decay model consistently throughout the
model which was based upon Tesuque data. The depth decay constant is a very sensitive
parameter for steady-state model calibration which cannot be uniquely determined with
inverse modeling. The McAda and Wasiolek (1989) model calibrated hydraulic
conductivity of the Tesugue with a lower effective decay constant (higher conductivity at
depth). The depth decay constant is very important to model behavior and also very
uncertain and requires further consideration.

e The SFCM extends to significant depth throughout the model domain because it was
based upon a complete geologic model. The geology and physical properties within the
model are poorly understood below a depth of 2000 feet and the accuracy of the model
must be considered poor below these depths.

The SFCM as currently documented in this report, provides an important interim model for the
region of interest to the County. The conclusions reached using this model are considered
preliminary because of the issues related to data gaps and calibration described above. The
decision analysis methodology utilized to site potential exploration wells used a systematic and
quantitative decision analysis technique which considered model results only as a part of the
process and as a relative performance measure. As a result, we believe that the decision analysis
methodology made appropriate use of the model in its current state of calibration and provided
good guidance. The SFCM should be further refined based upon comments received from
experts in the region and based upon improved recommendations provided in Section 11.3

below.

11.3 Future Improvements

Using models to infer future hydrologic conditions requires a commitment to develop, calibrate
and validate the model to available hydrologic data. Once done, further updates to a model
should be conducted when new data becomes available or when modeling assumptions or
implementation issues change. Through the modeling development and calibration process, one
generally learns what can be done to improve the model’s performance, i.e., what data would
help better constrain the model parameters and/or its calibration, or what numerical model issues
need further study. Future improvements to the model will be discussed below.

* The transient model indicated that there could be boundary condition implementation
issues in the southwestern portions of the model. Heads in this region increased slightly
over the 57 year transient simulation periocd. This could be due to several factors but
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recommend focusing first on specified boundary heads, conductance, and expected
discharge.

In the model development phase, several questions relating to geologic structure were
raised by OSE. Because of schedule considerations, proper consideration and disposition
of these comments was not completed. As a result, we would recommend that
disposition of these comments be completed in the future and that the appropriate
changes propagate through to the SFCM as appropriate.

We recommend further refinement of the geologic model and the SFCM in optimal well
siting areas as defined by the DSS.

Mountain front recharge as it is currently being implemented has a few issues. First, the
recharge is currently being forced into Precambrian and mixed Precambrian-Tesuque grid
cells. This results in non-physical heads in these cells and therefore non-physical
gradients at the mountain front boundary. Secondly, it was the recommendation of the
INTERA technical team to use the several studies in the region which have provided
estimates of mountain-front recharge through indirect methods (modeling), water balance
methods, and field measurements (Hearne, 1980; Anderholm, 1994; Wasiolek, 1995;
Kemodle et. al. (1995); DE&S, 2000; Shomaker (2001) and McAda and Barroll (2002).
These studies provide estimates for mountain front and tributary recharge for most, if not
the entire model region. It was proposed that if we needed to augment mountain front
recharge estimates for watersheds where we have no prior studies, we could use a
relatively simple estimation method based upon surplus precipitation after Shomaker
(2001). It was also proposed to investigate data mining techniques to see if we can
develop a multivariate regression which relates basin yield to elevation and precipitation.
Wasiolek (1995) found that basin recharge yields varied from 11% to 19% of
precipitation in five basins within the region. We would recommend moving back to this
approach. The CDM method used in this study relied heavily on Frenzel (1995).

Diffuse recharge applied to the water table has a direct impact on unconfined drawdown
cones and ultimately depletions. We would recommend a re-evaluation of areal recharge
in the model. There is the potential for arroyo recharge in areas not associated with the
uplands (Anderholm, 1994). A reasonable estimate of what that infiltration rate could be
can be defined and that value could be upscaled (areal weighted reduction) to the model.
Because arroyo recharge is a focused recharge process, it is not appropriate to apply the
rate over the entire model grid unless every model grid cell contains arroyos.

The temporal variation of model recharge is a linear deviation model based upon
precipitation. This assumption is considered unrealistic and should be reviewed for
revision. Conceptually, one would expect that mountain front recharge would be
attenuated in its relation to annual precipitation with a lower cutoff value and an upper
limit.

The MODFLOW stream package coding should be altered to fix stream discharge at a
constant rate when the aquifer head is below the bottom of the stream (i.e., losing). This
would provide a means of ensuring that stream losses remain reasonable. This option
was in the RIV2 package of Miller (1988} and is included in the Shomaker (2001) model.
A second issue is that we would recommend varying stream flows on the basis of
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precipitation and available gage data in the region. They are currently average annual or
average monthly flows.

¢ Transient calibration should be completed once conceptual issues such as boundary
implementation and recharge are satisfied through calibration of the steady-state model.
A transient sensitivity analysis should also be performed.
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