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ABSTRACT

This report provides a comprehensive description of the hydrogeologic setting
beneath the Pajarito Plateau and Los Alamos National Laboratory (LANL). It is
based on interpretative synthesis of hydrogeologic and geochemical data collected
through December 2004. Since 1998, twenty-five regional aquifer wells and six
intermediate-zone wells have been completed for hydrogeologic characterization.
Characterization of the hydrogeologic setting was undertaken in order to fulfill
regulatory requirements for characterization and monitoring. This report provides the
data and information necessary to evaluate the existing monitoring network and, if
necessary, to design an enhanced monitoring network.

Los Alamos National Laboratory (LANL) is situated on the Pajarito Plateau,
located within the Espafiola Basin section of the Rio Grande Rift. The Espafiola
Basin, as well as the Pajarito Plateau on its western edge, is filled with Miocene
and Pliocene-age sediments and volcanic rocks. The topographic plateau is formed
by Pleistocene Bandelier Formation ash-flow tuffs from the Jemez volcanic field,
which cover the basin-fill sediments.

Groundwater occurs in three settings beneath the Pajarito Plateau: alluvial
groundwater, intermediate-perched saturated zones, and the regional aquifer.
Alluvial groundwater occurs to a limited and variable extent in the alluvium lining
canyon bottoms. Alluvial groundwater provides pathways for LANL-derived
contamination introduced into canyons to migrate to significant lateral distances
and infiltrate to greater depths.

Flow and transport of water in the vadose zone varies by rock type. Most of the
plateau is covered with nonwelded to moderately welded Tshirege and Otowi
Member ash-flow tuffs of the Bandelier Tuff. Unsaturated flow and transport
through these nonwelded to moderately welded tuffs occurs predominantly through
the porous matrix. On the western edge of the plateau, both fracture and matrix-
dominated flow can occur, depending on the degree of welding (or matrix
conductivity) of the tuff. In contrast to the flow behavior in the Bandelier Tuff
units, much of the vadose zone flow through the basalt units is almost certainly
fracture dominated. Beneath the Pajarito Plateau, perched water bodies in the
vadose zone may be important components of subsurface pathways that facilitate
movement of contaminated fluids from the ground surface to the water table of the
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regional aquifer. Perched water is most often found in Puye fanglomerates, the
Cerros del Rio basalt, and in units of the Bandelier Tuff.

The regional aquifer beneath the Pajarito Plateau is part of an aquifer which
extends throughout the Espafiola Basin (an area roughly 6000 km?2). This aquifer is
the primary source of water for the Laboratory, the communities of Santa Fe,
Espafiola, Los Alamos, and numerous pueblos. The sources of recharge to the
regional aquifer are diffuse recharge in the Sierra de los Valles and focused
recharge from wet canyons on the Pajarito Plateau. Natural discharge from the
regional aquifer is primarily into the Rio Grande directly or to springs that flow
into the Rio Grande. The aquifer is under water-table conditions across much of the
Plateau, but exhibits more confined aquifer behavior near the Rio. Hydraulic
properties are highly anisotropic, with vertical hydraulic conductivities much
smaller than horizontal hydraulic conductivites, resulting in a muted response at the
water table to supply-well pumping at greater depths. Flow modeling simulations
suggest that flow beneath the Rio Grande (west to east) has been induced by
production at the Buckman wellfield just east of the Rio Grande, which supplies
the city of Santa Fe. Because of the heterogeneous nature of the aquifer,
groundwater velocity varies considerably over short distances. The fastest
velocities are in the basalts where fracture flow is assumed.

Imprinted on the natural variations in chemistry along flowpaths is the presence of
contaminants historically released since the early 1940s when Laboratory
operations commenced. The impacts to groundwater at the Laboratory have
occurred mainly where effluent discharges have caused increased infiltration of
water. The movement of groundwater contaminants is best seen through the
distribution of conservative (that is, non-reactive) chemical species. Under many
conditions, compounds like RDX, tritium, perchlorate, and nitrate move readily
with the groundwater. In many settings, chemical reactions do not retard the
movement of these compounds or decrease their concentrations, although the
activity of tritium does decrease due to radioactive decay. For some compounds or
constituents (uranium, strontium-90, barium, some HE compounds, and solvents),
movement is slowed or their concentrations are decreased by adsorption or cation
exchange, precipitation or dissolution, chemical reactions like oxidation/reduction,
or radioactive decay. Other constituents (americium-241, plutonium, and cesium-
137) are nearly immobile because they are strongly adsorbed onto sediment
particles.

The distribution of tritium in the regional aquifer supports the conceptual model
that surface effluent discharges have caused the cases where Laboratory
contaminants are found at depth. In most cases, the highest regional aquifer tritium
values are found near where effluent discharges have occurred, but are much lower
than values observed in overlying alluvial or intermediate perched groundwater.
The lower regional aquifer values may be due to dilution of recharge by other
groundwater sources as well as radioactive decay due to recharge times of decades.

The conceptual models of the hydrologic system beneath the Pajarito Plateau have
been translated into numerical models. A site-wide model for performing first-
order analysis of travel time through the vadose zone across the entire Pajarito
Plateau was used to identify areas where contaminant pathways are likely to exist.
Results indicated that the predicted travel times on mesas are variable, but for the
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most part are greater than 1000 years, ranging from 1000-5000 years in the eastern
portions of the Laboratory to 20,000 to 30,000 years in the western region. Two
factors control these results: infiltration rate and hydrostratigraphy. Generally,
travel times less than 100 years are predicted in the portions of canyons with net
infiltration of 300 mm/yr to 1000 mm/yr, especially in locations where the
Bandelier Tuff is thin.

The regional aquifer model has been applied to predict fate and transport of
contaminants in the regional aquifer, in order to optimally place monitoring wells
and inform risk assessment studies; and to provide guidance in prioritization of
data collection activities.

Armed with the understanding gained from the Hydrogeologic Workplan activities,
it is now possible to develop improved groundwater monitoring strategies or
conduct more cost-effective detailed studies of individual canyons where initial
studies have suggested that groundwater risk may exist.
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1.0 INTRODUCTION

This report provides a comprehensive description of the hydrogeologic setting beneath the Pajarito
Plateau and Los Alamos National Laboratory (LANL). It is based on interpretative synthesis of
hydrogeologic data collected through December, 2004. Characterization of the hydrogeologic
setting was undertaken in order to fulfill regulatory requirements for characterization and
monitoring. This report provides the data and information necessary to evaluate the existing
monitoring network and, if necessary, to design an enhanced monitoring network. Monitoring
network evaluation and design are not addressed in this report. Recommendations included in this
report are for scientific interest only, and are not necessary to comply with the regulatory
requirements.

LANL is located in Los Alamos, Santa Fe, and Sandoval counties of north-central New Mexico,
roughly 25 mi northwest of Santa Fe (Figure 1-1). It is owned by the Department of Energy (DOE)
and co-operated by DOE and the University of California (UC). Work at LANL began in 1943
with the mission to design, develop, and test nuclear weapons.

Beginning in 1945, the US Geological Survey (USGS) became involved in various studies to
develop the water supply at LANL (LANL 1995). Special studies to protect and monitor
groundwater quality were initiated by LANL in 1949. Thus, groundwater monitoring has been
conducted at LANL for over 50 years. The first monitoring network was limited to the water
supply wells, a handful of test wells, and springs. The monitoring network evolved as
environmental programs, such as those managed by LANL’s Environmental Restoration (ER)
organization (now Environmental Stewardship—Environmental Remediation & Surveillance
Program [ENV-ERS]), added more wells, primarily in the shallow alluvial systems, as potential
monitoring points.

In 1997, LANL personnel began a site-wide hydrogeologic characterization program, which is
described in the Hydrogeologic Workplan (LANL 1998). The primary objective of the
characterization program was to sufficiently refine the understanding of the hydrogeologic systems
so that, if appropriate, an enhanced monitoring network could be designed. The Hydrogeologic
Workplan was implemented, resulting in installation of 25 regional aquifer wells. Data from
sampling and measurements taken at these wells have provided information about the subsurface
geologic environment, including the vadose zone and intermediate perched and regional aquifer
groundwater. This report is a synthesis of data from Hydrogeologic Workplan activities and all
other groundwater-related investigations conducted at LANL since 1997. Collection and analysis
of groundwater data is ongoing at LANL, associated with site-specific (not site-wide)
investigations. It is considered unlikely that information from wells drilled after December 2004
will significantly change the understanding of the site-wide hydrogeologic setting described in this
report. In some cases, analysis and interpretation of data lags behind data collection, and what is
presented here does not include analysis of all data collected up to December 2004. Analysis of the
data collected as part of the site-wide characterization has sufficiently improved the understanding
of the hydrogeologic system and the ability to design and implement an integrated site-wide
groundwater monitoring program.
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1.1 Technical Objectives of the Hydrogeologic Workplan

The primary technical objective of the Hydrogeologic Workplan was to collect data necessary to
evaluate and, if necessary, enhance the groundwater monitoring network at LANL. The technical
objectives of the Hydrogeologic Workplan were intended to be comprehensive with respect to
groundwater regulatory requirements for characterization and monitoring, described in Appendix
1-A. The regulatory requirements included

* Resource Conservation and Recovery Act (RCRA) operating permit which requires
monitoring for RCRA units, unless a groundwater monitoring waiver is demonstrated.

*  New Mexico Environment Department (NMED) letters requiring a better understanding of
the hydrogeologic regime in order evaluate groundwater monitoring waivers submitted by
LANL.

* RCRA permits Hazardous and Solid Waste Amendments (HSWA) module requirements to
characterize the hydrogeologic setting.

Specifically, NMED identified four issues that needed to be resolved in order to evaluate the
groundwater monitoring waivers submitted by LANL (Appendix 1-A):

* Individual zones of saturation beneath LANL had not been adequately delineated and the
“hydraulic interconnection” between these was not understood.

* The recharge area(s) for the regional and intermediate aquifers and any associated effects
of fracture-fault zones with regard to contaminant transport and hydrology had not been
identified.

* The groundwater flow direction(s) of the regional aquifer and intermediate aquifers, as
influenced by pumping of production wells, were unknown.

* Aquifer characteristics could not be determined without additional monitoring wells
installed within specific intervals of the various aquifers beneath the facility.

Table 1-1 is a crosswalk of HSWA module requirements for groundwater characterization, how
they have been addressed, and which sections of this report contain that information.

1.2 Hydrogeologic Characterization Overview

In order to establish the data quality objectives that guided the development of the Hydrogeologic
Workplan (LANL 1998), the information needed to evaluate and design a monitoring network was
articulated. Groundwater at LANL occurs in three modes: alluvial, perched intermediate
groundwater in the vadose zone, and the regional aquifer. Figure 1-2 shows the relationship
between the Pajarito Plateau topography and modes of groundwater. In general, to monitor the
quality of water that has the potential to be impacted by releases of hazardous or radioactive
wastes, there must be an understanding of the following:
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Table 1-1.
Crosswalk Between HSWA Permit
Requirements* and Synthesis Report Section

HSWA Permit Permit Requirement Synthesis Report
Reference Sections
Task lll.A.1.a | A description of the regional and facility specific geologic and hydrogeologic Section 2.2,
characteristics affecting groundwater flow beneath the facility Section 2.4
Task lllLA.1.b | An analysis of any topographic features that might influence the groundwater Section 2.1.3
flow system
Task lllLA.1.c | An analysis of fractures within the tuff, addressing tectonic trend fractures versus| Section 2.5.4
cooling fractures
Task lllLA.1.d | Based on field data, tests, (gamma and neutron logging of existing and new Section 2.3;
wells, piezometers, and borings) and cores, a representative and accurate Section 4.2.12
classification and description of the hydrogeologic units which may be part of the
migration pathways at the facility (e.g., the aquifers and any intervening
saturated and unsaturated units)
Task lll.A.1.e | Based on field studies and cores, structural geology and hydrogeologic cross Section 2.3;
sections showing the extent (depth, thickness, lateral extent) of hydrogeologic Section 4.1.2;
units which may be part of the migration pathway identifying Section 4.2.12
Unconsolidated sand and gravel deposits
Zones of fracturing or channeling in consolidated and unconsolidated deposits
Zones of high or low permeability that might direct and restrict the flow of
contaminants
Task lllLA.1.f | Based on data obtained from groundwater monitoring wells and piezometers Section 2.4.2
installed upgradient and downgradient of the potential contaminant source, a
representative description of water level or fluid pressure monitoring
Task lllLA.1.g | A description of manmade influences that may affect the hydrogeology of the Section 2.7.6
site
Task lllLA.1.h | Analysis of available geophysical information and remote sensing information Appendix 2-A
such as infrared photography and Landsat imagery
Task lllLA.2.d | Characterize rock and soil units above the water table including saturated Section 2.2,
hydraulic conductivity Section 2.3,
Section 2.4.1
Task lllLA.2.e | Characterize rock and soil units above the water table including porosity Section 2.2,
Section 2.3,
Section 2.4.1
Task lllLA.2.j | Characterize rock and soil units above the water table including depth of water | Section 2.2,
table Section 2.3,
Section 2.4.1
Task lllLA.2.k | Characterize rock and soil units above the water table including moisture content| Section 2.2,
Section 2.3,
Section 2.4.1
Task lllLA.2.] | Characterize rock and soil units above the water table including effect of Section 2.4.1
stratification on unsaturated flow
ER2005-0679 1-8 December 2005
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Table 1-1.
Crosswalk Between HSWA Permit

Requirements* and Synthesis Report Section (continued)

HSWA Permit Permit Requirement Synthesis Report
Reference Sections
Task lll.LA.2.m | Characterize rock and soil units above the water table including infiltration Section 2.4.1
Task lllLA.2.n | Characterize rock and soil units above the water table including Section 2.4.1;
evapotranspiration Section 2.4.2
Task lllLA.2.0 | Characterize rock and soil units above the water table including residual Section 2.4.1,
contaminants in soil Appendix 3-A
Task lllLA.2.r | Characterize rock and soil units above the water table including water balance | Section 2.4.1
scenarios
Task 1ll.C.1.a | A description of horizontal and vertical extent of any immiscible or dissolved Appendix 3-A
groundwater plume(s) originating from the facility
Task 1lI.C.1.b | The horizontal and vertical direction of contaminant movement in groundwater Section 3.2;
Section 4.1;

Section 4.2.11;
Section 4.2.12

Task lll.C.1.c

The velocity of contaminant movement in groundwater

Section 4.1;
Section 4.2.11;
Section 4.2.12

Task lll.C.1.d | The horizontal and vertical concentration profiles of any 40 CFR Part 264 Section 3.2;
Appendix IX constituents and radiochemical constituents in the groundwater Appendix 3-A
plume(s)

Task 1ll.C.1.e | An evaluation of factors influencing the plume movement Section 3.1,

Section 3.2,

Section 4.1,

Section 4.2.12
Task IIl.C.1.f | An extrapolation of future plume movement Section 4.1,

Section 4.2.12

*LANL, 1995.

* Potential sources of contaminants: contaminant character, inventory, and locations

¢ Release mechanisms that introduce contaminants to the environment

* Contaminant transport mechanisms from the location of the release to groundwater

* Transport of contaminants through the groundwater system: direction and velocity of
groundwater and of contaminants

Monitoring data needs were identified for each component of the groundwater system: alluvial,
intermediate perched groundwater in the vadose zone, and regional aquifer and the connections
between the components. Figure 1-2 shows the overall hydrogeologic conceptual model. In wet
canyons, where surface water is present, the water infiltrates the alluvium in the canyon bottoms
and forms alluvial groundwater. Dry canyons and mesas do not have alluvial groundwater.
Alluvial groundwater flows down the canyon until it reaches an area where infiltration is enhanced
by thin or absent Bandelier Tuff, highly fractured rock below the alluvium, or anthropogenic
alterations (e.g. sediment traps). In areas with enhanced infiltration, alluvial groundwater
percolates through the vadose zone and collects in relatively more permeable units, if there are any
present beneath the canyon, e.g. fractured basalt. Alluvial groundwater and perched intermediate
groundwater continue to percolate through the deeper vadose zone until they reach the regional
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aquifer. The interconnected nature of the hydrogeologic system may allow anthropogenic
constituents that are present in surface water to be transported into alluvial groundwater, the

vadose zone and to the regional aquifer.
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Figure 1-2. Groundwater components at LANL.

The data collection articulated in the Hydrogeologic Workplan considered elements of risk
assessment, e.g. sources, release mechanisms, and transport, because these same elements are
important in establishing a monitoring network capable of detecting releases. Thus, the data
collected under the auspices of the Hydrogeologic Workplan are considered adequate to support
risk assessment, but are not intended to serve as a risk assessment. Characterizing the source terms
and release mechanisms or other chemical phenomena is the subject of ongoing investigations and
information from those investigations was used in developing the Hydrogeologic Workplan
(LANL 1998). Characterizing the alluvial component of the hydrologic system was undertaken in
conjunction with investigating source terms and the results of the alluvial investigations are
reported here (Section 2.4) because of the importance of alluvial groundwater in the hydrogeologic
system. The primary focus of the Hydrogeologic Workplan (LANL 1998) activities was on the
deeper groundwater components and to understand the movement of contaminants through the
vadose zone and in the regional aquifer.

Since 1998, twenty-five regional aquifer wells and six intermediate-zone wells have been
completed for hydrogeologic characterization (Table 1-2). The locations of the hydrogeologic
characterization wells are shown on Figure 1-3. Well completion fact sheets (Appendix 1-B) and
well completion reports document the drilling, well construction, well completion, testing, and
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sampling for each characterization well. A description and analysis of the characterization
sampling for many wells are documented in geochemistry reports.

1.3. Topical Organization

The most basic control on the movement of water and contaminants through the system is the
rocks through which the water moves. The conceptual model of the site is built from surface and
subsurface geologic data (Appendix 2-A). Section 2.1 describes the regional geologic setting as a
context for understanding the stratigraphic framework of the Pajarito Plateau presented in Section
2.2. Cross sections that illustrate the relationship between the stratigraphic units are critical for
understanding how groundwater flows (Section 2.3).

The hydrologic properties of stratigraphic units in the vadose zone and regional aquifer are
described in Section 2.4. This section quantifies the properties of the hydrologic units and explains
the sources of data, including the uncertainties in the properties. The hydrologic properties and
processes are combined to create conceptual models of the alluvial, vadose zone, and regional
aquifer components in Sections 2.5, 2.6 and 2.7, respectively.

The natural groundwater geochemistry of the Pajarito Plateau is important to understand in order
to identify and quantify contaminants added to the system. The background groundwater chemistry
is integrated with geochemical processes to provide the comprehensive geochemical model
described in Section 3.1. Overprinted on the natural water chemistry are the contaminants
potentially released by LANL activities. Section 3.2 synthesizes the contaminant distribution data
with respect to hydrologic processes and explores the contaminant transport implications.

Numerical modeling is an analytical tool that can be used to integrate and synthesize the
sometimes widely-spaced point hydrogeologic field data and that predicts how the hydrologic
system will behave at different times and under different conditions in the future. However, before
models can be used for prediction, they must adequately reproduce the current conditions. The
vadose zone and regional aquifer models that have been developed adequately reproduce current
conditions beneath the Pajarito Plateau are described in Sections 4.1 and 4.2. These sections
include the underlying assumptions, hydrologic processes, calibration, and predictions for flow and
transport.

Section 5 summarizes the information presented in Sections 2, 3 and 4 and highlights how the
refined understanding of the hydrogeologic systems can be applied to evaluating the adequacy of
the existing the monitoring system and, if necessary, the design of an enhanced monitoring
network.
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Figure 1-3. Locations of the Hydrogeologic Workplan characterization wells.
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2.0 HYDROGEOLOGY

Groundwater occurs in three settings beneath the Pajarito Plateau: alluvium, intermediate
perched saturated zones, and the regional aquifer. The major source of recharge to the regional
aquifer is precipitation within the Sierra de los Valles. However, alluvial groundwater on the
Pajarito Plateau is a source of recharge to underlying intermediate perched saturated zones and to
the regional aquifer.

This section describes the conceptual understanding of the hydrogeology beneath the Pajarito
Plateau. The conceptual models of the hydrogeologic system described here are based on
empirical observations combined with knowledge of geologic and hydrologic processes. These
conceptual models are the foundation of the numerical models described in Section 4. First, the
geologic conceptual model is described to provide an understanding of the geologic units that are
present. Second, the connection between geology and hydrology is discussed because the
geology is the first-order control on the Pajarito Plateau hydrology. Finally, the conceptual
models for the alluvial groundwater, perched intermediate groundwater, and the regional aquifer
are described.

2.1 Geologic Conceptual Model

The geologic conceptual model for the LANL site is developed from (1) past studies of site and
regional geology that predate implementation of the Hydrogeologic Workplan, including over
50 years of mapping, drilling, and regional geophysical studies; (2) borehole data collected
specifically for the Hydrogeologic Workplan; and (3) integration of results from current
Hydrogeologic Workplan studies with other studies in the region, particularly those that are
brought together by the Espafiola Basin Technical Advisory Group. Table 2-1 provides a
summary of the types of information used to develop the geologic conceptual model and
Appendix 2-A contains a detailed description of the geologic types of data used to develop the
conceptual model.

There are localized subsurface geologic data associated with drilling boreholes and regional
geologic data, surface and subsurface, which are obtained by aerial surveys and work done by
others on a regional scale. The localized subsurface geologic data are obtained from:

* Cuttings and core

* Borehole geophysical data
* Borehole video logs

* Dirilling rates and character

ER2005-0679 2-1 December 2005



S00¢ A2quiasa(]

6,90-S00CHH

aAoqge
sBuno 1o} se aweg

‘anoge sbumno Joj se sweg

‘sgjoyaloq
Jajinbe jeuoibal awos

Ul S|eAJBlUl pa}os|as Wod)
pue sajoy 8100 pajeodlpap
w0} pa}0s||00 SeM 8109

‘sjun o16ojoabolpAy
SRILETE
10 saiadoud olneIpAy .
(suojue ‘ainysiow "6-9)
sg|dwes auoz-asopeA
10 sasAjeue |eolwayd
pue o160j0IpAY
spJejinbe
pue sauoz pajeinjes
payoiad jo ABojoab .
:Buipnjoul ‘saaioslqo
uolnezusjoeleyo
JOo Jaquinu e
[JIN} O} P}OS[|0D SBM 810D

210D
woJj uonew.oju; o16ojoy

"X0q a8y} Jo} abuel abejooy
pue ‘Jequnu xoq ‘sweu
[I9M 8y} Yiim pajaqe]
S9X0( 9409 Ul palols

ale s|elglew ajoyaloq ||y
"L01-1220-€0 Buipiing ‘¢
BalY |BOIUYDD] B Pajedo|
Ajjioe4 Juswabeuep
a|dweg uoisinig AN3

ay) 1e paAlyole Apuslind
ale sbumno pue a10)

'sboj| |eaisAydoab
a|oyalog jo suoinelaidiayul
pue uoneulwexa

[BNSIA WO} S}JOBIU0D
olydesbies)s pue ‘sainjes;
uonesa)fe ‘salbojoyll ool
azuewuwns sb0oj o160j0y)i

‘Bunep abe

IV /IV,, Pue ‘Aydesboned
uonoas-uly) ‘Ansiwayo
3004 10} @oUdIsaI0oN|) Ael-X
‘ABojelauiw 10} uonoBIYIP
Ael-x :uoljeziisjoeleyo
[euol}Ippe 10} pa}os|as sem
sBuno pue 8109 Jo Josqgns
[lews e pue paulwexs
Allensia alom sBbuipng

‘Buliog yoes

j0 (dL) wdap |ejo} 8y}

0} ‘papiwiad suonpuod se
‘U G Alons pa}o9||00 alom
sBumno ||up %Ing 4o |w
00Z 0} 006 Ajeyewixolddy

‘neaje|d ay} 40}

[opow 2160j086 g-¢ apim
-9]Is 8y} Jo sjuauodwod
Aoy ale sejoyaloq Buowe
S}HIUN 300l JO suole[alIo)
"g|oyaloq yoes

1e syun o16ojo0aboipAy
ay} Jo Jajoeleyd

pue wojoq pue doy ay}
JO sjuswainseaw }oalig

sbumng
wou uonewJoju| o160j043

SOAIYIY

Sp1023y ejeq

uo122j|0J ejeq

asoding

adA] ejeq

ejeq 2160099 jo Alewwng

‘l-gelqel

J10day] s1sayjuds 9130]0230.4pAf]




S00¢ A2quiasa(]

6,90-S00CHH

‘1lodas uona|dwod |jlam
yoes ul pspnjoul si jeyy
uodau aanaidiaul ue ul
paziewwns ale sisAjeue
pue Buibboj jeaisAydosb
JOJOBJIUOD JO S)|NSay

‘uonjejaldiaiul pajelbajul
Buljgeus uonejussald s|buls
e ojul sboj sy} suiquioo

0} pue Wway} }081lod

0} Sjuswainsesaw pjol

ay) passaoolidal Jojoeiuo)

‘pawopad

alom saoInles |eoisAydoab
8y} aw 8y} e yonJj
Buibbo| ayy ul pejessusb
alom sb0oj [eoisAydoab

10 sj|nsaJ Aleuiwljaid

yidap |ejo)

payoeal 8joyaioq 8y} 8oU0
sbo| |jeaisAydosb sjoyalioq
O 8}INs BAISUBIXS alow

B Ulejqo 0} pajoesjuoo

sem 82IAI8s Bulbbo)
BUI|-aJIM J0}oBJUO0D

‘sbo| uoneipes ewweb
[einjeu pue ‘uoionpul

pue aouejsisal julod-s|buls
‘lenusajod snosauejuods
‘Jadi|eo Ny

"UOIJONJISUOD [|l9M 0O}
Joud suonipuod ajoyaioq
a]en|eAs 0] pue suoieodo|
u2alos ||om 109]as djay

0] |Jauuosiad NV pue
‘30Qq “1010B4U0D AQ pasn
alom sbo| Aleuiwijald
"J1ajinbe |euoibal

pue ‘sauoz pajelnjes
payalad ‘ouoz asopea
8y} Jo sonisueoelIeyD
2160]0JpAyY pue

2160]086 8y} aulwisleq

ejeq

[eaisAydoas) sjoyalog

VIN

'sbo|

[eaisAydoab pue sbumno
Se |ons $92Inos Jayjo

wou} ejep o1b6ojoaboipAy jo
uonejaidiajul 8y} paple jeyy
uonewJoyul [eyuswalddns
papinoid Asy) pue

‘sbo| p|aly ul papiodal aiom
B)JEp [BUOIBAISS]O 9S8y |

‘gjoyaJlog ay} ybnouiyy
Bunenouro spiny Buljup
ay} ul sebueyo pajou
SJ9|[1Ip UBYM pauIe}qo Sem
ejeljs Buleag-lsjem noge
uoljew.oyul juepoduw
‘Ajpidel alow pajjup

aJam s)20. Jus}edwoo-sS9|
sealaym ‘sajel Buljup
MO|S BABY S}IUN Y004 pieH
‘pajesauad Buiaq s)o0.
ay) Jo Aousjadwod ayy
pajoaye Ajuewld ale sajel
Buljjuqg “sejel uonensuad
[ILUp ul sabueyo jueoyubis
AQ payJew Ajuowwoo
alam sjoejuoo olydelbnens
pue oi6ojoyy Jofe

‘sgjoyaloq
ay) Jo ABojoaboipAy

ay} Buipuelsiepun

0] palnqLuod sisibojoab
9)IS-UO0 pue sia||up

8y} Aq solsiieioeleyo
Buljjup Jnoge suonealssqO

uonewJoyu| Bunug

SOAIYIY

Sp1023y ejeq

uo122j|0J ejeq

asoding

adA] ejeq

(ponunuod) ejeq s160j099 jo Atewwng

‘l-gelqel

J10day] s1sayjuds 9130]0230.4pAf]




S00¢ A2quiasa(]

6,90-S00CHH

a|qeoldde jou = y/N 910N

"so|l} 4ad

aqopy se s|ge|ieAe ale
aul| 1ybiyy yoes 1oy ‘sjepow
@8y} ||e Jo synsal ay|
"(@-2) saull by s|dnNw
uo yidap juesuod e Jo
‘(@-z) saull b1y |enpiAipul
Buoje syidap aidninw (g
-1) syidep ejdinwy/sjuiod
a|buls :aiom

SUOISJaAUI pue ‘[apowl
JYuee-paiafe|, e pawnsse
Buissaosoud ayy Jo ||y

"elep plb pue auj|
10 saAlyole [eybip pue saul|
JyBiyy Joj suonoss (1.ao)

wJojsuen-yydep-AlIAnonpuoo

yum sajiyoid Jeysweledinw
‘syjdep snouea

1e sa9||s yidap AjIAionpuod
pue aoue}NpPUOd

waledde ‘(JNY) Alsual
onaubep [enpisay jo sdep

‘Buroeds

Jeyew-000¢ Inoge saul| 8l
UM ‘JOZN PajusLIo saulT
'S8UO0Z Jayng ul W 0Lz je
pue ‘saliepunogq Aiojeioge|
sy uiyum w Ggo| je
paoeds saul| Jybi4 (eale
INV 140 %08) P8}os)||09
alom ejep onaubew

pue ejep A3 ulewop awin
@I Leba Jo siarewoly
8ul| £9/ o |ejo}

‘neaje|d ojlleled

ay) Yiesuaq ainjon.is
[euoibal auyap djay

0} pasn alam ejep AjAelo
‘neaje|d ay} yjesuaq
ainjonas AJIAIONPUOD By}
Buluyep Aq suonebisaaul
Jajempunolb snoo4

sAaAIng auloquly [euolbay

VIN

‘s||[om ue[dyiom
10 uonejejsul buunp
pa109]|00 a1am sbo| 0sapIA

"salnjoed}
10 alnjeu pue aoussald
8y} pue s8joyaloq

awWos ul sauoz payolad
JO SUOIIBD0| BY) dUILWIB}BP
01 sboj| |eaisAydoab

yyum uonounfuod ui pasn
uayQ ‘suonipuod oi6ojoab
ssosse 0] sisibojoab

AQ pemaIA 1M SOSPIA
ayl ‘|1om pajojdwod

J0 8j0yalog yoea ul

pasn sem 09pIA 8joyalog

"ajoyumop
1s0| juswdinba pue

s|00} Joj suopelado Buiysy
apinb 0] pue suopIPuUOD
ajoyaJloq anewsjqoud
ssasse 0] ‘sanbiluyos)
JuswdojaAap |jom Jo
SSOUBAIJOBYS B} Ssosse
‘sjuauodwod ||am pa||eisul
JO UOIIPUOD }jIng-Se By}
juswnoop :sajoyaloqg ay}
Ul S|9A3| Jajem juswnoop
‘uonelinyes payolad

10 8OUBPIAS 1O} S||em
8|0yaJ0q J0 uoneuiwexs
|ensiA (sjoejuod
olydeubness auiwisyep
djay 03 pue uonew.Jojui
o1Bojoyy urejqo o1

sbo oapIp ojoyalog

SOAIYOIY

Sp1023y ejeq

uo122j|0J ejeq

asoding

adA] ejeq

(penunyuod) ejeq s160j099 jo Atewwng

‘l-gelqel

J10day] s1sayjuds 9130]0230.4pAf]




Hydrogeologic Synthesis Report

Geologic data derived from regional-scale studies were obtained from multiple sources,
including:

* Surface geophysical data were used to help constrain the site-wide geologic model
(Appendix 2-A). These data include regional gravity data, airborne electromagnetic data,
high resolution resistivity, and magnetotellurics. Gravity data were used to help define
regional structure beneath the Pajarito Plateau. Airborne electromagnetic data, high
resolution resistivity, and magnetotelluric data were used to focus groundwater
investigations by defining the conductivity structure beneath the plateau

* Numerous local and regional mapping projects and geological studies have provided
important information supporting development of geologic conceptual models and digital
realizations of these models.

* Espafiola Basin workshops were hosted annually by the Espafiola Basin Technical
Advisory Group and sponsored by the U.S. Geological Survey, the New Mexico Bureau
of Geology and Mineral Resources, Los Alamos National Laboratory, and the city of
Santa Fe.

* The Seismic Hazards program at LANL was an important source of information about
faults and fractures in the vicinity of the Laboratory.

* Students and their advisors from the graduate programs from the University of New
Mexico and New Mexico State University, New Mexico Institute of Mining and
Technology, and the University of Texas have provided additional hydrogeologic
information for the Jemez volcanic field, the Espanola Basin, and the Puye Formation.

2.1.1 Goals of the Geologic Model

* Define the geologic setting of the groundwater system beneath the Pajarito Plateau

* Relate lithologic properties of rocks to groundwater flow characteristics and rock/water
Interactions

* Provide a benchmark for comparing new data to predicted geology

* Improve selection of new well sites based on iterative evaluation of hydrogeologic
information

* Provide a framework for numerical flow and transport models of the vadose and saturated
zones

2.1.2 Site-Wide Geology

The discussion of site-wide geology presented here is condensed from a summary by Broxton
and Vaniman (2005). More detailed, fully referenced information is available in that publication.
The deep characterization wells drilled in the time period from 1997 to 2004 have provided the
foundation for constructing the geologic framework surfaces presented in this section.

2.1.2.1 Regional Setting

The Pajarito Plateau lies at the volcanically and seismically active boundary between the
Colorado Plateau and the Rio Grande Rift in north-central New Mexico (Figure 2-1). The Rio
Grande rift is a major geologic feature that consists of north-trending, fault-bounded basins
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extending from central Colorado to northern Mexico. The local area of subsidence, termed the
Espafiola Basin, lies between two larger basins—the Albuquerque Basin to the south and San
Luis Basin to the north (Kelley, 1978). The Espafiola Basin is about 70 km (44 mi) long and

60 km (37 mi) wide. The plateau overlies the deepest part of the west-tilted Espafiola Basin
adjacent to the highlands of the Jemez volcanic field. Geologic units consist of Miocene and
Pliocene basin-fill deposits and interfingering volcanic rocks from the Jemez and Cerros del Rio
volcanic fields. Miocene and Pliocene sedimentary and volcanic rocks are covered by
Pleistocene ash-flow tuffs making up the Pajarito Plateau.

Jemez
Mountains
Nacimiento
Mountains

Py

3
]
& 8
R
Q }
(2]
T
g £ M’
9 J
S Q Santo Domingo Basin
Albuquerqvg L
Colorado
o Utah
@ " /
]
} .9' Area of
g Arizona figure
o
\\ ~]
L2
( < New Mexico
Rio Grande Rift
0 25 50 Kilometers
s ™ s ™ |
Rift-filled Quaternary and Precambrian

Sediments  Tertiary Volcanic Rocks Granite Rocks

Figure 2-1. Locations of major structural and geologic elements near LANL. Major fault
systems are shown with ball on downthrown side. VC is the Valles Caldera
complex; NFZ is the Nacimiento fault zone; CCFZ is the Cafiada del Cochiti
fault zone; PFZ is the Pajarito fault zone; and PPFZ is the Picuris-Pecos fault
zone.
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The western structural margin of the Espafiola Basin is partly covered by rocks of the Jemez
volcanic field, but probably includes a broad zone of north-trending faults such as the Canada de
Cochiti fault zone (Figure 2-1) that cut older volcanic units in the south-central part of the
volcanic field (Gardner and Goff, 1984). The present active western boundary of the Espafiola
Basin is the Pajarito fault zone, a narrow band of north- and northeast-trending normal faults that
delineate the western margin of the Pajarito Plateau. Neogene displacement along the Pajarito
fault zone is dominantly down to the east with episodic faulting indicated by progressively larger
offsets in older rock units.

Gravity data (Biehler et al., 1991; Ferguson et al., 1995) indicates the deepest part of the
Espaiola Basin coincides with three deep, intrabasinal grabens arrayed along the Pajarito and
Embudo fault systems. From north to south, these subbasins include the Velarde graben (Manley,
1979, 1984), a north-northeast trending basin beneath Santa Clara pueblo, and a north-trending
basin near Los Alamos. The Pajarito fault zone forms the western boundary of the Los Alamos
subbasin (Biehler et al., 1991; Ferguson et al., 1995; Smith, 2004). Gravity data suggest that the
eastern boundary is bounded by buried faults that lie east of the southern projections of the
Rendija Canyon and Guaje Mountain (Ferguson et al., 1995), but the location and size of faults
in this area are not well known.

The basement of the Espafiola Basin is an eroded terrane of Eocene-Precambrian aged rocks
uplifted during the Laramide mountain-building episode (orogeny, approximately 65 million
years ago (m.y.a.). One of these uplifted areas, the Pajarito uplift, is bounded on the east by the
Picuris-Pecos fault in the Sangre de Cristo Range and on the west by the Pajarito fault (Cather,
2004; Smith, 2004). At the time of Laramide uplift, the Pajarito fault was a westward-verging
reverse fault, but it was reactivated as a down-to-the-east normal fault during Neogene (within
the last 24 m.y.) subsidence of the Espafiola Basin.

2.1.2.2. Structural Geology of the Pajarito Plateau

The Pajarito fault zone and its associated structures are the most prominent tectonic features of
the LANL site (Figure 2-2). The fault, which forms a 120-m (400-ft) high escarpment on the
western margin of the plateau, has the surface expression of a large, north-trending, faulted
monocline. Along strike the fault varies from a simple normal fault to broad zones of small
faults, faulted monoclines, and unfaulted monoclines. These varied styles of deformation are all
considered expressions of deep-seated normal faulting. The amount of fault displacement for
older rock units is not known because thick deposits of Bandelier Tuff cover critical relations.
Stratigraphic separation on the Tshirege Member of the Bandelier Tuff (1.22 Ma) ranges
between 80 and 120 m (260 to 400 ft) along the segment of the fault west of LANL (Gardner

et al., 1999). Holocene movements (within the last 10,000 years) and historic seismicity indicate
this fault system is still active.
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Figure 2-2. Location map of the central Pajarito Plateau.

Yellow-shaded area is the Los Alamos National Laboratory. Also shown are the municipalities
of Los Alamos and White Rock. East- and southeast-trending canyons are incised into the
plateau. Water supply wells are shown as blue stars and the water-supply well fields are
indicated in blue shading; additional wells of Guaje well field extend north of this map. The
Buckman well field provides water to Santa Fe. Water supply wells LA-1 through LA-6 are no
longer used for municipal water production. New regional aquifer wells installed since 1998 are
shown as red dots. Older test wells are shown as black dots. Line A-A' shows the location of the
cross-section in Figure 2-5. Main elements of the Pajarito fault zone are shown in blue. PFZ is
the main trace of the Pajarito fault zone; RCF is the Rendija Canyon fault; GMF is the Guaje
Mountain fault; and DDG is the Diamond Drive graben. Faults modified from Gardner et al.
(2001) and Lewis et al. (2002).
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Other major faults on the Pajarito Plateau include the Rendija Canyon and Guaje Mountain
faults. The Rendija Canyon fault, located in the northern part of the plateau, is a north-trending
normal fault with down-to-the-west displacement. The Rendija Canyon fault dies out as a simple
normal fault on the north side of LANL. Southward across LANL it is replaced by a broad arc of
small-displacement faults that trend in a southwesterly direction towards the main trace of the
Pajarito fault. The Guaje Mountain fault lies east of and is generally parallel to the Rendija
Canyon fault. It is also a north-trending normal fault with down-to-the-west displacement.
Surface traces of the Guaje Mountain fault die out north of LANL.

Additional faults are probably buried beneath the cover of Bandelier Tuff on the Pajarito Plateau.
Where exposed along the east side of the basin, Santa Fe Group rocks are cut by numerous north-
trending normal faults. Similar fault densities and orientations are probably present in the basin-
fill sediments beneath the Pajarito Plateau. Unfortunately, existing well data are of limited use in
defining these structures because of the complex depositional patterns and interfingering
relations of Pre-Bandelier rock units beneath the plateau.

2.1.2.3 Volcanic Setting of the Pajarito Plateau

The Pajarito Plateau overlaps two volcanic fields whose activities were coeval with rifting. The
plateau is bounded on the west by the Jemez volcanic field, a nearly circular volcanic field 72 km
(45 mi) in diameter that includes the Valles caldera (Figure 2-1). The plateau is bounded on the
southeast by the smaller Cerros del Rio volcanic field. The Jemez volcanic field was an
important source of sediments during basin subsidence and the basin-fill sediments interfinger
laterally with rocks of both volcanic fields.

Cerros del Rio Volcanic Field

The Cerros del Rio volcanic field is mainly exposed as the Caja del Rio basalt plateau on the east
side of the Rio Grande. The surface of the basalt plateau ranges in elevation from 6000 to

7396 ft. The exposed part of the volcanic field extends about 26 mi in a north-south direction and
is up to 12 mi wide. The volcanic field extends an additional 7 mi to the west beneath the
Pajarito Plateau, where Bandelier Tuff covers it. The exposed portion of the volcanic field is
made up of about a dozen volcanoes and >70 vents of cinder cones, plugs, and tuff rings. Basalts
and related intermediate-composition lavas are the predominant rock types, and most were
erupted between 2.3 and 2.8 Ma. The Rio Grande cuts a south-southwesterly course through the
northwestern part of the basalt plateau, forming White Rock Canyon (Broxton and Vaniman
2005).

Jemez Volcanic Field

The Jemez volcanic field lies at the intersection of the northeast-trending Jemez lineament, a
major crustal structure of Precambrian ancestry, and north-trending faults of the Rio Grande Rift.
Volcanism over the last 14 million years (m.y.) built up the Jemez Mountains, while
contemporaneous tectonic rifting resulted in subsidence of the Espafiola Basin, the area
extending from the Valles caldera to the western margin of the Sangre de Cristo Mountains. The
Jemez volcanic highlands were a major source of Miocene and Pliocene volcaniclastic sediments
that were deposited as alluvial fans in the western part of the Espafiola Basin. Eastward, these
volcaniclastic deposits interfinger with arkosic basin-fill sands and gravels derived
predominantly from Precambrian—cored uplifts on the east side of the Espafiola Basin.
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The Jemez volcanic field began to develop between ~14 and 10 Ma with the eruption of
predominantly basaltic and rhyolitic rocks of the Keres Group. Major rock units of the Keres
Group include:

* ~14.5 to 7.6 Ma: Basalts that were erupted predominantly in the southern and
northeastern parts of the volcanic field.

* ~12.4 to 8.8 Ma: The Canovas Canyon Rhyolite of the Keres Group, made up of rhyolite
domes and associated pyroclastic deposits that were erupted from vents aligned along
faults of the Canada de Cochiti fault zone.

e ~10.6 to 7.1 Ma: 1000 km’ of andesite and subordinate basalt and rhyodacite that were
erupted as part of the Paliza Canyon Formation.

* 7.1 to 6.0 Ma: High-silica rhyolite plugs, domes, and tuffs of the Bearhead Rhyolite,
including thick tuffaceous deposits of the Peralta Canyon Member, that were erupted
from along faults of the Cafiada de Cochiti fault zone.

The period from 6 to 7 Ma also coincided with a transition to predominantly dacitic volcanism
throughout the volcanic field (Gardner et al., 1986). Porphyritc dacitic lavas of the Tschicoma
Formation of the Polvadera Group were erupted primarily between 5 and 3 Ma (Goff and
Gardner, 2004; G. WoldeGabriel, personal communication) from large, overlapping dome
complexes typified by the extensive exposures of this formation in the highlands of the Sierra de
los Valles west of the Pajarito fault zone.

Volcanism in the Jemez volcanic field reached a climax with eruption of the Bandelier Tuff from
the Toledo and Valles calderas. The Bandelier Tuff has two members, each consisting of a basal
pumice fall overlain by a petrologically related succession of ash-flow tuffs. Eruption of the two
members was accompanied in each case by caldera collapse. The Otowi Member (1.61 Ma) was
erupted from an earlier caldera that was nearly coincident with, and was largely destroyed by, the
younger Valles caldera. The Valles caldera formed during the eruption of the Tshirege Member
(1.22 Ma). About 300 km® of high-silica rhyolite magma was erupted for each of the two
Bandelier Tuff members. Deposits of Bandelier Tuff form radially distributed flat-topped tuff
plateaus that dip away from the central volcanic highlands. The Pajarito Plateau at LANL is
made up of Bandelier Tuff that flowed more than 21 km across the western Espafiola Basin.

An interval of about 400,000 years separated the eruptions of the two Bandelier Tuff members.
During this interval, domes of Cerro Toledo Rhyolite were emplaced northeast and southeast of
the earlier Toledo caldera. Tephras from these domes were deposited as ash and pumice falls
over the Sierra de los Valles and Pajarito Plateau. The Cerro Toledo interval is a mixture of
reworked Cerro Toledo Rhyolite tephras and Tschicoma dacite sediments eroded from the Sierra
de los Valles.

2.2 Stratigraphic Framework of the Pajarito Plateau
A generalized diagram showing the stratigraphic sequence of rock units of the Pajarito Plateau is
shown in Figure 2-3. Rock units are described below from oldest to youngest. The stratigraphy,

lithology, and geochronology of the Santa Fe Group beneath the Pajarito Plateau are known
primarily through drillhole data because Bandelier Tuff covers these older rock units. Based on
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exposures near the Rio Grande and new drillhole data, the Santa Fe Group beneath the Pajarito
Plateau is believed to include, in ascending order, the Tesuque Formation, older fanglomerate
deposits of the Jemez volcanic field, the Totavi Lentil and older river gravels, pumice-rich
volcaniclastic rocks, and the Puye Formation. Recent mapping of basin sediments north and east
of Los Alamos suggests that the Tesuque Formation, as used in this report, may include rocks of
the Chamita Formation (Koning et al., 2005). The older fanglomerate and pumice-rich
volcaniclastic rocks are new units that are given provisional informal names. These units are
generally similar to the Puye and Cochiti Formations, but are older than rocks normally assigned
to them. Redefining the Puye and Cochiti Formations is beyond the scope of this report, and the
older fanglomerates and pumice-rich volcaniclastic rocks are treated as informal units until they
can be incorporated into the new stratigraphic framework being developed for the Espafiola
Basin (see discussion in Smith, 2004). In the vicinity of the Pajarito Plateau, Santa Fe Group
deposits interfinger with or are overlain by volcanic rocks of the Jemez and Cerros del Rio
volcanic fields. Rock units older than the Santa Fe Group (e.g., early Tertiary and older rocks)
are not described here because they underlie the Laboratory at considerable depth and have not
been penetrated by deep drillholes. These prebasin rock units are described in papers by Biehler
et al. (1991), Cather (1992 and 2004), Ferguson et al. (1995), and Smith (2004).

The total thickness of the Santa Fe Group in the eastern and northern part of the Espafiola Basin
is as much as 1450 m (4800 ft) (Galusha and Blick, 1971). The Yates La Mesa no. 2 exploration
well penetrated 1200 m (3966 ft) of Tesuque Formation in the south-central part of the basin
(Meyer and Smith, 2004). However, the thickest Santa Fe Group deposits are believed to occur
in the western Espafiola Basin beneath the Pajarito Plateau (Kelly, 1978; Biehler et al., 1991;
Ferguson et al., 1995; Smith, 2004). The thickness of these deposits is not well known because
the deepest wells on the plateau (e.g., PM-5 with a depth 950 m; 3110 ft) do not fully penetrate
the basin-fill sediments. Biehler et al. (1991) estimate that the Santa Fe Group in the central
basin might be as much as 2000 m (6650 ft) thick based on gravity data. Cross sections by Kelly
(1978) and Koning and Maldonado (2001) show up to 2750 to 3300 m (9000 to 10000 ft) of
Santa Fe Group deposits in the central and western parts of the basin. Drillhole data and outcrops
indicate that Santa Fe Group deposits are considerably thinner (<500 m; <1640 ft) west of the
Pajarito fault (Goff and Gardner, 2004).

This section includes structure contour maps (contoured elevations at the top or bottom of a
hydrogeologic unit) and isopach maps (contoured maps showing the unit thickness). These maps,
which are prepared by interpolation between points of one-dimensional drillhole data, provide
information on the extent of a unit beneath the site and the relative contribution of each unit to
the hydrostratigraphy at any given point. Isopach and structure-contour figures representing key
hydrostratigraphic units include:

* Cerro Toledo interval (Figure 2-4),

* Otowi Member ash flows (Figure 2-5),

* Guaje Pumice Bed at the base of the Otowi Member (Figure 2-6),
¢ Cerros del Rio lavas (Figures 2-7 and 2-8),

* Pumiceous volcaniclastic rocks (Figure 2-9).
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Figure 2-3.
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Pajarito Plateau stratigraphy and hydrogeologic units as used in this report.

The bedrock geologic framework shows the stratigraphy of the plateau and the
adjacent Sierra de los Valles. Units with italicized names are not exposed or
penetrated by boreholes in the immediate vicinity of the plateau, but they are
coeval units of the Jemez volcanic field that may be important source rocks for
plateau deposits. The hydrogeologic framework shows units that are defined for
site-wide numerical modeling (Broxton and Vaniman, 2005).
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Figure 2-4. Structure contour and isopach map for the Cerro Toledo interval. Structure

contours for base of unit indicate that Cerro Toledo filled a broad southeast-
trending paleovalley incised into the Otowi Member (see isopach map for Otowi
Member in Figure 2-5). The thickest Cerro Toledo deposits coincide with the
axis of the paleovalley.
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Structure contour and isopach map for the Otowi Member of the Bandelier Tuff.
Structure contours are for base of Guaje Pumice Bed and show the
paleotopography prior to eruption of the Otowi Member. Otowi ash-flow tuffs
filled a broad north-trending paleovalley bounded by the Sierra de los Valles
highlands on the west and the Cerros del Rio basaltic highland on the east. The
variable thickness of the Otowi Member on the western side of the plateau
represents deep erosion of these poorly consolidated nonwelded tuffs prior to
eruption of the Tshirege Member.
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Figure 2-6. Isopach and structure contour map of the Guaje Pumice Bed.
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Pajarito Plateau. Green dashed line indicates the northern and western extent of

the Cerros del Rio volcanic field. Blue line indicates western extent of dacitic
lavas that were contemporaneous with the basalts. Top of Cerros del Rio basalts
formed broad north-trending highland on east side of plateau. This highland is

now covered by Bandelier Tuff.
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of basalt corresponds with structural-contour lows, suggesting that the basalts
accumulated in topographic basins.
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from those that are clay-altered.
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Each of these figures is based on the interpretations of cuttings, geophysical logs, and in some
cases borehole video data to determine the elevations of the upper and lower stratigraphic
contacts for individual stratigraphic units. Isopach maps for shallow units that crop out in
canyon walls, such as the Cerro Toledo interval and the Otowi Member, are corrected for the
effects of the modern canyon incision. Each point on the figure represents either a borehole
(with borehole name listed) or an outcrop location (without a borehole label). The data points
list the elevation of the basal contact in ft above sea level (asl) and the unit thickness in ft.
Dashed red contours are hand-generated and indicate an interpretation of the topology of the
geologic contact; increasingly darker shades of blue indicate increasing unit thickness above this
topologic surface.

2.2.1 Tesuque Formation

The Miocene Tesuque Formation is partially penetrated by wells in the eastern part of the
Pajarito Plateau where it makes up a significant portion of the aquifer for local communities and
LANL (Purtymun, 1995). It is primarily made up of thick fluvial deposits consisting of partly
lithified, arkosic sediments derived from Precambrian granite, pegmatite, and sparse sedimentary
rocks of the Sangre de Cristo Range and from Tertiary intermediate to felsic volcanic rocks from
northern New Mexico and possibly southern Colorado (Cavazza, 1989). Individual beds are
generally less than 3 m (10 ft) thick and consist of massive to planar- and cross-bedded light
pink-to-buff siltstone and sandstone, with minor lenses of pebbly conglomerate. Exposures near
the Rio Grande (Koning and Maldonado, 2001) indicate that the Tesuque Formation beneath the
plateau probably consists primarily of the Pojoaque Member. In well PM-5, a 110-m (360-ft)
thick series of basalt flows within the Tesuque Formation yielded a **Ar/*°Ar date of 11.39 +
0.40 Ma (WoldeGabriel et al., 2001).

Based on Formation Microimager (FMI) logs for well R-16, bedding in the Tesuque Formation
on the east side of the plateau dips predominantly towards the west-northwest (LANL, 2003).
The mean dip is 11° but dips tend to be greater in the lower part of the well (median dip 14°
below 1170 ft) than in the upper part (median dip 9°). Tesuque beds just east of the Rio Grande
dip westward mainly at angles of 3° to 10° (Koning and Maldonado, 2001).

2.2.2 Miocene Basalts

Miocene basalts are intercalated with Santa Fe Group deposits in the east-central part of the
Pajarito Plateau. WoldeGabriel et al. (1996) divided these basalts into two age groups based on
*Ar/* Ar dates. The older group ranges in age from 10.9 to 13.1 Ma and is largely found in the
vicinity of Guaje Canyon. The younger group ranges in age from 8.4 to 9.3 Ma and is found over
a wide area that extends from Bayo Canyon on the north to Ancho Canyon on the south and from
PM-1 on the east to PM-5 to the west.

2.23 Older Fanglomerate
The informal term “older fanglomerates™ refers to a thick sequence of late Miocene fan deposits

that were shed from the Jemez volcanic field into the western Espafiola Basin. These deposits,
which are found only in deep boreholes, are important for the development of high-yield,
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low-draw-down municipal and industrial water supply wells on the Pajarito Plateau (Purtymun,
1995). Purtymun (1995) called these deposits the “Chaquehui Formation” and assigned them a
post-Chamita and pre-Puye age. From borehole observations, the Chaquehui Formation consisted
of up to 1500 ft of gravels, cobbles, and boulders derived from the Jemez volcanic field and
volcanic, metamorphic, and sedimentary rocks derived from highlands to the north and east.
However, the Miocene deposits identified as Chaquehui Formation in deep wells are more
appropriately called “older fanglomerates” because recent stratigraphic studies indicate the
Chaquehui Formation type section consists of younger (late Pliocene) phreatomagmatic deposits
(Heiken et al., 1996).

The older fanglomerates are widespread beneath the Pajarito Plateau, based on borehole
observations. These deposits are mostly made up of volcanic detritus derived from Keres Group
rocks and possibly from early Tschicoma Formation centers. They are characterized by dark,
lithic sandstones and gravel and cobble deposits dominated by fresh to silicified, subangular to
rounded andesite, latite, and porphyritic dacite. Subordinate clasts (<10%) include subangular to
rounded rhyolite and basalt, and rounded quartzite. Rounded granite and angular chert clasts are
generally rare (<1%) (Broxton and Vaniman 2005).

Precambrian quartzite, granite, and chert clasts are persistent, but in low abundance in the older
fanglomerates. The source of Precambrian clasts may be Santa Fe Group rocks that were
exposed within the Jemez volcanic field at the time of Keres volcanism. Stratigraphic
relationships described by Gardner and Goff (1996) indicate that Santa Fe Group deposition
interfingered with Keres volcanism in the caldera area. Additionally, rounded quartzite and
granitic gneiss pebbles are found in lag gravels on the resurgent dome of the Valles caldera
where they presumably weathered out of Santa Fe Group rocks in megabreccia blocks that
slumped into caldera during caldera collapse (Goff et al., 2003).

The maximum thickness of older fanglomerate penetrated by wells is 1650 ft in well Otowi-4.
However, thicknesses could be greater to the west where drillholes did not fully penetrate the
unit. The westward thickening wedge of volcaniclastic sedimentary deposits corresponds to the
zone of thick, highly productive aquifer rocks that extend northeastward across the central
plateau as described by Purtymun (1995). The western boundary of this thick sequence of
sediments is poorly defined, but recent drilling results suggest that these rocks probably extend
to the Pajarito fault zone. The older volcaniclastic deposits abruptly thin eastward between east-
west pairs of wells such as R-23/R-22 and Otowi-1/Otowi-4. The transition zone generally
corresponds to the eastern boundary of the gravity low beneath the Pajarito Plateau described by
Ferguson et al. (1995).

224 Totavi Lentil

The Totavi Lentil is made up of river-channel sands and gravels that crop out along the Puye
escarpment, in lower Los Alamos and Guaje Canyons, and along White Rock Canyon. These
rocks are also penetrated by a number of wells on the Pajarito Plateau. These axial-channel
deposits were named the Totavi Lentil of the Puye Formation for a type section in Los Alamos
Canyon (Griggs, 1964). Griggs recognized their importance as ancestral Rio Grande deposits,
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and he used them to delineate the base of the Puye Formation with which they are conformable
in outcrops.

The Totavi Lentil is a poorly consolidated conglomerate containing well-rounded cobbles and
gravels of Precambrian quartzite, granite, and pegmatite with subrounded to subangular cobbles
and boulders of silicic to intermediate and rarer basaltic volcanic rocks. Precambrian clasts
typically make up >80% of the clasts in the deposits. Though commonly subordinate in
abundance, clasts of volcanic rocks from the Jemez volcanic field make up to 50% of the deposit
in some interbedded horizons. Lenses of loose, well sorted, fine to coarse sands containing
abundant quartz and microcline are intercalated with the conglomerate. Totavi deposits are
generally ~50 ft thick near the Rio Grande and thicken to the northwest (Griggs, 1964). An
unusually thick sequence of quartzite-rich conglomerate (>323 ft) was penetrated in well R-31,
located in Ancho Canyon. A number of wells (e.g. R-5, R-9, R-12, R-32) did not encounter the
Totavi Lentil, indicating that these channel conglomerates may form lenticular deposits of
limited lateral extent.

Based on new well data, it is evident that ancient river deposits in the Pajarito Plateau area are
coeval with variety of stratigraphic units that span a longer time interval than previously
recognized. River gravels occur beneath the pumice-rich volcaniclastic rocks (described below)
in wells R-13, R-15, R-20, R-33, R-34, PM-1, PM-2, and PM-5. These river gravel deposits are
generally 10- to 30-m (30- to 100-ft) thick and include abundant well-rounded gravels of
quartzite, angular to subangular basalt, andesite, and dacite, and minor metavolcanics. Granitic
clasts are rare to absent. Radiometric ages indicate the overlying pumice-rich volcaniclastic
rocks are late Miocene in age. In well H-19, river gravels 3-m (10-ft) thick occur as rounded
quartzite pebbles between two Tschicoma lava flows (Griggs, 1955, 1964). The quartzite-
dominated clast compositions suggest these gravels were derived from the Tusas Mountains and
were transported southward by the ancestral Rio Chama, with tributaries draining the Jemez
volcanic field. A late Miocene age for the early riverine deposits is consistent with geologic
interpretations that through-going rivers were established in the Espafiola Basin prior to about
6.96 Ma (Smith et al., 2001; Smith, 2004).

2.2.5 Pumice-Rich Volcaniclastic Rocks

The pumice-rich volcaniclastic rocks (pumiceous deposits) are characterized by well-bedded
horizons of light-colored, reworked, tephra-rich sedimentary deposits and subordinate primary
ash- and pumice-fall deposits. These rocks consist mainly of tuffaceous sandstones and contain a
few beds of lava-rich gravels. The underlying older fanglomerate and overlying Puye Formation
contain higher percentages of gravel and cobble beds. In a number of wells, pumice-rich
volcaniclastic rocks are separated from the older fanglomerate by the Totavi Lentil (axial
deposits of the ancestral Rio Grande).

The pumice-rich deposits typically contain 10 to 30% subangular to rounded, rhyolitic lapilli
mixed with 70 to 90% ash and lithic sands. Gravels contain porphyritic dacite, rhyolite, and
lesser andesite and basalt. Some intervals contain as much as 90% subangular to angular pumice
lapilli that represent primary fall deposits or reworked deposits that underwent minimal
transport. In most areas, pumice lapilli are vitric and show little effect from submergence within
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the regional saturated zone except for oxidation on clast surfaces and minor clay development in
vesicles.

However, these deposits are diagenetically altered where most of the volcanic glass is replaced
by smectite in the northeastern portion of the Laboratory, an area defined by wells R-5, R-8, R-9,
and R-12. Shadings of blue in Figure 2-9 distinguish vitric unaltered pumiceous deposits (pale
blue) from those that are heavily clay-altered and retain little or no glass (dark blue). The
formation of clay in this area is locally accompanied by abundant calcite and variable amounts of
zeolite alteration. Because of the extent of alteration, the lack of preservation of glass, and the
loss of many petrographic clues for individual pumice bed correlation, it is difficult to determine
whether the heavily altered pumices are related to the unaltered pumice or represent an earlier
pumice unit and an earlier alteration event.

Most lapilli in the pumice-rich volcaniclastic rocks are aphyric or contain sparse phenocrysts of
quartz, sanidine, and plagioclase, but the presence of some biotite-, hornblende-, and pyroxene-
phyric varieties indicates that multiple volcanic sources supplied tephra to these deposits. Seven
recent **Ar/*’ Ar feldspar ages between 6.8 and 7.5 Ma were obtained from crystal-poor pumice
falls in six wells that penetrate into this unit. The younger ages overlap the 6.01 to 7.1 Ma range
of ages reported for the Bearhead Rhyolite (Justet, 1996; Smith, 2001) and the older ages are
slightly older. Additional work is taking place to investigate the relation between the pumice-rich
volcaniclastic rocks and Keres Group silicic volcanism with the goal of assigning the pumiceous
sediments to either the Puye or Cochiti Formations or delineating them as a separate formation.

The pumice-rich volcaniclastic rocks thin northeastward across the central part of the plateau and
are absent north of Pueblo Canyon. Borehole geophysical logs indicate that these deposits dip

5° to 15°, primarily towards the southwest and west. Figure 2-9 illustrates structure contours and
thickness of pumiceous deposits that occur over a broad region beneath the central portion of the
Laboratory where multiple pumice beds have been encountered. Observations from boreholes
suggest that the structure of these pumiceous deposits is complex, including both primary and
reworked pumiceous units intermixed with fanglomerates. Nevertheless, the pumiceous unit is
predictably encountered in the area shown in Figure 2-9. Drilling experience shows that this unit
is highly transmissive, providing a difficult drilling horizon where injected fluids are likely to be
lost. Hydrologic testing shows that the pumiceous deposits have relatively high transmissivity
(Section 2.3.4.2).

In Figure 2-9 the structure contours represent the top, rather than the bottom of the pumiceous
deposits. This is done because the bottom of this unit is poorly constrained in R-series drillholes
to the south and west, where this unit was seldom penetrated. The structure contours at the top of
the pumiceous unit show that it slopes to the south and shows evidence of incision of a broad
south-trending paleocanyon, filled by Puye fanglomerate, in the central portion of the
Laboratory. This broad canyon is somewhat similar to that seen at the base of the Bandelier Tuff
(Figure 2-6) and at the base of the Cerros del Rio volcanic rocks (Figure 2-8), suggesting that
broadly south-trending canyons have been a common feature for over 5 m.y. prior to the eruption
of the Bandelier Tuff. The present west-northwest/east-southeast drainages on the plateau may
be a relatively recent drainage pattern that developed on the thick east-sloping tuff ash flows
emplaced after 1.6 Ma.
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2.2.6 Tschicoma Formation

The Tschicoma Formation of the Polvadera Group consists of thick, predominantly dacite to
low-silica rhyolite lava flows erupted from large overlapping dome complexes. Major peaks in
the Sierra de los Valles, including Cerro Grande, Pajarito Mountain, Caballo Mountain, and
Tschicoma Mountain, are compositionally distinct lava domes that represent separate volcanic
source areas for detritus that was shed to form the Puye fanglomerates. Low-silica rhyolite
erupted from a deeply eroded dome complex in the upper Rendija Canyon and Guaje Mountain
area yielded three ages between 4.95 and 5.32 Ma. Dacites of the Cerro Grande, Pajarito
Mountain, and Caballo Mountain centers have closely overlapping ages of 2.91 Ma to 3.34 Ma
(Broxton and Vaniman, 2005).

Outcrops of the Tschicoma Formation in the Sierra de los Valles are primarily gray to purplish-
gray lavas characterized by pronounced jointing and flow foliation. The interflow zones between
flow units are commonly marked by blocky breccias. Flow interiors consist of dense, massive
rock that is commonly devitrified to form a microcrystalline groundmass, giving the rocks a
stony appearance. Chilled volcanic glass is sometimes preserved in flow tops and bottoms.
Fragmental deposits of ash and lava debris occur in the distal parts of the formation.

The Tschicoma Formation is at least 2,500 ft thick in the Sierra de los Valles, but has a variable
thickness due to the lenticular shapes of its lava flows. The Tschicoma Formation thins eastward
under the western Pajarito Plateau where it interfingers with the Puye Formation. The Tschicoma
Formation was encountered in wells TW-4, H-19, CDV-16-3(i) and CDV-R-37-2 in the western
part of the Pajarito Plateau, but is absent in boreholes to the east, with the possible exception of
thick dacite lava in boreholes EGH-LA-1, SHB-1, and I-1. These lavas may be assigned to the
Tschicoma but their source and distribution is presently unknown.

2.2.7 Puye Formation

The Puye Formation is a large apron of overlapping alluvial and pyroclastic fans that were shed
eastward from the Jemez volcanic field into the western Espafiola Basin (Griggs, 1964;
Turbeville et al., 1989). The Puye Formation unconformably overlies rocks of the Santa Fe
Group (Tesuque Formation), and the Otowi Member of the Bandelier Tuff unconformably
overlies it. Turbeville et al. (1989) estimated its areal distribution at 200 mi® and its volume at
~3.6 mi’. Because its primary source area was volcanic domes in the Sierra de los Valles, the
Puye Formation overlaps and post-dates the Tschicoma Formation in age. The Puye Formation is
subdivided into fanglomerate and lacustrine facies.

The fanglomerate facies, the dominant unit of the Puye Formation, is a heterogeneous
assemblage of clast- to matrix-supported conglomerates, and of gravels and lithic-rich
sandstones. Clasts in the coarsest deposits consist of subangular to subrounded cobbles and
boulders of latite, dacite, rhyolite, and tuff in a poorly sorted matrix of ash, silts, and sands.
Consolidated mudflow deposits are common throughout the unit, and tend to be cliff-forming.
At least 25 ash beds of dacitic to rhyolitic composition are interbedded with the conglomerates
and gravels (Turbeville et al., 1989).

ER2005-0679 2-23 December 2005



Hydrogeologic Synthesis Report

The lacustrine facies includes lake and riverine deposits in the upper part of the Puye Formation.
These deposits are characterized by lacustrine fine sand, silt, and clay up to 30 ft thick. Basaltic
ash beds (maar deposits) up to 10 ft thick are locally present above or below the lacustrine
deposits. The lacustrine facies includes some well-rounded riverine gravels of Precambrian
quartzite and gneiss that fill channels cut into the underlying fanglomerates. The lacustrine facies
crops out in lower Los Alamos Canyon and extends both northward and southward in
discontinuous outcrops for several miles. Apparently, their extent is limited to the eastern side of
the plateau because they are found only in wells R-9, R-12, and R-16. Because of their spatial
and temporal association with palagonitic basalt flows and maar deposits, these lacustrine
deposits probably represent periods of damming and diversion of the Rio Grande caused by the
eruptions of lavas within the Cerros del Rio volcanic field.

The Puye Formation reaches a maximum thickness of >1000 ft in well R-25 on the western side
of the Laboratory but thins to 50 ft in areas north of the Pajarito Plateau. In the central and
eastern portions of LANL, it is about 600 ft thick and the upper Puye is interbedded with basaltic
lavas of the Cerros del Rio volcanic field.

2.2.8 Basaltic Rocks of the Cerros del Rio Volcanic Field

Cerros del Rio basalts typically form thick sequences of stacked lava flows separated by
interflow breccia, scoria, sediment, and ash. These rocks are mostly basalts and basaltic
andesites, but subordinate dacite is present within thick basalt stacks in the east and central
plateau (e.g. Ball et al., 2002) or is found as isolated flows on the western side of the volcanic
field. Cerros del Rio lavas were erupted from vents located both east and west of the Rio Grande
(Smith et al., 1970; Aubele, 1978; Kelley, 1978).

In major-element composition the dacitic components are very similar to partially
contemporaneous dacitic lavas that occur within the highlands of the Tschicoma Formation to
the west. However, dacites are less abundant than basalts within the Cerros del Rio and these thin
dacitic lavas have relatively few of the common hydrous minerals (amphibole and biotite) that
characterize most of the Tschicoma lavas. These distinctions are important because they strongly
affect the hydrogeologic character of the lavas. Lavas of the Cerros del Rio lie within suites of
relatively thin (a few tens of feet), largely basaltic lava flows with laterally extensive flow-
boundary rubble zones that provide pathways for flow. Lavas of the Tschicoma Formation are
far more massive, up to hundreds of feet thick, and are generally poorly transmissive (Griggs,
1964).

Individual flows typically range in thickness from about 3 ft to more than 100 ft. The internal
structures of flows show some similarities to those described for the Columbia River Basalt
Group in Washington, Oregon, and Idaho and for Snake River basalts in Idaho (Swanson et al.,
1979; Whiteman et al., 1994; Faybishenko et al., 2000). In ascending order, the flows are
characterized by: (1) a flow base characterized by vesicular basalt with clinker and scoria, (2) a
colonnade zone made up of vertical, large-diameter columns bound by cooling joints, (3) a thin
zone of complexly-overlapping fractures, and (4) a flow top of vesicular basalt with scoria and
clinker. In addition to highly porous clinker zones associated with flow tops and bottoms,
interflow zones include cinder deposits and sedimentary deposits. Interflow cinder deposits are
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fairly common, and their thickness is highly variable (0 to 100 ft), depending on proximity to
source vents. The thickest cinder deposits are as much as 300 ft thick on or near source vents
(e.g. R-34). Interflow sedimentary deposits are generally thin (<20 ft) where present and consist
mostly of reworked basaltic rocks. In the eastern part of the plateau, where the basalts interacted
with surface water, flow bases commonly include porous, pillow-palagonite complexes.

The basaltic rocks of the Cerros del Rio volcanic field include buried remnants of maar
volcanoes in White Rock Canyon. The aprons of fragmental debris surrounding these buried
craters consist of thin layers of basaltic ash and sediments. The maar deposits resulted from
steam explosions that occurred where basalt erupted through an aquifer or standing body of
water. Thin maar deposits were identified at the base of the Cerros del Rio basalt in R-9 and
R-12.

The distribution, form, and thickness of the Cerros del Rio volcanic field beneath the plateau are
illustrated in Figure 2-7, which shows the topography at the top of the Cerros del Rio and
Figure 2-8, which shows structure contours (red dashed lines) at the base of the Cerros del Rio.
In Figure 2-8 shadings of purple represent the variation in thickness of the total Cerros del Rio
deposits that lie between the two contoured surfaces in these figures.

Figure 2-7 shows that the upper surface of the Cerros del Rio is irregular, with a broad highland
that extends from north to south under the east-central portion of the Laboratory. This highland is
largely buried beneath the Bandelier Tuff, but remnants of the eastern slope extending from the
highland are exposed beneath the town of White Rock. The highland represents distributed
volcanic centers that produced most of the basaltic and dacitic lavas that underlie the Laboratory.
Direct evidence of these eruptive centers is found in thick cinder deposits that were encountered
in drillholes R-22 and especially R-34, and a low cinder-covered volcanic center exposed just
south of R-23 in TA-36. These cinder deposits are extremely porous and generally provide
highly transmissive media, but they are localized around volcanic centers so that enhanced
groundwater flow is likely to extend for less than one mile, based on the extent of the TA-33
cinder cone (Figure 2-7).

Figure 2-8 shows the topography at the base of the Cerros del Rio volcanic series and the
exceptional thickening of these deposits beneath R-22 and (probably) extending along a
paleocanyon extending to the south. The extent of this deep trough to the north and south is not
well defined by current drillhole locations. Based on the absence of Totavi-like deposits within
this channel at R-22 and the lack of evidence to the northeast in the canyon walls of lower Los
Alamos Canyon, it is likely that the head of the canyon rose steeply to the northwest and drained
the Sierra de los Valles. This thick keel of lavas and intercalated rubble zones occurs largely
beneath the regional aquifer water table and hosts an important part of the regional aquifer
beneath the southeast portion of the Laboratory. It is possible that this feature could affect the
flow direction and head distributions at depth.

2.2.9 Bandelier Tuff

The Laboratory facilities are located almost entirely on mesa and canyon outcrops of Bandelier
Tuff. The Bandelier Tuff consists of ash flows and minor airfall pyroclastic deposits with ages of
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1.61 Ma for the Otowi Member and 1.22 Ma for the Tshirege Member (Izett and Obradovich,
1994). The two Bandelier Tuff members are separated by the Cerro Toledo interval, which is a
stratified sequence of volcaniclastic sediments and tephra of mixed provenance. Although it
occurs between the ash-flow members of the Bandelier Tuff, the Cerro Toledo interval is not
considered part of the Bandelier Tuff, a usage consistent with the original definition by Bailey
et al. (1969).

2.2.9.1 Otowi Member, Bandelier Tuff

The Otowi Member crops out in several canyons but is best exposed in Los Alamos Canyon and
in canyons to the north. It consists of moderately consolidated, porous, nonwelded ash-flow tuffs
that form colluvium-covered slopes along the base of canyon walls. The Otowi ash-flow tuffs are
vitric and contain light gray-to-orange pumice supported in a white to tan ashy matrix of glass
shards, broken pumice, crystals, and rock fragments. The Otowi Member is made up of multiple
ash flows, but individual ash-flow deposits cannot be traced in the subsurface using core and
cuttings from widely spaced boreholes. The base of the member is called the Guaje Pumice Bed
(Figure 2-6), and is discussed below. In some drillholes, a shift in borehole gamma
measurements in the central part of the unit provides a useful datum for correlations between
drillholes. The nonwelded ash-flow tuffs of the Otowi Member collectively form a relatively
homogenous rock unit throughout the plateau. Transport through this hydrogeologic unit appears
to occur primarily by matrix flow, although open fractures may contribute to transport locally
(e.g., R-25). Although made up of multiple flow units, the combined Otowi ash flows are
massive, and borehole geophysical logs show only minor variations in density and porosity.

The present maximum thickness of Otowi Member occurs in two areas in the western part of the
plateau where the deposits are about 350 to 400 ft thick. Otowi deposits are only <100 to 300 ft
thick between these two areas. The thin deposits are overlain by unusually thick Cerro Toledo
sediments that apparently accumulated in a broad east-southeast-trending drainage incised into
the top of the Otowi Member. On the eastern side of the plateau, the Otowi Member is 0 to 100 ft
thick. Thinning of the deposits eastward reflects both the general thinning of the Otowi Member
away from its caldera source and thinning of the ash-flow tuffs over the Cerros del Rio highland
on the east side of the plateau. Structure contours indicate that Otowi ash-flow tuffs filled a
broad south-draining paleovalley west of the Cerros del Rio basaltic highland.

Figure 2-5 shows structure contours (red dashed lines) at the base of the Otowi Member of the
Bandelier Tuff and color shading in purple that represents relative overall thickness of the unit.
The Otowi Member thickens from the central portion of the Laboratory toward the west, with the
exception of a paleocanyon that is aligned with and filled by the thick Cerro Toledo deposits
shown in Figure 2-5. To the east, south of PM-1 where Otowi deposits ramp up onto the Cerros
del Rio basaltic volcanic centers with little or no Puye sediment cover, the Otowi deposits are
thinner than to the northeast where they are underlain mostly by eastward-sloping Puye fans. In
the south-central portion of the Laboratory the Otowi deposits fill a broad south-trending valley
formed by low terrain between Puye fans sloping down from the west and Cerros del Rio
highlands to the east, such as the TA-33 volcano.

The Guaje Pumice Bed occurs at the base of the Otowi Member and is an extensive marker
horizon in outcrop and wells. The Guaje Pumice Bed contains layers of sorted pumice fragments
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whose mean size varies between 2 and 4 cm. It has an average thickness of ~15 ft over much of
the plateau, but thickens considerably to the northwest (Figure 2-6). Geophysical logs show that
the Guaje Pumice Bed has a higher porosity than overlying Otowi ash-flow tuffs and underlying
Puye Formation. The Guaje Pumice Bed appears consistently as a zone of higher porosity and
elevated moisture content in CMR geophysical logs. Because of this property the Guaje Pumice
Bed can provide a relatively thin (a few feet to a few tens of feet) but laterally continuous
horizon capable of local saturation.

Figure 2-6 uses color shading to represent the thickness of the Guaje Pumice Bed. Because the
Guaje Pumice Bed formed as a pumice fall rather than an ash flow, the tendency to thin away
from the source (the Valles caldera) is much less pronounced except for the area underlying the
northwestern corner of the Laboratory. The distribution of pumice fall deposits is more strongly
influenced by prevailing wind direction at the time of eruption, compared with the largely
internal energy sources that distribute ash flows. A general lack of incision and weathering at the
top of the Guaje Pumice Bed indicates that little time elapsed before it was buried by
magmatically related ash flows of the Otowi Member. Locally, however, the Guaje Pumice is
unusually thin compared to surrounding areas and may have been partially eroded before or
during the passage of the earliest Otowi ash flows. In the eastern portion of the Laboratory the
Guaje Pumice Bed is seldom more than a few feet thick and is locally absent.

2.2.9.2 Tephra and Volcaniclastic Sediments of the Cerro Toledo Interval

The Cerro Toledo interval crops out in Los Alamos Canyon and in canyons to the north, and it
occurs in many of the wells on the plateau. It unconformably overlies the deeply eroded Otowi
Member and its thickness is highly variable (3 to 390 ft). Figure 2-4 shows structure contours at
the base of the Cerro Toledo interval and a colored representation of relative overall thickness of
the unit. Structure contours for the base of the Cerro Toledo indicate that this unit fills a broad
southeast-draining valley fed by one or more canyons exiting the Sierra de los Valles. The
thickest Cerro Toledo deposits coincide with the axis of this paleovalley.

The predominant rock type in the Cerro Toledo interval is rhyolitic tuffaceous sandstone and
tephra. These deposits contain abundant crystal-poor ash and pumice, and clasts of vitric to
devitrified rhyolite lava and minor obsidian. They represent the reworked equivalents of Cerro
Toledo Rhyolite tephra erupted from the Cerro Toledo and Rabbit Mountain dome complexes
located northeast and southeast of the Valles caldera, respectively. Primary pumice-and ash-falls
are interbedded with these sedimentary deposits in most locations.

Clast-supported gravel, cobble, and boulder deposits of porphyritic Tschicoma dacite derived
from the Tschicoma Formation are also interbedded with the tuffaceous rocks. In some deposits,
the dacitic detritus is volumetrically more important than the tuffaceous detritus. These coarse
dacitic deposits commonly define the axial portions of channels incised into the underlying
Otowi Member.

In the western part of the plateau, the Cerro Toledo interval contains a large component of

crystal-rich tuffaceous detritus. These tuffaceous sediments represent reworked Otowi tuff that
accumulated in drainages incised into the Otowi Member prior to emplacement of the Tshirege
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Member. These reworked Otowi deposits are interbedded with other volcaniclastic deposits
derived from Cerro Toledo and Tschicoma sources.

Data from boreholes R-19, CdV-R-15-3, CdV-16-1(i), R-18, and R-26 revised the conceptual
model for the Cerro Toledo interval, which was a general thinning from Cerro Toledo age
volcanic sources in the caldera to the northwest of the Laboratory to distal deposits toward the
east-southeast (Broxton and Vaniman, 2005). These boreholes, however, showed that the
thickening is not uniform and the Cerro Toledo sediments fill a deep and broad east-southeast
draining paleocanyon in the middle western portion of the Laboratory. This paleocanyon is
incised into the top of the Otowi ash flows; the overlying base of the Tshirege Member of the
Bandelier Tuff and the underlying base of the Otowi Member (Figure 2-5) show no such canyon
development. The structure contours that show the base of the Cerro Toledo interval in
Figure 2-4 show the topology of the canyon eroded into the top of the Otowi ash flows. The
exact width and the orientation of this canyon, whether it is one canyon or several, and where
this canyon connected to paleodrainages toward the Rio Grande to the east are relatively
unconstrained points that allow a certain amount of latitude in the way that Figure 2-4 is
constructed.

2.2.9.3 Tshirege Member, Bandelier Tuff

The Tshirege Member is the upper member of the Bandelier Tuff and is the most widely exposed
bedrock unit of the Pajarito Plateau. It is a multiple-flow, ash-and-pumice sheet that forms the
prominent cliffs throughout the plateau. It also underlies canyon floors in all but the middle and
lower reaches of Los Alamos Canyon and in canyons to the north. The Tshirege Member is
generally over 200 ft thick in the north-central part of LANL and over 600 ft thick near the
southern edge of LANL.

The Tshirege Member differs from the Otowi Member most notably in its generally greater
degree of welding compaction. Time breaks between the successive emplacements of ash-flow
units caused the tuff to cool as several distinct cooling units. For this reason the Tshirege
Member is a compound cooling unit, consisting of at least four cooling subunits that display
variable physical properties vertically and horizontally. These variations in physical properties
reflect zonal patterns of varying degrees of compaction, welding, and glass crystallization. The
welding and crystallization zones in the Tshirege Member produce vertical variations in
properties such as density, porosity, hardness, composition, color, and surface weathering
patterns. The degree of welding in each of the cooling units generally decreases from west to
east, reflecting higher emplacement temperatures and thicker deposits closer to the Valles
caldera.

The Tsankawi Pumice Bed forms the base of the Tshirege Member. Where exposed, it is
commonly 2 to 3 feet in thickness. This pumice-fall deposit contains sorted pumice lapilli
(diameters reaching about 2.5 in) in a crystal-rich matrix. Several thin ash beds are interbedded
with the pumice-fall deposits.

Because the thick Tshirege ash flow tuffs make up a significant portion of the upper vadose

zone, brief descriptions are provided below for the major subunits of the member, from bottom
to top:
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* QDbt 1g is the lowermost subunit above the Tsankawi Pumice Bed. It consists of porous,
nonwelded, and poorly sorted ash-flow tuffs. The “g” in this designation stands for
“glass” because none of the glass in ash shards and pumices shows crystallization by
devitrification or vapor phase alteration. The tuffs of Qbt 1g are nonwelded and have an

open, porous structure.

* Qbt 1v forms alternating cliff-like and sloping outcrops composed of porous, nonwelded,
but crystalline tuffs. The “v” stands for vapor-phase crystallization that together with
crystallization of glass in shards and pumices (devitrification) transformed the rock
matrix into microcrystalline aggregates of silica polymorphs and sanidine. The tuffs of
Qbt 1v are generally nonwelded to slightly welded, and have an open, porous structure.

* bt 2 forms a distinctive, medium brown, vertical cliff that stands out in marked contrast
to the slope-forming, lighter colored tuffs above and below. A series of laminated and
cross-bedded deposits commonly mark its base in the eastern part of the Laboratory. In
the central and western part of the Laboratory, the boundary between Qbt 2 and Qbt 1v is
gradational and the distinction between the two units is somewhat arbitrary. Qbt 2 is
typically the most strongly welded tuff in the Tshirege Member. Vapor-phase
crystallization of flattened shards and pumices is extensive in this subunit.

* Qbt 3 is a nonwelded to partly welded, vapor-phase altered tuff that forms the cap rock
of mesas in the central part of the Pajarito Plateau. Qbt 3 becomes moderately to densely
welded in the western part of the plateau.

* QDbt 4 is a complex unit consisting of nonwelded to densely welded ash-flow tuffs and
thin intercalated surge deposits. Devitrification and vapor-phase alteration are typical in
this unit, but thin zones of vitric ash-flow tuff occur locally. The occurrence of Qbt 4 is
limited to the western part of the Pajarito Plateau.

2.2.10 Alluvium and Colluvium

Holocene and late Pleistocene canyon-floor alluvium consists of stratified, lenticular deposits of
unconsolidated fluvial sands, gravels, and cobbles (Reneau et al., 1996). Smaller canyons whose
headwaters are located on the plateau contain detritus exclusively of Bandelier Tuff. Larger
canyon systems that head in the Sierra de los Valles contain Bandelier detritus mixed with dacite
detritus derived from the Tschicoma Formation. Active and inactive channels and floodplains
form complex, cross-cutting deposits. These fluvial sediments interfinger laterally with
colluvium derived from canyon walls. In Pueblo Canyon alluvium is about 11 ft thick on the
west side of the plateau and about 18 ft thick near the confluence with Los Alamos Canyon.
Mortandad Canyon has 1 to 2 ft of alluvium near its headwaters and more than 100 ft of alluvium
(plus colluvium) near the eastern LANL boundary.

Alluvium of probable early Pleistocene age overlies Bandelier Tuff on mesas throughout the
plateau (Reneau and McDonald, 1996). The alluvial deposits form fairly continuous deposits on
the western side of the plateau, but only remnants of these deposits are preserved further east.
These alluvial deposits are primarily made up of coarse dacitic detritus from the Sierra de los
Valles, but some locations also contain Valles Rhyolite (Cerro del Medio and El Cajete) fall
deposits or their reworked equivalents. These deposits record the locations post-Tshirege alluvial
fans and streams that predate incision of canyons on the plateau (Reneau and McDonald, 1996).
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Colluvium consists of slope or cliff detritus shed gravitationally into canyons. In most instances
only large blocks of colluvium can be distinguished from locally derived alluvium, where the
colluvial blocks are identified with material in adjacent cliffs. Colluvial blocks are commonly
overlain by alluvium, as in the wider reaches along Mortandad Canyon where blocks of upper
devitrifed units of the Tshirege Member, often several feet in diameter, are found beneath
alluvial sands and gravels in drillhole MCOBT-8.5.

2.3 Geologic Conceptual Model Cross-Sections

The geologic conceptual model is based on the accumulated geologic, geophysical, and
hydrogeologic data described in Section 2.1. Regional and local data sources are used to
constrain possible visualizations of the thickness and extent of major hydrogeologic units
beneath the Laboratory. Of all data sources, the principal sources for building the subsurface
components of the geologic conceptual model are obtained through the R-hole drilling program
conducted under the Hydrogeologic Workplan. These data are supplemented by drilling data
collected from boreholes that were drilled for other purposes. Because samples and geophysical
logs from earlier boreholes are largely unavailable, and earlier wells were not drilled with the
goal of obtaining a sitewide hydrogeologic model, the R-series wells provide the best available
dataset for subsurface geology at the Laboratory. The various types of stratigraphic data from
R-series wells and from other boreholes used to support the geologic conceptual model are
summarized in Appendix 2-A.

2.3.1 Geology at the Water Table

The distribution of bedrock units at the top of regional saturation is shown in Figure 2-10.
Regional groundwater enters the Pajarito Plateau by underflow through the rocks that underlie
the Sierra de los Valles (Griggs, 1964; Purtymun, 1984). This underflow is supplemented by
recharge from drainages that cross the plateau (Kwicklis et al., 2005). Hydrogeologic conditions
beneath the Sierra de los Valles west of the Pajarito fault zone are largely unknown because there
are no deep wells in this area. Groundwater probably flows through Tschicoma lavas and
underlying geologic units at depth, based on stratigraphic cross-sections (see Section 2.3.2). The
geologic units beneath the Tschicoma Formation are poorly constrained but probably consist of
Keres Group volcanic rocks, Santa Fe Group sediments, Eocene sedimentary rocks, Paleozoic
and Mesozoic sedimentary rocks, and Precambrian crystalline rocks (Smith et al., 1970; Goff and
Gardner, 2004; Smith, 2004). In the western part of the plateau, in the vicinity of Pueblo and
Water Canyons, the water table is straddled by two lobes of down-faulted Tschicoma lavas that
extend up to 3 km (2 mi) east of the Pajarito fault zone. Based on the physical characteristics of
the rocks, groundwater flow through dacite most likely occurs as fracture flow in the lava
interiors and as porous flow in interflow zones and interbedded clastic deposits.

In the central part of the plateau, the regional water table occurs within basin-fill deposits that
become progressively older to the east. These basin-fill deposits consist of the Puye Formation,
pumice-rich volcaniclastic rocks, older fanglomerates, and the Tesuque Formation (Figure 2-10).
The most productive municipal supply wells on the plateau occur in this area where long well
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screens (500 m [1600 ft]) span the Puye Formation, pumiceous deposits, Totavi deposits, older
fanglomerates, and Tesuque sedimentary rocks and basalts.

Basalt straddles the water table in two areas. The most extensive is located in the south-central
part of the plateau where as much as 195 ft of saturated Pliocene Cerros del Rio basalt occurs at
the top of the regional zone of saturation in well DT-10 and 290 ft occurs in well R-22

(Figure 2-10). A smaller region of older Miocene basalts straddles the water table in a north-
trending zone extending between wells R-12 to R-5. The southern extent of this zone is poorly
constrained.

The Tesuque Formation is the primary rock unit making up the regional aquifer in the eastern
part of the plateau and in the Buckman well field east of the Rio Grande (Figure 2-10). Miocene
basalts are interbedded with the Tesuque Formation beneath parts of the plateau, but are absent
in wells drilled to depths of 300 to 575 m (1000 to 1900 ft) in the Buckman well field
(Shomaker, 1974). Most of the production from municipal supply wells in Guaje Canyon and in
lower Los Alamos Canyon comes from the Tesuque Formation.
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Figure 2-10.  Map showing distribution of geologic units at the top of the regional saturated

zone beneath the Pajarito Plateau. The wells that provided geologic control for
this map are indicated by dots using the same color schemes as Figure 2-2. The
LANL boundary is shown by the green outline, and the Pajarito fault zone is
shown in blue. The map portrays the dominant rock unit in the upper 50 ft of the

regional saturated zone.
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2.3.2 Representative Cross-Sections

The full three-dimensional implementation of the geologic model is discussed in Section 4.1.
The 3D model is tested against conceptual cross-sections that incorporate time-stratigraphic
constraints, structural considerations, and correlations and limitations that take into account
source regions and settings beyond the boundaries of the 3D model. The development of a
manageable 3D model is time-intensive and requires treatment of geologic units on a large scale,
where some details must necessarily be incorporated into larger units or ignored. Conceptual
cross-sections help to test ideas concerning site geology, present details that may not be
manageable in the 3D model, and provide a means of rapid testing of new borehole data against
existing concepts.

Figure 2-11 shows alignments for eight conceptual geologic cross-sections that cover the
Laboratory area. Included are four conceptual cross-sections for principal drainages:

* Los Alamos Canyon (Figure 2-12),
* Mortandad Canyon (Figure 2-13),
* Pajarito Canyon (Figure 2-14), and
*  Water Canyon (Figure 2-15).

In addition, four cross-sections of approximately southwest-northeast alignment cross the grain
of drainage at the Laboratory from western to eastern portions of the site (Figures 2-16, 2-17,
2-18, 2-19). Each geologic section is presented here at a vertical exaggeration of 10:1 in order to
permit appropriate labeling and allow a level of detail that would not be possible at true vertical
scale. Each geologic section is described separately below.
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Figure 2-11.  Lines of cross-section for Figures 2-12 through 2-19.
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Figure 2-12.
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Conceptual cross-section for Los Alamos Canyon. Blue line is regional water
table.
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Figure 2-13.
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Conceptual cross-section for Mortandad Canyon. Regional water table is shown
in blue.
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Figure 2-14.  Conceptual cross-section for Pajarito Canyon. Water table is shown in blue.
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Figure 2-15.  Conceptual cross-section for Water Canyon. Water table is shown in blue.
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Figure 2-19.  Conceptual north-south cross-section through the eastern portion of the
Laboratory.
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2.3.2.1 Los Alamos Canyon Cross-Section

Figure 2-12 shows a cross-section based on boreholes along the length of Los Alamos Canyon,
from H-19 to the Rio Grande. At the western margin of this section, thick Tschicoma lava flows
are shown extending almost to the Rendija fault zone or slightly beyond. The lack of dacitic
lavas in R-7 suggests that the lavas do not extend this far to the east; however, lithologic
homogeneity of dacitic lithologies in thick Puye fanglomerate sequences at R-7 may indicate that
the dominant lava sources are not far away. From the opposite direction, Cerros del Rio lavas
extend from exposures in lower Los Alamos Canyon to O-4 but not to R-7. The “lava gap” at
R-7 provides a section of more homogeneous lithology (Bandelier, Puye, and pumice-rich
volcaniclastic rocks) from canyon bottom to regional water table without interference from low-
porosity dacitic or basaltic lava flow.

Pumice-rich volcaniclastic rocks at R-7 occur in a series of primary or reworked pumice beds
intercalated with fanglomerates. In this cross-section these are referred to as “younger pumiceous
deposits” to distinguish them from heavily clay-altered and possibly older pumice deposits
observed at greater depth in O-4, R-8, and in R-9. In reality these may be unaltered and altered
variants of a single unit and the distinction shown here may be abandoned if future studies
provide a link between these deposits. The lenses and thin layers labeled as “river gravels” refer
to well-rounded gravels that contain at least 10% Precambrian lithologies (quartzite, with and
without granite and schists, etc.). As noted in Section 2.2.4, relationships between these gravels
and the Totavi are uncertain.

Dips on hydrostratigraphic units in this cross section vary with age; the youngest units dip to the
east and older units dip to the west. This variation in dip reflects in part the progressive drop in
structural elevation along the Pajarito fault zone, just west of H-19. Younger contributions of
Tschicoma lavas, steep fanglomerate slopes shed from these fans, and proximally thick Bandelier
ash flows provide the east-dipping masses at higher stratigraphic levels.

2.3.2.2 Mortandad Canyon Cross-Section

Figure 2-13 shows a cross-section beginning at borehole H-19, dropping into Mortandad Canyon
at TW-8 and extending along Mortandad Canyon, then to R-16 and across the Rio Grande to
well PNM6 in the Buckman well field. This cross section begins in the west where Tschicoma
dacitic lavas were found in drillhole H-19, but here the uppermost lavas are extended to borehole
EGH-LA-1. The implied relationship between dacitic lavas in these two drillholes is speculative
because there are no samples from H-19 to test similarity. If there is continuity of dacitic lavas
between H-19 and EGH-LA-1 to the west as shown, then there is likely little or no “lava gap”
between Tschicoma dacites and Cerros del Rio basalts as seen in the vicinity of R-7 in

Figure 2-12.

The top of the pumiceous deposits, beneath Puye fanglomerates, is well defined in boreholes
from TW-8 to R-13. The data from EGH-LA-1 and R-34 are largely inferred due to poor sample
returns in these drillholes. There is also a lack of information to indicate whether or not there is a
series of clay-altered and possibly older pumiceous deposits, as shown in Figure 2-12, on top of
the Miocene basalts shown here. As in the previous cross-section for Los Alamos Canyon, dips
on most units vary from easterly in upper horizons to westerly in lower horizons. The evidence
for westerly dips in Santa Fe Group sands for this section is based largely on extrapolation from
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the FMI dips recorded in drillhole R-16 (see Table 1-A-1). The pumice-rich volcaniclastic
deposits dip 5-7° to the southwest at R-1 and R-33 and 6 ° to the southeast at R-28.

The south-trending paleocanyon at the base of the Bandelier Tuff is more evident in this section
than in the more northerly section along Los Alamos Canyon (Figure 2-12). In Figure 2-13 the
axis of the paleocanyon is clearly transected in the vicinity of drillholes R-33 to MCOBT-8.5.
Evidence for a comparable canyon, offset to the east, may be seen in the depth to pumiceous
deposits at R-13, but the paucity of deep cuttings from R-34 make this interpretation somewhat
speculative. Evidence for the cinder mass within the Cerros del Rio at R-34 however is very
good, and it is likely that a buried basaltic vent source is close to the R-34 drill site, although the
distance and direction to the vent are not constrained.

2.3.23 Pajarito Canyon Cross-Section

Figure 2-14 shows a cross-section beginning at borehole R-26, extending to the location of well
R-18 and planned well R-17, then along Pajarito Canyon to well R-23 and across the Rio Grande
to a measured section on the eastern canyon wall (Dethier, 1997). In this cross section the deep
erosion into the Otowi ash flows and filling of this eroded canyon by Cerro Toledo deposits is
evident (compare with Figures 2-4 and 2-5). As in the Mortandad Canyon cross section, the
broad south-trending valley filled by Bandelier Tuff is visible west of PM-2, although placement
of the valley axis will depend on observations yet to be obtained from future drillhole R-17.

The deepest point filled by Cerros del Rio lavas in this section is at R-22. This point is the
principal evidence for the south-trending paleocanyon seen in Figure 2-8, although the exact
trend and the head of the canyon are poorly constrained by current borehole data. The west-
dipping Miocene basalts are suggested by dips seen in other drillholes to the north, in outcrop
along White Rock Canyon (Dethier, 1997), and by suggested correlations between Miocene
basaltic lavas in PM-2 and R-22 and between PM-2 and basalt outcrops in White Rock Canyon.
At R-20, FMI logs show that the pumice-rich volcaniclastic deposits dip about 5° to the
southwest.

2.3.2.4 Water Canyon Cross-Section

The cross-section shown in Figure 2-15 runs approximately parallel to the southern boundary of
the Laboratory, from borehole R-26 to two measured sections on the western and eastern walls of
White Rock Canyon (Dethier, 1997). Here the axis of the paleocanyon at the base of the
Bandelier Tuff is less evident because the eastern wall of that paleocanyon is essentially flat,
from borehole DT-9 to White Rock Canyon. An older and more prominent paleocanyon is

shown in the vicinity of borehole R-31, filled by accumulation of largely Precambrian sands and
gravels marking a previous channel of the ancestral Rio Grande. The depth of this paleochannel
is poorly known because borehole R-31 was unable to penetrate completely through the gravel
deposit.

Boreholes CdV-16-3(i) and CdV-R-37-2 were both completed within thick sequences of
Tschicoma Formation dacitic lavas. These lavas do not occur in borehole R-25; moreover, lavas
encountered in boreholes DT-5A and DT-9 are poorly characterized but are believed to be flows
within the Cerros del Rio volcanic field that are likely younger than these thick dacitic lavas,
although no samples of these lavas are available for dating. Completion of planned drillhole
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R-27 within Water Canyon north of DT-5A will address this question by providing samples of
these lavas. Specifically, the well will provide additional information about the composition of
lavas in the vicinity of TA-49 and their possible relationship with the lavas encountered in
CdV-16-3(i) and CdV-R-37-2. In this cross-section the dacitic lavas in CdV-16-3i and
CdV-R-37-2 are shown as being limited in lateral extent. The flow base for these lavas is
speculated to be at the top of the older fanglomerates, but actual stratigraphic relations are
unknown at this time.

2.3.2.5 Western Boundary Cross-Section

Figure 2-16 shows a cross-section from south of borehole SHB-3 extending up along the western
boundary of the Laboratory, northeast to borehole G-5A in Guaje Canyon. This section shows in
cross-section the depth and width of the paleocanyon cut into the Otowi Member and filled by
deposits of the Cerro Toledo interval in the vicinity of borehole R-26. To the north the Otowi
Member has been eroded away and the sediments of the Cerro Toledo interval are deposited on
fanglomerates of the Puye Formation. Fanglomerates of the Puye Formation are considerably
thicker beneath the Laboratory than to the north. The pumice-rich volcaniclastic and older
fanglomerate are believed to occur beneath the western part of LANL but their presence is
speculative because boreholes do not fully penetrate the thick Puye Formation in that area. The
correlation of dacitic lavas in TW-4 and H-19 is based on lithologic descriptions of phenocryst
minerals, but the lack of available cuttings from these boreholes means that this correlation
cannot be tested.

2.3.2.6 West-Central Cross-Section

Figure 2-17 shows a cross-section from south of borehole CdV-R-37-2 and extending northeast
across the Laboratory to borehole G-5 in Guaje Canyon. In this section the chemical composition
of the lavas (wt% Si0O,) and available radiometric ages are shown to indicate how the lavas can
be used as a guide in stratigraphic interpretation. In general, the ages of lavas assigned to the
Cerros del Rio volcanic field or to the older Miocene sequences correlate with stratigraphic
depth. The Tschicoma intermediate-composition lavas at the margins of the Laboratory, as in
borehole CdV-R-37-2, have not been fully penetrated by any boreholes and the nature of their
basal contacts is not known.

As in Figure 2-15, the pumiceous deposits and the underlying river gravels (Totavi) are shown
with a southern component of dip, consistent with FMI dip information described earlier. The
river gravels can be extended as a continuous unit between boreholes R-33 and PM-5. However,
another interpretation would be as unconnected river channels at different elevations, as seen in
the east-central cross-section to the east (Figure 2-18).

The cross-section suggests that there is considerable incision into the top pf the Santa Fe Group
sands prior to deposition of the older fanglomerate in the vicinity of O-4. This interpretation is
supported by the presence of younger Miocene basalts at O-4 that occur at the same structural
levels as older Miocene basalts beneath Guaje Canyon. The orientation of possible paleovalleys
incised into Santa Fe Group sands cannot be determined because most boreholes in the central
and western part of the plateau are not deep enough to penetrate the base of the older
fanglomerates. Relations described by Griggs (1964) for wells in the Guaje Canyon areas suggest
that some uppermost Santa Fe Group sands interfinger with the older fanglomerate.
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2.3.2.7 East-Central Cross-Section

Figure 2-18 shows a cross-section from southwest of borehole DT-5A extending northeast across
the Laboratory to drillhole G-2A in Guaje Canyon. This section crosses a high point in the
Cerros del Rio volcanic field at borehole R-34. As in the western-boundary and west-central
cross-sections (Figures 2-16 and 2-17) the stratigraphy beneath the Bandelier Tuff at the
southern Laboratory boundary is speculative. If the lavas penetrated by borehole DT-5A are
attributed to the Cerros del Rio (see Figure 2-8) rather than the Tschicoma Formation, the
distinction from Cerros del Rio volcanic rocks shown as a contact here may unnecessary. The
lack of samples for analysis from borehole DT-5A allows either interpretation, but this problem
should be resolved when borehole R-27 is completed in Water Canyon north of DT-5A.

Petrographic and radiometric data from lavas outcropping in Bayo Canyon and comparable data
from lavas in borehole R-9 suggest an offset of several hundred feet down to the south,
interpreted in this cross section as a normal fault between Bayo and Pueblo canyons, covered by
and not offsetting the Bandelier Tuff. Other explanations are possible but fault offset is
supported by observed offset of exposures in Bayo Canyon. The number and distribution of
faults beneath the Laboratory remains largely unknown, but continuity in many younger units,
particularly the Bandelier Tuff and Cerros del Rio volcanic rocks, limits the amount of
significant fault offset in the central and eastern Laboratory area to units older than about 3 Ma.
As in Figure 2-17, the cross section shows a paleovally incised into the top of Santa Fe Group
sands filled by older fanglomerate. These relationships are based on descriptions of the pre-Puye
rock units described in the lithologic logs for PM-1, PM-2, and DT-5A, and they cannot be
verified because drill cuttings for these wells are not available.

2.3.2.8 Eastern Cross-Section

Figure 2-19 shows a cross-section from south of borehole R-31 extending northeast and then
north across the eastern portion of the Laboratory to drillhole G-1 in Guaje Canyon. This figure
illustrates the thinning and local absence of the Otowi Member of the Bandelier Tuff over
highlands of Cerros del Rio volcanic rocks. The very thick sequence of Cerros del Rio volcanic
rocks between boreholes R-23 and R-31 has a total depth that is poorly constrained but likely to
have filled a paleocanyon (see Figure 2-8). Continuity of Totavi river gravels from north to south
is shown as disrupted in the vicinity of this paleocanyon, for such gravels are missing in several
boreholes near this feature. At greater depth the stratigraphic sequence is dominated by Santa Fe
Group sands, based on evidence from boreholes in lower Los Alamos Canyon (e.g., LA-4),
boreholes to the east (R-16), and exposures mapped in White Rock Canyon (Dethier, 1997).

24 Hydrologic Properties

The geologic units of the Pajarito Plateau are organized into more generalized hydrogeologic
units that form the framework for flow and transport numerical models (Section 4).
Hydrogeologic units are subdivided based on lithologic characteristics believed to result in
different hydrologic properties. A comparison of geologic and hydrologic frameworks for the
plateau region is provided in Figure 2-3.
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241 Vadose Zone Hydrologic Properties

The vadose zone, the region between the ground surface and the regional aquifer, consists of
variably saturated rocks, and locally saturated zones. The hydrologic properties controlling the
flow of water from the surface to the regional aquifer are the saturated hydraulic conductivity
(ksat) and the unsaturated hydraulic properties. As explained in basic hydrology texts and in
references related to the vadose zone beneath the Pajarito Plateau such as Rogers and Gallaher
(1995), when rocks are not completely saturated, the moisture retention curve defines the
relationship between the volumetric water content of a soil or rock and its capillary pressure
(sometimes referred to as the matric suction or matric potential). As the pores fill with water,
capillary forces result in the small-diameter pores filling first, and at progressively larger water
contents, the larger pores fill. The resistance to flow is much lower for the large-diameter pores,
so that the unsaturated hydraulic conductivity increases as a strong function of the water content,
reaching a maximum when the medium is saturated. Under unsaturated conditions, the local
water content and matric potential are controlled by the percolation flux; the local values of these
variables modulate themselves in response to changes in the local percolation rate, in order that
fluid may pass through the rock under gravity-driven or capillary-flow conditions. For
unsaturated conditions flux and water content are related and flow is in response to a gradient
that is composed of capillary and gravitational terms.

Although most contaminants of concern associated with past LANL operations travel in the
liquid phase, gas-phase transport is an important mechanism for radon and also for various
volatile organic chemicals present in the subsurface. Furthermore, vadose zone observations used
to estimate permeability at larger scales tend to be pneumatic, that is, based on the response of
gas-phase pressures to changes in the air pressure exerted at the surface. When treating vapor
transport, the permeability to the gas phase is the relevant property. Although in principle the
permeability of the medium should be independent of the fluid (air or water), the role of fractures
and issues of scale dependence come into play. Given that open fractures are most likely to be
air-filled under ambient conditions, fractures dominate the behavior for gas-phase contaminant
transport and the interpretation of pneumatic data.

To quantify the scale dependence of permeability of the Bandelier Tuff and to demonstrate the
role of fractures, permeability estimates across all scales from laboratory samples to the scale of
a mesa have been compiled. For the Laboratory scale, the geometric mean values of saturated
hydraulic conductivity reported by Rogers and Gallaher (1995) are used, and water properties at
standard conditions are used to convert conductivities to permeabilities. Parameter estimates for
larger scales include gas-phase permeability estimates from Neeper (2002) for the tuff, and
hydraulic conductivity measurements for the basalts from Stauffer and Stone (2005). In that
study, Neeper (2002) presents field-scale results of pneumatic testing using straddle packers, and
larger scale estimates based on the interpretation of the pressure responses to barometric cycles.
The packer tests are termed “intermediate scale,” and the estimates based on response to
barometric cycles are called the “large scale.”

Figure 2-20 compares the permeability estimates for the three scales. The laboratory scale values

represent matrix permeability and discount the role of fractures, as unfractured samples were
typically tested. Permeability values are at least one order of magnitude smaller than the
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Intermediate-scale estimates. The large-scale values are similar to the intermediate scale, except
in certain highly fractured regions, where even higher estimates of permeability are made. The
most striking difference with scale is for the Cerros del Rio basalt, where core samples represent
competent, low-permeability rock, whereas the field scale is dominated by large, open fractures
or cavities that transmit air with virtually no resistance. Field observations in the basalts indicate
that pressure changes at the surface are transmitted rapidly to depth (Neeper, 2002).

Permeability vs. Scale
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Figure 2-20.  Permeability as a function of measurement scale for Bandelier Tuff (units 1g,
1v, and 2) and basalts.
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These results illustrate the role of measurement scale and rock type on estimating the effective
permeability of the rocks in the vadose zone. Clearly, fractures, faults, or other large-scale
features exert control on the properties of the rock as scale increases. In this comparison, we
have mixed the results of water and air flow observations to examine the role of scale. While it is
apparent that the role of fractures in transmitting air through the vadose zone must be considered,
the question of water flow and the role of fractures must also be considered. Robinson et al.
(2005) provide field evidence and numerical model results that suggest that the Bandelier Tuff
transmits water through the porous and permeable matrix even for cases in which water is
injected at very high percolation rates. Furthermore, the hydrologic properties measured in
samples collected from boreholes suffice to describe the percolation of water through the
Bandelier Tuff under unsaturated conditions. That study concluded that as long as the percolation
rate is lower than the local saturated hydraulic conductivity, water initially present in fractures is
imbibed into the rock matrix. Therefore, rock properties of the matrix are most important, except
perhaps near the surface where high-fracture-density zones may coincide with regions of high
local infiltration rate. Matrix flow is an important simplification that makes vadose-zone
characterization in individual canyons a more tractable problem.

In contrast to the Bandelier Tuff, the basaltic rocks clearly exhibit rapid flow through fractures
and other fast pathways, and the permeability of the rock matrix is essentially irrelevant to the
rates of water percolation (Stauffer and Stone, 2005). The difference is the orders of magnitude
lower matrix permeabilities of these rocks, compared to the Bandelier Tuff.

24.2 Regional Aquifer Hydrologic Properties

Aquifer properties that are relevant to issues of groundwater quality and quantity are hydraulic
conductivity, specific yield (unconfined aquifer) or storativity (confined aquifer), and effective
porosity. This subsection summarizes all available information, both recent data collected in
R-wells and older estimates from water supply wells. No new information on storage properties
of the rocks has been collected in R-wells; this discussion, therefore, will rely entirely on older
data.

There are inherent uncertainties associated with any particular estimate of aquifer properties, and
there are two particularly important issues to consider when assessing these estimates. First, at
the field-scale, these are quantities that are virtually impossible to measure directly. They can
only be measured indirectly, via measuring the response of the aquifer to stress, then applying a
theoretical model to that response. In a particularly complex aquifer such as the one beneath the
Pajarito Plateau, the models used to interpret aquifer tests are necessarily much simpler than the
actual aquifer and this will affect the accuracy of the test interpretation. Second, in a complex
aquifer, hydraulic conductivity will vary substantially depending on the scale over which it is
measured. Tests conducted in wells with long screens (such as water supply wells) and/or tests
conducted over long time periods will sample large portions of the aquifer and the results will be
average properties of the aquifer, including possible structural features such as faults. Short-term
tests and/or tests in wells with short screens will sample small-scale features. The results from
such tests will tend to show much greater variability than those in the first category. Only field-
scale test results are considered here, since these are most pertinent to field-scale flow and
transport in the regional aquifer. Borehole geophysics and bench-scale test approaches to
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estimating hydraulic conductivity are not summarized here, although borehole geophysics-based
estimates of effective porosity are discussed.

24.2.1 Expected Lithologic Controls on Regional Aquifer Hydrologic Properties
The two major types of aquifer rocks beneath the Pajario Plateau are sedimentary and volcanic
rocks. The hydrologic properties of sedimentary and volcanic rocks can be very different and
they are discussed separately.

Sedimentary units include the Puye Formation, pumice-rich volcaniclastic rocks, Totavi Lentil,
older fanglomerate, Santa Fe Group sands, and sedimentary deposits between basalt flows.
Based on outcrop and borehole observations, all these units are expected to be highly
heterogeneous and strongly anisotropic, with a much higher conductivity parallel to sedimentary
beds than perpendicular to these beds. Figure 2-21 shows photographs of the Puye Formation
and the Santa Fe Group showing the typical nature of bedding. Figure 2-22 shows an outcrop of
the Totavi Lentil, a unit found at the base of the Puye in some locations, containing cobble beds
with abundant quartzite.

The Puye Formation is heterogeneous, containing a variety of sedimentary lithologies. Based on
previous studies by Waresback et al. (1984) and Turbeville (1991) significant heterogeneity is
expected to occur at scales from kilometers to meters (laterally) and meters to centimeters
(vertically).

Due to lack of drill core, it is generally not possible to identify the depositional environments
penetrated by R-wells within the Puye. Cuttings and borehole geophysics were used to
distinguish between Puye fanglomerate (dacite detritius and sparse to absent pumice fragments),
pumice-rich volcaniclastic rocks (abundant pumiceous fragments), Totavi Lentil (rounded clasts
of abundant quartzite and other Precambrian lithologies), and older fanglomerate (volcanic
detritus and sparse quartzite). The pumic-rich volcaniclastic rocks are expected to have a
relatively high porosity, given the abundance of fairly coarse vitric pumice fragments. This high
porosity may translate to high permeability. In some areas the pumiceous rocks are extensively
clay-altered and permeability may be greatly reduced. The Totavi Lentil, an ancestral Rio-
Grande alluvial deposit, is possibly the most transmissive of the sedimentary units due to the
abundance of unconsolidated sands and gravels (see Figure 2-22). Fine-grained sediments, which
may have low permeability, are also present in this unit.

Purtymun (1995) identified a thick zone of highly productive aquifer rocks that extends
northeastward across the central plateau. Recent revisions to the plateau stratigraphy

(Section 2.1) suggest that this zone includes older fanglomerate deposits, pumiceous
volcaniclastic rocks, and lower portions of the Puye Formation. As will be shown below, both
high and low permeability rocks are present within this zone.
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Figure 2-21.  (a) Outcrop of the Puye Formation, Rendija Canyon (north of LANL);
(b) Outcrop of the Santa Fe Group, lower Los Alamos Canyon (east of LANL);
(c) Outcrop of the Santa Fe Group, near Espafiola (provided by Gary Smith,
UNM Dept. of Earth and Planetary Sciences).

Figure 2-22.  Outcrop of Totavi Lentil along SR 304 (D. Vaniman in foreground).

ER2005-0679 2-51 December 2005



Hydrogeologic Synthesis Report

In heterogeneous units like these sedimentary deposits, it is particularly important to determine
the lateral continuity of the high-permeability facies such as coarse stream channel deposits.
However, it has not been possible to correlate individual beds in the Puye Formation because
channel and overbank deposits in alluvial fan settings form complex, cross-cutting deposits,
many of which are channelized or of limited lateral extent. Because of similar source rocks, clast
compositions fail to provide distinct criteria for discriminating individual beds, particularly for
boreholes spaced as far apart as the R-wells.

The storage properties of these rocks are expected to be within the normal range for sedimentary
aquifers: specific yield (Sy) between 0.01 and 0.3 and storativity (S) between 5.E-3 and 5E-5.
Likewise, effective porosity values are expected to be in the normal range for sedimentary rocks
from 0.1 to 0.3 (Freeze and Cherry, 1979).

Volcanic rocks on the Pajarito Plateau include intermediate-composition lavas of the Tschicoma
Formation and basalts (Cerros del Rio, Bayo Canyon, and Miocene basalts within the Santa Fe
Group). These volcanic rocks consist of stacked lava flows separated by interflow zones.

Figure 2-23 shows an example of Cerros del Rio basalt. Flow interiors are made up of dense
impermeable rock that is variably fractured. The interflow zones contain highly porous breccias,
clinker, cinder deposits, and sedimentary deposits. Groundwater flow in lava interiors is
controlled by fractures, with hydraulic conductivity determined by aperture dimensions, fracture
density, interconnectivity, and the presence or absence of fracture-filling minerals. Porous flow
is expected to dominate groundwater flow in the interflow zones. Both nonfractured flow
interiors and clay-filled fractured zones are expected to have very low permeability; zones with
significant, connected open fractures, lava tubes, and interflow zones are expected to have higher
permeability and low porosity, a combination of properties which can lead to very fast travel
times (Stauffer and Stone, 2005).

The lava interiors presumably have very low effective porosity (<<0.1) and negligible storativity.
Highly fractured zones and interflow zones may have larger porosity and storativity values,
comparable to values expected for sedimentary rocks. Moderately fractured zones may have low
effective porosity (10°~10"). Table 2-2 summarizes qualitative expectations of aquifer
properties based on lithology and on the available data, augmented by field-scale testing, model
calibration, and head gradients.

Fault zones. There are several faults on the plateau, including the Pajarito fault zone and the
Rendija Canyon and Guaje Canyon faults (Figure 2-2). These are primarily oriented north-south,
with local deviations. There are numerous north-south trending faults in the Santa Fe Group
within the larger Espafiola Basin; these types of faults are presumably present beneath the
plateau, but they are covered by younger rocks. In general, faults can be conduits to flow (if
open) or barriers to flow (if cemented or clay-filled). Field hydrologic evidence has been
interpreted based on both of these occurrences. For example, Griggs and Hem (1964) postulated
the presence of a fault acting as a flow barrier based on pumping tests in the Guaje Canyon
wells. By contrast, Purtymun (1977) and Blake et al. (1995) observed evidence of faults acting as
conduits for upward flow of deep thermal waters in the Santa Fe Group, based on geochemical
and thermal evidence in lower Los Alamos Canyon wells and San Ildefonso wells. More
recently, Keating et al. (2003), suggested that the large-scale effective permeability of the
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Figure 2-23.  Outcrop of Cerros del Rio basalt at White Rock Overlook (east of LANL).
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Pajarito fault zone is lower than surrounding rocks, based on observations of large horizontal
gradients and model interpretations of these gradients. They also concluded that the large-scale
effective permeability of the Santa Fe Group is lower than that indicated by individual pump test
results (summarized below). These results indicate that faults in the Santa Fe Group, which tend
to be north-south trending (transverse to the hydraulic gradient), may act as flow barriers in the
direction perpendicular to their orientation, lowering the large-scale effective permeability of the
aquifer.

2.4.2.2 Contact between Units

Depths to contacts between the major geologic units are generally well established, but their
physical characteristics must be inferred from cuttings and geophysical logs. Outcrop data
provide additional information about these contacts. Intra-formational and between-unit
sedimentary contacts are generally conformable but are frequently disrupted by facies transitions
and channel incisions. Individual beds can be traced laterally over the scale of meters to
hundreds of meters. Major erosional unconformities between principal units, such as the Puye
and Tesuque Formations, probably occur beneath the Pajarito Plateau, but the nature and
orientations of features such as paleocanyons are unknown. Features such as clay-rich soils occur
internally within some units like the Puye Formation, but do not appear to be important along
intraformational contacts.

The contacts between coarse-grained units, such as the Puye Formation or the older
fanglomerate, and fine-grained sediments of the Tesuque Formation may have hydrologic
significance because of the juxtaposition of fundamentally different lithologies. Where exposed
in the eastern part of the plateau, the contact between Puye rocks and Tesuque strata is a slight
angular unconformity. Hydraulic gradients are generally easterly/southeasterly on the plateau
(Figure 2-24). Within the Puye Formation, this driving force is parallel to the east-dipping beds.
In contrast, within the Tesuque Formation, beds tilt to the west. This anisotropic condition will
result in larger flow resistance and possible local deviations in flow direction within the Tesuque
rocks.

The contact between the older fanglomerate and the Tesuque Formation may also be
hydrologically important. In Guaje Canyon, thick sequences of older fanglomerate interfinger
laterally for several kilometers with the Tesuque Formation (see Griggs, 1964 for discussion of
these relations). The effect of these interfingering relations on groundwater flow is not known
but could include changes in potentiometric surface gradients and partial confinement of
groundwater in older fanglomerate enclosed by less permeable Tesuque strata. In Los Alamos
and Pueblo Canyons, lateral infingering between the older fanglomerate and the Tesuque
Formation appears to be more abrupt. The lithologic difference between the older fanglomerate
in Otowi-4 and the Tesuque Formation in Otowi-1 is striking, and the lateral hydraulic
conductivity should decrease eastward. The presence of altered Miocene basalts in the Tesuque
Formation in wells R-9 and R-12 should also contribute to a decrease in hydraulic conductivity
eastward.
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Elevation of Top of Regional Aquifer for Los Alamos National Laboratory
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Figure 2-24.  Regional aquifer water table map.

We note again that the sedimentary rocks themselves are highly stratified, and so contrasts
between layers within these rocks may be as hydrologically significant (or more so) than the
contacts between major geologic units described above. Contacts within volcanic units can have
significant hydrologic impact. The contacts between lava flows are generally represented by
interflow zones that can be very transmissive or, if clay-filled, barriers to flow. One example of a
low-permeability, clay-filled interflow zone was that encountered in screen 2 of R-9i. This zone
appears to act as a confining bed; water levels rose significantly in the borehole after the well
penetrated this zone. Contacts between sedimentary and volcanic rocks can be structurally
complex, as in the inferred paleovalley in the eastern part of the plateau that is filled by Cerros
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del Rio basalt (Section 2.2.8; Figure 2-8). Groundwater flow from west to east may be more
tortuous and possibly diverted when encountering such large-scale structures.

2.4.2.3 Regional Aquifer Hydraulic Conductivity

Inferences based on field-scale testing. Over the last 40 years, hydraulic conductivity has been
measured using pump tests and straddle-packer injection tests in 61 locations within the Pajarito
Plateau; some locations have been measured multiple times. Table 2-3 presents a compilation of
these test results (86 in all). For those wells tested multiple times, or for which multiple
interpretations of a single test are available, we selected one representative value for the
discussion and analyses below (these are indicated with an asterisk in Table 2-3). All these tests
are within the regional aquifer, with the exception of a perched zone in R-9i that is included
because it represents a test of saturated basalt. If the screened interval for a test contained at least
50% of a single stratigraphic unit, the test was categorized as representing that unit. Some wells
(all the PM wells, for example) are screened across too many rock units and are labeled as
“mixed” in Table 2-3.

Figure 2-25 shows a histogram of the 61 hydraulic conductivity values, which range from 0.007
m/day (R-26, screen 2) to 45 m/day (R-28). The geometric mean of these estimates is 0.6 m/day,
and the distribution appears to be lognormal, although we ascribe no special significance to this
fact, other than to point out that it is a convenient distribution for modeling purposes. Based on
the distribution, the standard deviation of the lognormal distribution is 0.76 in units of In(m/d).

Figure 2-26 illustrates the spatial variation in hydraulic conductivity on the plateau. There are
two areas with relatively high hydraulic conductivity (K > 3 m/day): the north-central aquifer
beneath LANL (TW-2, R-4, TW-3, R-11, R-28, and R-13) and the south-central aquifer beneath
LANL (R-19, screen 6, DT-10, DT-9). The location of these zones overlaps the zone of high-
yield wells identified by Purtymun (1984). However, based on new geologic data and
interpretations, the rocks making up this zone consist of a variety of sedimentary and volcanic
units in addition to those attributed to the “Chaquehui Formation” by Purtymun. Also, it is clear
that lower conductivity zones also exist within Purtymun’s proposed northeast-trending high-
production trough, indicating that it is a heterogeneous portion of the aquifer, with locally high
and low permeability zones.
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Figure 2-25.
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In several wells there are multiple estimates of hydraulic conductivity at different depths (R-22,
CDV-R-15-3, CDV-R-37-2, R-16, R-31, R-19, R-9i); in these cases we show the uppermost
screen result in Figure 2-26. Only two of these wells, R-9i and R-31, show significant difference
in hydraulic conductivity with depth. R-31, screen 3 (uppermost regional aquifer screen),
completed in basalt, is very poorly conductive. The two lower screens, 4 and 5, completed in the
Totavi Lentil, are very conductive. For this reason, they are shown in Figure 2-26 as connected
to the southern high permeability zone. Both screens in R-9i are completed in basalt. The upper
conductive screen is located in an interval that includes highly fractured basalt and an interflow
zone, and the lower nonconductive screen is located within clay-filled interflow breccia at the
base of the basalt sequence. The other wells (R-22, CDV-R-15-3, CDV-R-37-2, and R-19) show
consistent results in all screens. This is particularly interesting in the case of R-22 and CDV-R-
15-3, where the screens are located in a variety of rock units.

The hydraulic conductivity values for major rock units of the regional aquifer are shown in
Figure 2-27 and summarized in Table 2-4. Cerros del Rio basalt, Puye Formation, pumiceous
volcaniclastic rocks, Totavi Lentil, older fanglomerate, and Santa Fe Group sands are clearly
heterogeneous. The Santa Fe Group sandy unit (Tesuque Formation) appears to be more
uniform, although many of the wells representing this unit have very long screens (>300 m),
which would tend to smooth the effect of small-scale heterogeneity. Nonetheless, the short
screens within Tesuque sands tested at R-16 gave results similar to those obtained from wells
with long screens.

The variation within the Cerros del Rio basalt may be related to whether the tested interval
contains abundant open fractures (as reported at R-91, screen 1) or is a clay-filled interflow zone
(reported at R-91, screen 2). All three tests within the Tschicoma Formation represent interflow
zones and/or breccia and show relatively high permeability. Both outcrop and borehole
observations suggest that much of the Tschicoma Formation is, in fact, massive and so these tests
of breccia zones may not be representative of the larger aquifer unit. Some of the low
permeability measurements in the Cerros del Rio basalt may represent clay-filled fractures in
flow interiors or clay-filled interflow breccia zones.

A number of factors could explain the variability of hydraulic conductivities within the Puye, the
Totavi, and the Santa Fe Group fanglomerate, including different degrees of alteration (clay
content) and intraformational depositional facies (e.g., stream channel versus overbank deposits).
Depositional facies are characterized by different grain sizes and degrees of sorting, but bedding
characteristics and rock fabric are needed to evaluate the depositional setting. Bedding and rock
fabric cannot be identified from drill cuttings, however borehole geophysical tools such as FMI
logs can provide information that may be relevant (Table 2-5). In some cases, depositional
environments inferred from FMI logs (Table 2-5) appear to be related to measured hydraulic
conductivities. For example, the coarse-grained, poorly sorted gravels and cobbles in CdV-R-
15-3, screens 5 and 6, are consistent with deposits expected in proximal alluvial fan deposits.
The K values measured here (0.08 and 0.03 m/day, respectively) are lower than most on the
plateau. The four highest conductivity zones in Tpf or Tpp, measured in R-28, R-11, R-4, and
R-13, are associated with well-bedded sands and gravels with sparse cobbles located in the
medial portion of the Puye alluvial fans. Fractures are visible in the screened intervals of the
R-11 and R-13 wells.
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Hydraulic conductivity within the Santa Fe Group
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Figure 2-27-a. Hydraulic conductivity within the Santa Fe Group. (See Table 2-3 for a list of
wells.)
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Figure 2-27-b. Variation of hydraulic conductivity in volcanic rocks of the Pajarito Plateau.
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Table 2-4.

Summary Table of Hydraulic Conductivity for Each Hydrostratigraphic Unit
Unit Number of miday Max Geometric

Wells miday Mean
Cerros del Rio 5 <0.1 4.5 0.2
Older 3 0.2 0.6 0.3
Puye fanglomerate 6 .007 45 0.4
pumiceous 9 0.3 36 1.3
Totavi 5 0.2 9.8 2.1
Santa Fe Group Fanglomerate 5 0.1 5.3 0.4
Sandy 18 0.2 0.5 0.3
(off plateau data)* 15 <0.1 4.4 0.1
Tschicoma 3 0.2 9.8 0.9

Source: Daniel B. Stephens (1994)
Note: An asterisk (*) means reported in the literature by numerous workers.

There are exceptions to these trends, however. For example, screen 3 of R-32 is also completed
in the medial portion of Puye Formation alluvial fans, but has lower conductivities than the wells
listed above. The screened interval in R-28 does not show evidence of fractures, yet it has a
higher conductivity than does R-11, which is screened across an interval containing several
fractures.

The possible influence of alteration can be examined by comparing the percentage of clay
present in a hydrostratigraphic unit to the spatial variation in permeability. As shown in

Figure 2-28a, there is a tendency for the Puye Formation and pumice-rich volcaniclastic rocks to
be more altered in the southeastern portion of the plateau, which may explain the low K values
estimated for R-22, screen 3 and R-32, screen 3. However, low clay content is not necessarily
associated with higher conductivity. R-26, screen 2 in the western part of the plateau has low
clay content and a low K value. Presumably a combination of facies distributions and post-
depositional alteration are contributing to the complex patterns evident in Figure 2-26. Data on
which to base these results are somewhat limited, and additional data collection could shed light
on this issue.

There is no readily apparent correlation between alteration trends in the pumiceous unit

(Figure 2-28b) and hydraulic conductivity. In fact, the lowest K values reported for this unit
(CDV-R-15-3, screen 6, and R-14, screen 2) are both in regions of lowest clay content. With the
limited data available, it appears that alteration within the pumiceous unit is not the only factor
controlling hydraulic conductivity.
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(a) Percentage of clay within Puye ~ (b) Percentage of clay within Puye
Fanglomerate Unit

Pumiceous Unit

(c) Percentage of clay-filled breccia
within the Cerros del Rio Basalt

Figure 2-28.  Comparison of the percentage of clay present in a hydrostratigraphic unit to the
spatial variation in permeability: (a) percentage of clay within the Puye
pumiceous unit; (b) percentage of clay within Puye fanglomerate unit; (c)
percentage of clay-filled breccia within the Cerros del Rio basalt.
Note: + = well locations
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The percent of clay-filled breccia within the Cerros del Rio basalts (Figure 2-28c¢) is relatively
high to the southeast and this factor may explain the low K value estimated for R-22, screen 2
and R-31, screen 3. These areas coincide with the topographically-highest part of the Cerros del
Rio basalts on the Pajarito Plateau, and they probably are proximal volcanic vent areas. The low
values for K and high degrees of alteration here, both within the basalts and within the Puye,
suggest that hydrothermal alteration may have affected the rocks in this area.

Despite the evident variability in most of the rock types, the average properties of the rocks
derived from our limited data sets show a few distinctions. The geometric mean hydraulic
conductivity of the pumice-rich unit and Totavi Lentil appear to be significantly greater than the
other rock types (Table 2-4). At large scales, this trend may be important for flow and transport
calculations. At small scales, however, the variability evident in both these rock types will be
very important to consider. Local flow directions in the vicinity of release locations and water
supply wells are likely to depend strongly on these small-scale differences in hydrologic
properties.

Inferences based on hydraulic gradients. Head gradients will tend to be larger in low
permeability rocks, and so head data can be used, at least in a qualitative way, to infer
information about permeability. Other controls on head gradients, such a recharge and pumping,
complicate this approach. It is evident from the water table map (Figure 2-24) that there is large
spatial variation in head gradients at the top of the aquifer. If these variations were entirely or
mostly due to variations in permeability, we might conclude that rocks and structures on the
western portion of the plateau (Tschicoma Formation, Pajarito Fault zone) have relatively low
permeability. However, mountain-front recharge creates hydrologic conditions that lead to larger
gradients, even if the rocks were homogeneous. In addition, there is an increase in permeability
towards the center of the plateau (older fanglomerate, pumiceous rocks, Puye Formation and
Cerros del Rio basalts). The gradient is relatively steep in the vicinity of R-22, where hydraulic
testing indicates very low permeability (locally) in the Cerros del Rio basalts.

24.24 Anisotropy

As mentioned above, bedding within the Santa Fe Group and the Puye Formation is likely to
cause higher permeability parallel to beds than perpendicular to beds. Large vertical head
gradients measured in R wells are evidence of anisotropy; persistent vertical gradients are
presumably caused by intermittent low-permeability strata that provide resistance to vertical
flow. The beds within the Puye Formation range from centimeters to meters in thickness. Most
are very low angle, dipping to the east. In contrast, beds within the pumiceous volcaniclastic
rocks tend to dip to the southwest (R-20, R-2, R-7, R-19, and R-33). Beds within the Santa Fe
Group exposed on the eastern margin of the plateau dip approximately 2—5° to the west
(Golombek et al. 1983). Data from R-16 suggest that shallow layers are very low-angle, but
deeper layers dip as much as 14° to the west. Hydrologic modeling and pump test analysis
suggests that vertical permeability is 100 to 1000 times lower than horizontal permeability in the
Santa Fe Group silts and sands (Hearne, 1985; McAda and Wasiolek, 1988; Keating et al., 2003).

If the north-south trending fault zones on the plateau tend to be barriers to flow, this would cause

horizontal anisotropy, with north-south permeability higher than east-west permeability.
Multiple-well pump tests on the plateau could be used to test this hypothesis.
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2.4.2.5 Porosity

Tracer tests, which provide the most valuable information about effective porosity, have not been
conducted in the saturated zone at this site. The only available data come from interpretations of
borehole geophysical logs, using the combined magnetic resonance (CMR) tool. Using only data
from the Puye Formation and the pumice-rich volcaniclastic rocks within the saturated zone,
estimates of total porosity based on geophysical logs from R-7, R-19, and CDV-R-15-3 have
been compiled. Figure 2-29 shows the distribution of these estimates, with data collected at 0.5 ft
intervals. Table 2-6 summarizes the data. The mean effective porosity for these units as
estimated from these logs (0.01-0.2) are somewhat low for sedimentary rocks (0.1-0.3, from
Freeze and Cherry 1979). There is some indication that these values relate to hydraulic
conductivity. For example, CDV-R-15, which has a high proportion of very low effective
porosity measurements, also has a relatively low hydraulic conductivity (0.03—0.08 m/day; Table
2-6). R-19 has higher mean effective porosities and higher K values (5.7—6.7 m/day). However,
there are significant differences in effective porosities between screens 5 and 6 in CDV-R-15 that
do not correlate with differences in hydraulic conductivity.
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Table 2-6.

Summary of Effective Porosity Estimates based on Borehole Geophysics

Well Mean Effective Porosity N Formation Hydraulic

Conductivity (m/day)

CDV-R-15° 0.07 744 Tpf, Tpp -
CDV-R-15-4 0.06 87 Tpt -
CDV-R-15-5 0.01 13 Tpt 0.08
CDV-R-15-6 0.16 15 Tpp 0.03
R19* 0.1 1466 Tpf, Tpp -
R19-6 0.2 14 Tpp 5.7
R19-7 0.2 15 Tpp 6.7
R7* 0.09 293 Tpf, Tpp -
“all depths within Puye Formation
Note: - =no data

Note: For comparison, hydraulic conductivity values derived from in situ testing (Table 2-3) are also shown.

0.6
05 - B ® CDV-R-15
© B R-19
2 0.4 - 0R-7
e
.5 0.3 1 -
& 0.2 -
(N

01 - i

0 . . . IEI llli.—]ch —
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Effective Porosity

Figure 2-29.  Distribution of effective porosity measured within the Puye Formation beneath
the regional aquifer water table.

ER2005-0679 2-71 December 2005



Hydrogeologic Synthesis Report

2.4.2.6 Storage Properties

Storage properties of rocks will depend on whether the aquifer is unconfined or confined;
delineating these two conditions beneath the plateau has been difficult. There are a number of
interpretations in the literature about the degree and extent of confined conditions on the
Parjarito Plateau. Based on limited data, Cushman (1965) concluded that the aquifer is under
water table conditions beneath the plateau, with the exception of the vicinity of the Rio Grande
where water table conditions exist in shallow layers and confined conditions exist at depth.
Purtymun (1974) suggested that water table conditions exist on the western margin of the plateau
and artesian conditions exist along the eastern edge and along the Rio Grande. Recent drilling
has confirmed the existence of water table conditions at many locations beneath the plateau.
Pump test results for water supply wells, drilled to depths up to 2000 ft below the water table on
the plateau, suggest that the deeper portions of the aquifer behave as either:

¢ “Leaky confined” in the Los Alamos well field, specific storage S ~ 10™*%/m (Theis and
Conover, 1962); and in O-4, S; ~ 10°°/m (Purtymun et al., 1995a and 1995b) or

 Unconfined in O-1, S ~ 10”*/m (Purtymun et al., 1990, Purtymun and McLin, 1990).

In the LA wellfield, Theis and Conover (1962) expanded on the “leaky confined” interpretation
by stating that there are, in fact, several aquifers and several semiconfining beds in this well
field. Just to the southeast, along the Rio Grande, the aquifer has been called “partially
confined” (Balleau Groundwater, 1995).

Drilling activities conducted during the Hydrogeologic Workplan have shown that in most
R-wells, at all screens, the aquifer is unconfined. Heads tend to decrease with depth (see Figure
2-45, Section 2.7.7). In the shallowest portion of the aquifer (the upper 150 m), specific yield is
presumably dominated by effective porosity (see Table 2-6 for estimates in the Puye Formation).
Specific yield is likely to be very low for basalts. No new information is available for the deeper,
leaky-confined portions of the aquifer.

243 Summary of Hydrologic Properties

Pump test data (Table 2-3, Figures 2-26 and 2-27) illustrate the heterogeneity of the aquifer, with
K values ranging from 0.007 to 45 m/day The geometric mean hydraulic conductivity is 0.6
m/day; the larger-scale effective permeability may be lower due to large-scale structures and/or
untested, low-permeability portions of the aquifer, based on the lower permeability values
obtained in regional aquifer model calibrations (Section 4.2). Table 2-2 presents a summary of
inferred properties of each of the lithologies present in the regional aquifer.

Heterogeneity tends to be particularly significant in the Puye Formation, pumiceous
volcaniclastic rocks, Totavi Lentil, and older fanglomerate. The wide variety of depositional
environments within the Puye Formation are consistent with this observation. However, it is
difficult to go beyond this general statement to develop a predictive relationship between facies
and hydrologic properties. On average, the permeabilities of the Puye Formation, pumiceous
volcaniclastic rocks, Totavi Lentil, and older fanglomerate are similar and ranges of permeability
overlap one another.
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As shown in Figure 2-26, there appear to be two zones near the top of the aquifer that are
particularly conductive (>3 m/day). These zones are not correlated with hydrostratigraphy,
suggesting that structure or alteration may be the controlling factor. No high permeability zones
occur east of R-13. Large-scale trends in alteration (Figure 2-28) do not explain the location of
these zones; although alteration may be an important factor in the location of a low-conductivity
zone in the southeast (R-31 and R-22).

The older fanglomerate unit is also heterogeneous, consistent with its probable depositional
history. The Tesuque sandy unit appears to be less heterogeneous, due to the dominance of
relatively well-sorted sand and silt layers (Section 2.2.1). Discrepancies between pump test data
and model-calibrated values suggest the possibility that large-scale structures such as north-south
trending faults may lower the large-scale effective permeability of this unit.

Permeabilities of volcanic rocks appear to be bimodal, presumably a function of whether the
groundwater is associated with fractures in flow interiors or is found in interflow zones between
lavas. The amount of clay filling pore space in these settings can also affect permeability.
Permeabilities of the fractured Tschicoma and Cerros del Rio lava flows are of the order of 1 to 9
m/day; permeability of poorly fractured flow interiors or clay-filled fractured units is much lower
(<0.15 m/day). Limited data on Bayo Canyon basalts suggest an intermediate permeability.

Based on the depositional environment (Figure 2-21) of the Puye Formation and the Santa Fe
Group, strong anisotropy (horizontal K >> vertical K) is predicted. This is confirmed by
modeling studies, pump test analyses, and by the presence of large vertical gradients in many
R-wells. The ratio of horizontal to vertical K may be as large as 1000 (see Section 2.4.2.3). If
north-south trending low-permeability faults exist within these units (as modeling results
suggest; Keating et al., 2003), this would tend to cause horizontal anisotropy.

Although porosity data are limited, geophysical logs indicate that the effective porosity of the
sedimentary rocks is relatively low (0.07-0.2). Small-scale data from these geophysical logs
need to be augmented by interwell tracer tests to obtain larger scale, transport-related porosity
values that can be used in numerical models and transport-velocity estimates.

244 Uncertainties in the Relationship between Geologic and Hydrogeologic Units

This section describes uncertainties and sources of error in defining the relationships between
hydrogeologic properties and lithology. Three of the uncertainties described here are large scale,
in that they reflect the reliability of stratigraphic assignments. The large-scale uncertainties are:

* Extent and hydrogeologic nature of the Cerros del Rio unit
* Unassigned pumiceous sediments of uncertain age
* Totavi variants (see Section 2.4.4.3 below)

The remaining two uncertainties are small scale, in that they address uncertainties in the
composition within a single stratigraphic unit or of a single property. The small-scale
uncertainties are:
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* Disposition of Santa Fe Group sediments
* Spatial variation in permeability within sedimentary rocks

2.4.4.1 Extent and Nature of the Cerros del Rio Hydrogeologic Unit

The Cerros del Rio hydrogeologic unit straddles the top of regional saturation across much of the
southeastern portion of the LANL site (Figure 2-10). The thickness of the unit has proved
difficult to predict in critical areas (e.g., drillhole R-22 within TA-54) because multiple flows
from different source areas accumulated as stacked sequences in topographically low areas. The
nature of the volcanic deposits is highly variable and has led to difficult drilling, as at R-34
where the drill site appears to have been located above a buried cinder cone with no surface
expression and unknown shape and lateral extent (Figure 2-14). Data from the basalt field in the
Snake River Plain indicate that permeability in basaltic volcanic sequences can vary by 10 orders
of magnitude from the laboratory to the field scale, and the flow field can be strongly anisotropic
(Whelan and Reed, 1997). Drilling experience in this unit at LANL shows that air permeability
can be very high; open boreholes generally “breathe” with diurnal barometric variation as soon
as they penetrate into the Cerros del Rio deposits. All of these features indicate significant
importance of the Cerros del Rio in flow and transport. At present the 3-D geologic model allows
for estimation of relative percent of flow interior, open breccia, and clay-filled breccia for each
borehole, but such distributed percentages may not be sufficient for adequate hydrogeologic
characterization where stochastic flow simulation may require knowledge of volcanic
stratigraphy (Whelan and Reed, 1997). In addition, a conceptual model describing the
characteristic length scales of the basalt subunits would also be required.

2.44.2 Unassigned Pumice-Rich Volcaniclastic Rocks

The extent of clay alteration in pumiceous sediments can be a critical hydrogeologic parameter,
for the unaltered deposits are highly transmissive whereas local zones of extensive clay alteration
transform the pumice-rich intervals into aquitards. Extensive pumiceous sediments (Figure 2-9)
are widely distributed beneath Puye fanglomerates in the central portion of the LANL site. This
unit is not known in outcrop and was not anticipated when drilling for the Hydrogeologic
Workplan began. Radiometric dates of 6.8 and 7.5 Ma from pumice in this unit suggest a
possible relationship with Peralta Tuff to the south, but petrographic variation and stratigraphic
occurrence indicate that multiple volcanic sources supplied tephra to these deposits. The
pumiceous sediments in R-9 and R-12 are completely altered to smectite, whereas other
occurrences have little clay and are essentially unaltered. It is uncertain whether the altered and
unaltered pumice units are related. This uncertainty can have considerable impact on how the
pumiceous deposits are represented in cross-section for the conceptual geologic model (see
Figure 2-12) and in 3-D for the numerical geologic model, as well as having an impact on flow
and transport properties.

2.44.3 Totavi Variants

The Totavi may be an important transmissive unit at the site, providing a significant flowpath
where laterally contiguous, making the treatment of this unit in the 3-D numerical geologic
model particularly important. The axial deposits left by paleochannels of the Rio Grande are well
defined in outcrop by their high abundance of Precambrian lithologies derived from northern
sources. Dethier (1997) provides extensive data for these deposits exposed along the eastern
margin of the LANL site; his definition of the Totavi notes that it contains “generally >80%
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quartzite and other resistant lithologies from northern New Mexico, but clasts from the southern
Sangre de Cristo range are common locally.” The high quartzite abundance is distinctive.
Previous conceptual models of the LANL site geology have extended these axial gravels in a
continuous unit beneath the site as a horizon underlying Puye fanglomerates. More recent
drilling has provided evidence of many stream gravels at varied stratigraphic levels, most with a
smaller abundance of Precambrian stream gravels (generally <25% Precambrian gravel) and with
more gravels from volcaniclastic sources. Furthermore, new radiometric dates on pumice-rich
volcaniclastic rocks indicate that underlying river gravels are considerably older than the Totavi
deposits exposed on the east side of the plateau. The construction of a Totavi unit is thus
problematic, with some areas where the stream gravels are moderately extensive and other areas
with isolated channels (e.g., cross-sections in Figures 2-12 and 2-13). Therefore, the
representation of the Totavi unit within the geologic framework model is illustrative.

2.4.44 Disposition of Santa Fe Group Sediments

The impact of distinguishing different lithologies of Santa Fe Group sediments can be of
hydrogeologic significance in defining the extent of more productive gravels and in construction
of hydrogeologic unit boundaries. The Santa Fe Group sediments exposed in outcrop along the
eastern margin of the LANL site consist of sands and lesser stream gravels, commonly with
some amount of carbonate cement, that are derived predominantly from plutonic and
metamorphic Precambrian sources. The 1997 conceptual geologic model for the site projected
extensive amounts of Santa Fe Group sediments beneath the site that were predicted to be
encountered by most drillholes deeper than ~1000—1500 ft. Furthermore, the central and most
hydrologically productive zone was interpreted as consisting of deposits of equivalent age that
contained more abundant volcaniclastic material. More recent drillholes have found that this
deeper volcaniclastic material is predominantly of Jemez-derived lithologies and is distinct from
the generally arkosic deposits of the Tesuque Formation. Recent work in the Espafiola Basin
suggests that “lithosomes” of the Santa Fe Group grade laterally and interfinger, as fault
displacements episodically dropped the western margin of the basin. However, the
downdropping western margin of the basin, which is beneath the LANL site, may also have been
the locus of past flow for major drainages. At this time it is uncertain whether the lithologic
variations in these older sediments beneath the site reflect interfingered facies of similar age or
unconformable, younger channel deposits in paleocanyons cut into the older Santa Fe Group
sands. Resolution of this uncertainty could confirm or rule out the existence of long-distance,
high-permeability pathways in the regional aquifer.

2.4.4.5 Spatial Variation in Permeability within Sedimentary Rocks

With the exception of the relatively uniform sandy sub-unit of the Santa Fe Group, variability
within hydrostratigraphic units tends to be much larger than variability between
hydrostratigraphic units. To understand intra-unit variability, using limited data the possible role
of texture (Table 2-5) and alteration (Figure 2-28) have been examined and no consistent
relationships were found. There does not appear to be a method to deterministically interpolate
the spatial variation in permeability within these sedimentary rocks, given the available data. It is
possible that a larger dataset and better information about sedimentary facies (if cores were
available, for example) would allow a better understanding of the mechanisms controlling
hydraulic conductivity. Even so, local variation may be sufficiently great that accurately
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interpolating point data (tests at wells) within a deterministic 3-D framework model from known
point estimates may not be feasible.

For the purposes of modeling flow and transport through sedimentary rocks in the saturated
zone, it may be more appropriate to use a probabilistic approach based on the statistical
properties of the hydraulic conductivity dataset rather than a deterministic approach based on
defined geometries of hydrostratigraphic units (Section 4.2.10). Another promising method may
be to use head data directly to infer heterogeneities in the aquifer (Doherty et al., 1994).

Although the data suggest there are no large differences in permeability between the volcanic
and sedimentary rocks, differences in porosity and storage characteristics are likely to be large.
For this reason, it is important to delineate the extent of the volcanic rocks in a 3-D framework
model of the site for the purposes of flow and transport modeling.

Available porosity data are very limited; more data could be derived from existing borehole
geophysical logs and perhaps a geostatistical model of porosity could be built from those logs.

2.4.4.6 Influence of Structure on Groundwater Flow

The influence of structures on groundwater flow is uncertain, but the evidence suggests that
structure plays a role in groundwater flow beneath the Pajarito Plateau. First, the large head
gradients across the Pajarito fault zone indicate that the faults exert control on flow. Associated
modeling results described in Section 4.2.10 suggest that the Pajarito fault zone and north-south
trending faults in the Santa Fe Group may act as flow barriers at large scales. Zones of high
permeability in the center portion of the plateau (Figure 2-26), which cross hydrostratigraphic
boundaries, suggest that perhaps large-scale features such as faults play an important role here.

Further interdisciplinary work combining geophysics, geochemistry, hydrology, and geology
investigations would be required to better understand the processes controlling variability in
aquifer properties at this site. Given the large heterogeneities in flow and transport properties and
the complexities of the hydrogeologic formations, it is unlikely that transport models can ever be
based purely on a deterministic hydrogeologic framework. Rather, models should be based on a
blend of deterministic (e.g., 3-D hydrogeologic framework models) and geostatistical
approaches.

2.5 Alluvial Groundwater Conceptual Model

The alluvial groundwater conceptual model is based on data collected during investigations of
alluvial groundwater systems at LANL that have been conducted to meet various objectives not
specific to the Hydrogeologic Workplan (Appendix 1-A). Most of the early investigations were
driven by alluvial groundwater contamination concerns in canyons with persistent alluvial
saturation along significant segments of the canyon, and most of the early investigations were
conducted in Mortandad Canyon. Examples of these studies include those conducted by
Purtymun (1974), Purtymun et al. (1983), and Stoker et al. (1992). Many of these investigations
were conducted in collaboration with the United States Geological Survey. Additional
investigations conducted in the mid-1990s measured alluvial aquifer properties (Koening and
Guevara, 1992) and calculated bulk groundwater flow velocity (Gallaher, 1995). Purtymun
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(1995) contains a significant body of additional information and references pertaining to alluvial
groundwater investigations conducted at the Laboratory up to the mid-1990s.

2.5.1 Physical Setting

Average annual precipitation across the Pajarito Plateau ranges from over 0.5 m along the
western boundary near the Jemez Mountains to less than 0.36 m to the east at the Rio Grande
(Bowen, 1990). Most precipitation occurs either as winter/spring snow or as summer
“monsoonal” rains. As a result, most infiltration occurs episodically during spring snowmelts or
during the intense summer thunderstorm season.

Surface-water flow in the canyons is generally ephemeral or intermittent, although a few canyons
have short stretches with perennial surface flow. Anthropogenic discharges from water treatment
outfalls can be a significant source of water in some canyons. Infiltration of these surface sources
forms near-surface perched alluvial groundwater systems in many of the canyons (Stone et al.,
2001). These alluvial groundwaters are not sufficiently extensive for domestic use. Nevertheless,
these waters are an important component of the subsurface hydrologic system. In addition,
laboratory contaminants introduced into the canyons can affect shallow groundwaters. Therefore,
alluvial groundwaters provide pathways for contamination to migrate to significant lateral
distances and potentially to greater depths.

The deposits that comprise alluvial groundwater aquifers are confined to the bottoms of canyons
and are composed of axial fluvial deposits interbedded with deposits of alluvial fans, colluvium,
and rock fall from adjacent mesa slopes. For watersheds that head on the Pajarito Plateau (e.g.,
Mortandad and Sandia Canyons), the source of sediment is primarily Bandelier Tuff and, to a
much lesser extent, other formations such as the Cerro Toledo interval. Tschicoma dacite and
Bandelier Tuff are primary sources of sediment for watersheds that head in the Sierra de los
Valles. Canyons that have Bandelier Tuff as the primary source of sediment tend to have
predominantly sand-sized alluvial fill with some interbedded coarser-grained side-slope deposits,
including colluvium, whereas canyons that head in the Sierra de los Valles have alluvial fill that
contains a wide range of grain sizes including dacitic boulders and gravels. Available data
indicate that the thickness of alluvium and colluvium in the canyons ranges from a few feet up to
approximately 100 feet.

2.5.2 Hydrology

The presence and extent of saturation within the canyons is dependent on a number of variables
including source(s) of water, volume and persistence of water sources, the magnitude and
location of infiltration of groundwater from the alluvial system to underlying bedrock units (i.e.,
loss to underlying vadose zone), and evapotranspiration.

These controls on variability of saturation are difficult to quantify, but are based largely on
observations made during drilling for installation of alluvial monitoring wells and piezometers in
several canyons, including, Los Alamos and Mortandad Canyons, and Cafion de Valle. Adjacent
boreholes commonly show different saturated conditions and sometimes a borehole with
substantial saturation will be adjacent to one or more boreholes with no or minimal saturation.
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This phenomenon is likely related to juxtaposition of facies with highly variable hydrologic
properties, such as porosity, permeability, or hydrologic conductivity (Figure 2-30; Reneau and
McDonald, 1996).

2.5.2.1 Alluvial Recharge

Recharge to alluvial groundwater systems on the Pajarito Plateau occurs via infiltration from
three primary sources: storm-water runoff, anthropogenic effluents, and snowmelt. Each of these
recharge sources produces a characteristic groundwater response. The conceptual model for
alluvial system recharge on the Pajarito Plateau is based on continuous stream flow,
precipitation, and water-level data collected within the Los Alamos and Pueblo Canyon
watersheds (including DP Canyon). Three example plots (Figures 2-31, 2-32, and 2-33) show the
relations of precipitation, stream flow, and groundwater hydrographs for several representative
alluvial monitoring wells in Los Alamos and Pueblo Canyons. The precipitation data shown in
the plots are values of average daily precipitation estimated using Theissen weighted averages of
precipitation measured within and near the watershed (Dunne and Leopold, 1978). This approach
is described in greater detail in LANL (2004) and in Reneau and Kuyumjian (2005). These
examples are believed to be representative of canyons across the plateau.
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Figure 2-30.  Schematic cross section of complex stratigraphy within the alluvial package in
Ancho Canyon.

Examples of recharge via infiltration of storm water are shown in Figure 2-31. The water-level
record for monitoring well LAO-0.3 in Los Alamos Canyon is plotted against precipitation data
and the stream flow record at gaging stations E025, E030, and E042. The water-level data show
generally rapid rises in response to summer and fall precipitation events and associated storm
water runoff. Good examples are the large precipitation events in mid-August 2001 and late June
2002. These water-level rises occur instantaneously and generally correlate well with the stream
flow record, indicating infiltration into the streambed during floods. The duration of the
recessional limb varies between events. Several small but distinct increases in the water-level
recorded during late spring and summer months are not related to precipitation events, but rather
are related to draining of the Los Alamos Reservoir for dredging and maintenance following the
Cerro Grande fire. Storm-water runoff can be generated from precipitation in upland portions of
watersheds, directly onto the plateau, or on impervious surfaces in developed areas within the
Laboratory or in the Los Alamos townsite.

Effluent-supported recharge results in more sustained and consistent water levels, as shown in
Figure 2-32. Groundwater levels observed in monitoring well PAO-4 are dominated by
infiltration of effluent discharged from the Bayo wastewater treatment plant (WWTP) to the
stream channel in Pueblo Canyon (Figure 2-2). The variation in water-level elevations down
canyon of the WWTP is controlled primarily by seasonal rerouting of effluent for “downstream”
uses such as watering at the Los Alamos County golf course. Other examples of canyon reaches
with similar effluent-supported recharge include effluent/upper Mortandad Canyon (TA-50
outfall) and upper Sandia Canyon (power-plant outfall). These sources represent relatively
consistent sources of recharge to alluvial groundwater creating stable alluvial groundwater
levels. During dry periods in drier canyons that have little natural runoff, anthropogenic sources
provide the majority of groundwater recharge.
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Figure 2-31.  LAO-0.3 water level with streamflow and precipitation.
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Figure 2-32.  PAO-4 water level with streamflow and precipitation.
Recharge also occurs in response to winter/spring snowmelt. Figure 2-31 shows rising alluvial
groundwater levels during the late winter to early spring of each of the years represented on the

plot. All three winter/spring periods show alluvial-groundwater-level responses prior to initiation
of sustained streamflow at even the most up-canyon gaging station, E025. The winter and spring
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of 20002001 alluvial-groundwater-level shows a substantial response to snowmelt runoff from
an appreciable winter snowpack. The alluvial-groundwater-level response occurs over one month
prior to initiation of stream flow at E025. The conceptual model for this type of response is that
recharge within the alluvium is associated with early-season snowmelt that infiltrates into
alluvium in the upper canyon and creates an underflow recharge front that advances down
canyon. Once the aquifer saturation has reached capacity (i.e., the elevation of the adjacent
stream channel), stream flow is initiated, suggesting that stream flow during these periods
represents discharge from the aquifer to the channel.

Figure 2-33 shows groundwater-level data from four alluvial groundwater monitoring wells in
Los Alamos Canyon. Initiation of the alluvial-groundwater-level rise in the winter/spring of 2001
at each well occurs prior to the onset of sustained surface water flow. This suggests that the
persistent baseflow conditions associated with snowmelt infiltration may actually be sustained
largely from discharge of groundwater to the channel. Long-duration snowmelt runoff is most
significant in watersheds with upland drainage basin areas, although watersheds that drain
developed areas with pavement and storm-drain systems can provide short-duration, pulsed
snowmelt runoff associated with melt from individual events.

The down-canyon extent of alluvial groundwater saturation varies significantly from year to year
and seasonally. During dry years, and especially during years with limited spring snowmelt
runoff, saturation may not extend far from the upland sources of snowmelt recharge.

Gray (1997; 2000) and LANL (2004) investigated alluvial groundwater in Los Alamos Canyon,
creating a numerical model that calculated infiltration of alluvial groundwater to the underlying
vadose zone. Results indicate that the alluvial groundwater infiltrates into the underlying vadose
zone at variable rates along the length of the canyon with a higher rate of loss estimated for a
portion of the canyon coincident with the projected trace of the Guaje Mountain fault (mapped to
the north but not evident in the walls of Los Alamos Canyon). Nested piezometer data from Los
Alamos Canyon (LANL 2004) corroborate modeling results indicating greater infiltration rates
in the vicinity of the projected Guaje Mountain fault. The variability in infiltration rates is
interpreted to be caused by either loss into permeable units underlying the alluvium or loss
within zones of relatively greater fracture size or density.

In addition to the watershed-scale investigation of alluvial groundwater responses to various
recharge sources, site-specific alluvial groundwater investigations have been conducted in DP
Canyon and in Cafion de Valle. A potassium bromide tracer study was conducted in DP Canyon
in 2003 to investigate alluvial groundwater travel times, surface water/groundwater exchange,
hydrologic linkage from reach DP-2 to DP Spring, and to measure vertical hydraulic gradients
and seepage velocity into the underlying Bandelier Tuff. The primary conclusions regarding
alluvial recharge from this study were that surface water/groundwater exchange is an important
recharge mechanism and that groundwater flow is transient, primarily controlled by episodic
recharge from townsite runoff. For a detailed description of these findings, see LANL (2004) and
LANL (2003a).
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Los Alamos Canyon Alluvial Water Level Depths and Streamflow 8/25/00-9/30/03
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Figure 2-33.  Los Alamos Canyon alluvial water level depths and stream flows.

To quantify infiltration, Kwicklis et al. (2005) developed a map of average annual “net
infiltration” in the Los Alamos area, based on physical features such as elevation, vegetation,
surface geology and stream flow (Figure 2-34). They define net infiltration as that water
remaining after accounting for evapotranspiration in the shallow subsurface (i.e., the root zone).
They estimate the highest net infiltration rates in canyons, especially those that head in the
mountains, with magnitudes of up to a few hundred millimeters per year caused by channelized
runoff. In contrast, much lower net infiltration rates occur across mesas and in the smaller
canyons that head on the plateau (see Section 4.1 for a site-wide numerical model employing
these concepts).
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Figure 2-34.  Estimated infiltration on the Pajarito Plateau (reproduced from Kwicklis et al.,
2005).

2.5.2.2 Alluvial Aquifer Properties

Observations of alluvial groundwater were initially focused on understanding the distribution of
contaminants. Purtymun (1974) performed one of the first quantitative investigations where
groundwater velocities were calculated from a tritium release in Mortandad Canyon. The release
from the TA-50 outfall was a planned event staged to discharge wastewater containing elevated
trittum. Groundwater velocities calculated from travel time of the tritium centroid showed values
ranging from 20 meters/day in the upper canyon, where alluvium is thin and the alluvial aquifer
volume is small, to approximately 2 meters/day in the lower canyon where the canyon widens
and alluvium thickens to approximately 30 meters (Table 2-7). These observations indicate that
alluvial groundwater flow can be highly variable along the length of a canyon. Other factors
influencing system-scale groundwater velocity include aquifer sediment textures, stratigraphic
complexity, and hydraulic gradient.

Gallaher (1995) calculated Darcy velocity (Table 2-7) from mean saturated hydraulic
conductivities (Table 2-8) and water table gradients in Los Alamos Canyon. Using the results
from slug tests conducted by Koening and Guevara (1992), Gallaher estimated the rate of
groundwater movement in alluvium at 0.75 meters/day. Additional saturated conductivity values
for Los Alamos and Mortandad Canyons are presented in Table 2-8. Slightly lower hydraulic
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conductivities in middle Mortandad Canyon may be due to an overall fining of the alluvial
material in that portion of the canyon.

Gray (1997, 2000) measured aquifer parameters, calculated a hydrologic budget and performed
numerical modeling of groundwater flow in Los Alamos Canyon. Hydraulic conductivity
measurements from these studies are included in Table 2-9.

2.5.2.3 Cerro Grande Fire Effects

The May 2000 Cerro Grande fire produced significant hydrologic changes in the watersheds
west of the Laboratory (BAER 2000). Loss of vegetation and forest litter, development of ash
covers, and extreme hydrophobic soil conditions, primarily in the upland portions of watersheds,
greatly reduced the capacity for infiltration and storage of precipitation. Rapid surface-water
runoff in the first two summer monsoon seasons following the fire contained high ash content
with a complex mixture of inorganic and organic compounds. Calcium, magnesium, silica,
potassium, sodium, and carbonate were among the constituents concentrated in the ash
(Longmire et al., 2002).

A detailed water-level and water-quality record was obtained from Los Alamos and Pueblo
Canyons using dedicated multiparameter pressure transducers installed in a series of alluvial
monitoring wells. Hydrologic system effects were manifested as rapid water-level response to
numerous post-fire floods and possibly also earlier-than-typical onset of a snowmelt runoff
response. Reduced or eliminated forest canopy is thought to have allowed winter snow to melt
shortly after individual precipitation events and early in the spring. There were stormwater
related excursions in water-quality parameters, including increases in pH in the alluvial
groundwater and elevated concentrations of several constituents in alluvial groundwater due to
infiltration of ash-rich storm water. A detailed discussion is presented in Chapter 7 and Appendix
B of the Los Alamos and Pueblo Canyons Investigation Report (LANL, 2004). It is not known
how long such perturbations will persist, although the effects of the fire are expected to
progressively decrease over time as the upper watershed recovers.

2.6 Vadose Zone Conceptual Model

The vadose zone is the section of soil and rock material between the alluvial groundwater or the
ground surface (where alluvial groundwater is not present) and the regional aquifer water table.
Beneath the Pajarito Plateau, the thickness of the vadose zone ranges from about 600 feet to over
1,200 feet. Intermediate-depth perched groundwaters are present within the vadose zone.
Specific intermediate perched zones that occur beneath major canyons and in the western portion
of the Laboratory are described in Section 2.7.
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Table 2-7.
Groundwater Velocities in Alluvial Aquifers on the Pajarito Plateau
Measure Locations Source Distance between GW Velocity Test Type
Measurement Points (m) (m/d)
Upper Los A Approximately 7000 0.75 Calculated from (mean KSA),
Alamos average gradient of stream channel
Canyon (0.027), and an estimated porosity
of 0.3.
Mortandad Canyon
MCO-5 to B 393 °H16 | Trittum (°H) and chloride (Cl) TA-50
MCO-6 Cl 25 discharge tracer test
MCO-6 to B 320 °H4.2 | Tritium (°H) and chloride (Cl) TA-50
MCO-7 Cl 5.1 discharge tracer test
MCO-7 to B 290 °H4.4 | Tritium (°H) and chloride (Cl) TA-50
MCO-7.5 Cl 5.6 discharge tracer test
MCO-7.5 to B 185 °H 1.7 | Tritium (°H) and chloride (Cl) TA-50
MCO-8 Cl 2.3 discharge tracer test

Note: Calculated groundwater velocity using mean saturated hydraulic conductivity from LAO-C, LAO-1, LAO-
2,LAO-3, LAO-3A, LAO-4, LAO-4.5A, LAO-4.5C, LAO-5.

A Gallaher (1995)

B Purtymun (1974)

Table 2-8.

Saturated Hydraulic Conductivity Values
for Alluvial Groundwater on the Pajarito Plateau

Well/Piezometer Location Mean Ksat Test Type
(cmlsec)
Los Alamos Canyon

Piezometer LAP-1-#1a 4.67E-04 Rising head slug test; Bouwer-Rice solution
Piezometer LAP-1-#2a 1.32E-03 Rising/falling head slug test; Bouwer-Rice (1976)
Piezometer LAP-1-#3a 2.71E-03 Rising/falling head slug test; Bouwer-Rice (1976)
Piezometer LAP-1.5-#1a 2.62E-03 Rising/falling head slug test; Bouwer-Rice (1976)
Piezometer LAP-1.5-#2a 4.43E-03 Rising/falling head slug test; Bouwer-Rice (1976)
Piezometer LAP-1.5-#3a 9.42E-03 Rising/falling head slug test; Bouwer-Rice (1976)
Piezometer LAP-3a 3.10E-03 Rising/falling head slug test; Bouwer-Rice (1976)
Piezometer LAP-3.5-#1a 2.660E-03 Rising/falling head slug test; Bouwer-Rice (1976)
Piezometer LAP-3.5-#2a 1.27E-03 Rising/falling head slug test; Bouwer-Rice (1976)
Piezometer LAP-3.5-#3a 2.82E-05 Rising/falling head slug test; Bouwer-Rice (1976)
Piezometer LAP-4-#1a 2.58E-05 Rising/falling head slug test; Bouwer-Rice (1976)
Piezometer LAP-4-#2a 2.20E-05 Rising/falling head slug test; Bouwer-Rice (1976)
observation well | LAO-Bb 7.01E-03 slug tests; Bouwer-Rice (1976)

observation well | LAO-Cc 1.16E-03 slug tests; Bouwer-Rice (1976)

observation well | LAO-0.3b 1.25E-02 slug tests; Bouwer-Rice (1976)

observation well | LAO-0.6b 7.58E-03 slug tests; Bouwer-Rice (1976)

observation well | LAO-0.91b 3.56E-02 slug tests; Bouwer-Rice (1976)

observation well | LAO-1c 1.58E-02 slug tests; Bouwer-Rice (1976)

observation well | LAO-1.6(g)b 4.82E-03 slug tests; Bouwer-Rice (1976)

observation well | LAO-2c 1.01E-02 slug tests; Bouwer-Rice (1976)

observation well | LAO-3c 1.34E-02 slug tests; Bouwer-Rice (1976)

observation well | LAO-3ac 1.22E-02 slug tests; Bouwer-Rice (1976)

ER2005-0679

2-86

December 2005



Hydrogeologic Synthesis Report

Table 2-8.
Saturated Hydraulic Conductivity Values
for Alluvial Groundwater on the Pajarito Plateau (continued)

Well/Piezometer Location Mean Ksat Test Type
(cm/sec)
observation well | LAO-4c 2.41E-02 slug tests; (1976)
observation well | LAO-4.5b 2.55E-03 slug tests; (1976)
observation well | LAO-4.5ac 2.33E-03 slug tests; (1976)
observation well | LAO-4.5cc 2.77E-03 slug tests; (1976)
observation well | LAO-5¢ 3.35E-03 slug tests; (1976)
Mortandad Canyon
observation well | MCO-3c 3.72E-02 slug tests; (1976)
observation well | MCO-4c 7.13E-04 slug tests; (1976)
observation well | MCO-4Cc 3.47E-04 slug tests; (1976)
observation well | MCO-4.9¢c 2.88E-05 slug tests; (1976)
observation well | MCO-5c 5.41E-05 slug tests; (1976)
observation well | MCO-6¢ 7.08E-04 slug tests; (1976)
observation well | MCO-7.5¢ 9.63E-04 slug tests; (1976)
observation well | MCO-7Ac 1.06E-04 slug tests; (1976)
observation well | MCO-7c 5.11E-04 slug tests; (1976)
observation well | MT-3c 2.93E-05 slug tests; (1976)

a  Results have been published in the Los Alamos and Pueblo Canyons Investigation Report (LANL, 2004b).
b  Results from 1998 slug tests (Los Alamos and Pueblo Canyons Investigation Report (LANL, 2004b).
¢ Results from 1995 slug tests.
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2.6.1 Climate and Infiltration

Arid and semi-arid regions often exhibit thick vadose zones. Infiltration is often focused in
topographic lows or beneath surface water bodies, rather than being diffuse, as is common in
wetter climes (e.g. Sanford, 2002). The average annual potential evapotranspiration (PET) rates
far exceed precipitation rates. Under these conditions, infiltration events that propagate beneath
the root zone are sporadic and occur only when the short-term infiltration rate exceeds the ET
rate, such as during snowmelt or after large rainstorms. Consequently, the rates for deeper
infiltration are difficult to quantify through traditional water balance studies because this
component of the water-balance can be orders of magnitude smaller than the other components
(Devries and Simmers, 2002; Scanlon et al., 2002; Sophocleous, 2002; Sanford, 2002; Flint et
al., 2002). These generalities apply to the near-surface hydrology of the Pajarito Plateau, which
has a semiarid climate.

The infiltration rate estimates from canyon bottom alluvium and mesa top sites developed by
Kwicklis et al. (2005) (Figure 2-34) can be tested for consistency against the estimated
infiltration rates inferred from moisture content profiles. In Section 4.1.3.2, a set of numerical
models for wells LADP-3 and LADP-4 in Los Alamos Canyon are presented showing that
moisture profiles reflect the conceptual model of high infiltration in canyons and low infiltration
in mesas. That analysis also shows that the uncertainties associated with such estimates are quite
high (in the range of a factor of 3). However, by combining moisture content, tracer or
contaminant profiles, and water budget information, a more constrained estimate can be
achieved. One of the purposes of the vadose zone numerical models being developed is to
provide the additional constraints afforded by the use of multiple, independent data sets
(Robinson et al. 2005a).

2.6.2 General Description of Conceptual Models

Conceptual models for vadose zone flow and transport on the Pajarito Plateau are based on
observations from a variety of data sources, including both mesa-top and canyon sites under both
natural conditions and disturbed conditions resulting from Laboratory operations. The key
conceptual-model elements describe percolation of water through both fractured and relatively
unfractured volcanic tuffs, buried sedimentary formations, and basalts. The types of data
incorporated into the development of the conceptual models include water content and pore-
water chemical compositions from borehole samples for naturally occurring tracers, introduced
tracers, and Laboratory contaminants.

The conceptual models differentiate the rate of percolation by their location and surface
hydrologic setting, including wet and dry canyons, and wet, dry, and disturbed mesas. Perched
water is often found beneath wetter canyons, either associated with near-surface alluvial systems
or at intermediate depths, along low-permeability interfaces such as buried soils and unfractured
or clay-filled horizons of basalt flows. Alluvial groundwater is discussed in Section 2.4, while
perched water is addressed in Section 2.6. The generalized view of the role of wet and dry
canyons on vadose zone flow and transport is quantified in the numerical model section of this
report (Section 4).
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2.6.2.1 Mesas

Dry finger mesas constitute most of the mesa area on the plateau. The hydrologic conditions on
the surface and within these dry mesas lead to slow unsaturated flow and transport. The mesas
shed precipitation as surface runoff to the surrounding canyons such that most deep infiltration
occurs episodically following snowmelt (Section 2.4.2.1). Much of the water that does enter the
soil zone is lost through evapotranspiration (ET). As a result, annual net infiltration rates for dry
mesas are less than ten mm/yr and are more often estimated to be on the order of one mm/yr or
less (Kwicklis et al., 2005). Since the dry mesas are generally comprised of nonwelded to
moderately welded tuffs with low water content, flow is likely to be matrix dominated. Wetter
mesas, supporting ponderosa forest above densely welded and fractured tuff in the western
portion of the plateau, may provide fracture flow to a few meters to tens of meters depth but
evidence of fracture infiltration usually diminishes at the depth of the first nonwelded horizon.
For most of the LANL site, travel times for contaminants migrating through mesas to the
regional aquifer are expected to be several hundred to thousands of years (Newman, 1996;
Newman et al., 1997b; Birdsell et al., 2000; and Section 4.1.1 of this report).

The topographic relief of these steep-sided mesas influences their internal hydrologic conditions
as well. High solar radiation, strong winds, and fluctuations in barometric pressure cause
temperature and pressure gradients between the surface of the mesa and its interior. These
gradients enhance air circulation through the mesas, which is thought to enhance deep
evaporation (Neeper 2002; Neeper and Gilkeson, 1996; Newman, 1996; and Newman et al.,
1997b). This additional drying in the mesa-top units further slows downward water flow and
transport of dissolved species. However, these same conditions enhance vapor transport of
volatile species (Stauffer et al., 2005).

Anthropogenic discharges and surface disturbances due to laboratory operations can drive
infiltration rates higher in usually dry mesas. In some cases, multiple disturbances of mesa sites
through liquid waste disposal, asphalt covers, and/or devegetation have caused mesa infiltration
rates to temporarily increase to near wet canyon levels (representative values are given in Section
4.1). Even with elevated infiltration, at most sites flow remains matrix dominated. Fracture flow
has occurred in a few instances beneath long-term liquid disposal sites with ponded conditions.
However, fracture flow ceases once liquid disposals stop. Infiltration rates are expected to return
to low, near-background levels when the surface and vegetation return to natural conditions.

An exception to the general concepts just discussed occurs for mesas along the mountain front of
the plateau. Due to their higher elevation, these mesas receive higher precipitation and higher
infiltration than the drier mesas in the central and eastern portions of the plateau (Birdsell et al.,
2005). Mountain-front areas also have units of the Tshirege Member that are more strongly
welded, yielding rocks with more fracturing and lower matrix permeabilities. Under these
conditions, infiltrating water travels laterally through fractures and other fast pathways, often
issuing at springs that feed the canyons in this area. These near-surface processes can be thought
of as sources for deeper vadose zone transport from canyon bottoms, although the possibility of
deeper vertical migration from the mesa source without first entering the canyon is also possible.
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2.6.2.2 Canyons

This section summarizes the hydrologic conditions present in canyons characterized as either wet
or dry. Several features characterize naturally wet canyons on the Pajarito Plateau. Their
headwaters are in the mountains, they have large catchment areas (13 to 26 km®), surface flow
occurs frequently, and alluvial groundwater systems exist in the canyon floors. In some cases,
anthropogenic sources can elevate flows sufficiently in smaller dry canyons that head on the
plateau so that they act as wet canyons. In addition, springs issuing from the sides of mesas are a
water source in the mountain front canyons; these springs are a characteristic of wet canyons in
the western portion of the plateau. Often, deeper, intermediate perched zones are associated with
wet canyons. The geometry of wet canyons promotes hydrologic conditions that yield relatively
fast, unsaturated flow and transport.

Wet canyons such as Los Alamos Canyon receive large runoff volumes, either through
channeling of precipitation or through wastewater discharges. This runoff, in turn, creates
surface-water flow along canyon bottoms, which subsequently infiltrates to form near-surface,
alluvial water bodies (Section 2.4.2.1). Lateral flow and transport through surface water and in
the alluvial systems are rapid with respect to other subsurface hydrologic processes on the
plateau. Rates of lateral transport are even higher during surface flow events, which occur more
frequently in the larger wet watersheds than in other areas of the plateau. Sorbing species
transport slowly in alluvial waters and more commonly migrate down the canyon floor by
sediment transport (LANL, 2004; Lopes and Dionne, 1998; Solomons and Forstner, 1984; and
Watters et al., 1983).

It has been suggested that trace quantities of strongly sorbing contaminants can travel via
colloid-facilitated transport in the alluvial groundwater (Penrose et al. 1990), although this
interpretation of the data from Mortandad Canyon has been called into question (Marty et al.,
1997). Since some of the wet canyons that cross Laboratory land have received liquid-waste
discharges from outfalls, the alluvial systems act as line sources for both water and contaminants
to the deeper vadose zone beneath such canyons (Birdsell et al., 2005). The term “line source”
denotes that infiltration is likely at any location along the region defined by the alluvial
groundwater; there are probably preferential zones of enhanced infiltration at certain locations
that will yield larger than average travel velocities through the deeper vadose zone. The net
percolation rates beneath the alluvial systems of wet canyons to the underlying unsaturated zone
are expected to be among the highest across the plateau, approaching meters per year (100 - 1000
mm/yr) (Kwicklis et al., 2005).

In addition, the vadose-zone thickness decreases with increasing distance down canyon, due to
thinning of the Bandelier Tuff (Section 2.2.9). This is especially true for the deep wet canyons
because their canyon bottom elevations are 45 to 60 m lower than smaller canyon systems on the
plateau. Contaminants transported down canyon via surface flow or through the alluvial
groundwater system often percolate through a geologic column consisting primarily of basalt and
fanglomerate with little or no overlying tuff. Downward percolation is believed to be more rapid
in the basalt than through moderately welded tuff (Section 2.2.8). Thus, these wet canyons have
thinner vadose zones and a smaller portion of the flow path with matrix-dominated flow.

ER2005-0679 2-90 December 2005



Hydrogeologic Synthesis Report

These stratigraphic factors, compounded by the relatively high deep-percolation rate in wet
canyons, likely yield the fastest vadose-zone travel times for contaminants from the land surface
of the plateau to the regional aquifer. Transport to the regional aquifer beneath wet canyons is
predicted to be on the order of decades to hundreds of years (see Section 4.1 for details).

In contrast to wet canyons, dry canyons such as Potrillo Canyon and Cafiada del Buey head on
the plateau, have smaller catchment areas (less than 13 square km), experience infrequent surface
flows, and have limited or no saturated alluvial systems in their floors. If anthropogenic sources
are present, they are small volume sources. These hydrologic factors yield little lateral near-
surface contaminant migration and slower unsaturated flow and transport from the surface to the
regional aquifer. For example, because surface and alluvial waters are less common,
contaminants remain close to their original source locations. Pathways through the vadose zone
tend to be longer in the shallow dry canyons that have thicker sections of nonwelded to
moderately welded tuff than the deeper-cut wet canyons. Net infiltration beneath dry canyons is
much slower, with rates generally believed to be less than tens of millimeters per year and
commonly on the order of 1 mm/yr. Finally, transport times to the aquifer beneath dry canyons
are expected to be much longer than travel times from the bottom of wet canyons.

2.6.3 Vadose Zone Flow and Transport Mechanisms

Given the description in the previous section of surface and near-surface hydrologic conditions,
the next step is to consider the flow and transport mechanisms for water that infiltrates into the
subsurface. Most of the plateau is covered with nonwelded to moderately welded Tshirege and
Otowi Member ash-flow tuffs (Section 2.2.9). Unsaturated flow and transport through these
nonwelded to moderately welded tuffs is thought to occur predominantly through the porous
matrix. These units are quite porous, with typical porosities of 40 to 50%, moderate saturated
hydraulic conductivities (e.g., 10™* cm/sec), and water contents that are generally far below
saturated conditions (2 to 25%) (Abrahams et al., 1961; Rogers et al., 1996a; Birdsell et al.,
2000; Springer, 2005).

Although the tuff units are often fractured, flow is expected to be matrix dominated unless
conditions approach full saturation due to the presence of a high-flow-rate, constant water source
(Soll and Birdsell, 1998), such as beneath liquid-waste disposal pits or outfalls. This result is a
consequence of the difference in capillary pressure behavior in a porous matrix versus within a
fracture. Even if water is injected into a fracture, capillary forces tend to pull water into the rock
matrix over a relatively short flow distance. This concept has been established for a wide variety
of fracture and matrix hydrologic properties (e.g., Nitao and Buscheck, 1991; Robinson and
Bussod, 2000; Soll and Birdsell, 1998; Robinson et al., 2005a, 2005b).

Field observations and analyses support the matrix-flow hypothesis. Robinson et al. (2005b)
modeled a vadose-zone, wellbore injection test that was performed in the Tshirege Member of
the Bandelier Tuff (Section 2.2.9.3) and reported by Purtymun et al. (1989). Their analysis
examined different numerical representations for the fractured porous medium, including a
discrete fracture model, a matrix-dominated continuum model, and a dual-permeability
representation. Figure 2-35 shows the field-measured moisture profiles at different times during
the injection. Water diffused laterally downward, and upward in a relatively uniform fashion,
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rather than percolating rapidly through a fracture network. The agreement between the matrix-
dominated model and the observations was acceptable, both qualitatively and quantitatively
(Robinson et al. 2005b). They estimated an equivalent infiltration rate during the injection phase
of about 2.7 x 10* mm/yr, which is greater than any estimates of infiltration across the plateau.
They concluded that if matrix-dominated flow is observed at the high effective infiltration rate of
this injection test, then it is even more likely to be the case under natural conditions on the
plateau.

As discussed in Section 2.6.2.1, this general picture that applies in the eastern portion of the
Pajarito Plateau must be modified for areas near the mountain front on the western edge, where
some of the Tshirege units of the Bandelier Tuff have densely welded intervals as a result of
being closer to the volcanic source (Section 2.2.9.3). These more welded units are less porous,
with porosities ranging from 17 to 40%, and have low saturated hydraulic conductivities (e.g.,
10 to 10 cm/sec) (LANL, 2003b). They are also more fractured and can support fracture flow
and transport when sufficient water is present. A bromide tracer test and high explosives
contaminant distributions suggest that both fracture and matrix-dominated flow can occur near
the mountain front depending on the degree of welding (or matrix conductivity) of the tuff
(LANL, 1998b; LANL, 2003b). Therefore, the location and degree of welding of the tuff units
affects the degree to which fracture flow will be sustained.

In contrast to the behavior of the Bandelier Tuff units, much of the vadose zone flow through the
basalt units is almost certainly fracture dominated (flow-base rubble and scoria may also be
highly permeable, but these are stratified components of generally limited vertical extent). Under
ponded conditions, rapid flow through fractured basalt has been observed (Stauffer and Stone,
2005). The Laboratory fielded an experiment on the upstream side of a low-head weir located in
Los Alamos Canyon (Stone and Newell, 2002). Figure 2-36 is a schematic of the field
experimental setup. The objective of the experiment was to monitor flow and bromide tracer
transport through fractured basalt under typical unsaturated and periodically ponded conditions
using three observation boreholes. Following three ponding events, the bromide tracer advanced
quickly downward to a depth of several tens of meters in 10 to 14 days after the first ponding
event (Stauffer and Stone, 2005). These observations confirm that fracture flow and transport
occurs through basalts under ponded conditions. Model calibration of the bromide transport
yields an effective fracture porosity in the range of 10 to 10 and saturated hydraulic
conductivity in the range of 107 to 10~ cm/sec (Stauffer and Stone, 2005). In fact, the data and
simulations both indicate that the bromide continued to advance through the fractured system
even after the all the ponded water had infiltrated.

However, under drier conditions no direct observations have been made of vadose-zone flow and

transport in these deeper locations. For this reason, the conceptual model for unsaturated flow
and transport through basalts is still evolving.
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2.6.4 Alternative Hypotheses

Although the basic processes outlined in the preceding sections are supported by the available
data and observations and form the best current conceptual model, alternative hypotheses are
possible and cannot be completely ruled out by the available information. This section briefly
discusses the potential alternative conceptual model of fracture flow. In addition, alternative
conceptual models for the mechanisms of flow within perched water zones are described in
Section 2.7.

Fracture flow through the Bandelier Tuff is a conceptual model that is often proposed, in contrast
to the conceptual model of matrix-dominated flow and transport discussed earlier. Although the
available information is consistent with matrix flow, it is possible that in certain situations,
fracture flow is important, including the examples related to mountain front processes described
earlier. Despite the fact that water input into fractures tends to imbibe into the rock matrix, the
observations presented earlier may capture the flow behavior of most, but not all of the water
flow. It is possible that preferential flow paths through Bandelier Tuff fractures allow a small
portion of the infiltrating fluid to travel to significant depths, even though most water imbibes
into the matrix. Alternatively, unstable fingering flow through heterogeneous matrix rock could
also lead to preferential downward flow. Regarding the TA-50 water injection test, it is possible
that a small amount of fast-moving water could have escaped detection and traveled to greater
depths via these mechanisms. The implication of this uncertainty is that small quantities of
contamination could potentially be observed at some point in the future at greater depths than
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“expected.” If this occurs, then we will need to assess whether a relatively small, fast-moving
fraction of a released contaminant, combined with a center of mass that travels much more
slowly, poses a significant threat to groundwater.

2.7 Perched Water

A common feature of vadose zone flow systems is the presence of perched water. Perching can
occur for a number of reasons, including capillary barriers and low-permeability barriers coupled
with complex stratigraphic structures in the subsurface (e.g., Bagtzoglou, 2003a, 2003b).
Beneath the Pajarito Plateau, perched waters may be important components of subsurface
pathways that facilitate movement of contaminated fluids from the ground surface to the water
table of the regional aquifer. These perched groundwater bodies are generally too small for use
as municipal water supplies. Nonetheless, they are of interest because (1) they represent natural
groundwater resources that are protected under State law, (2) their chemical and isotopic
characteristics help constrain groundwater transport rates through the vadose zone, (3) their
presence may divert, slow, or stop the vertical migration of groundwater through the vadose
zone, or they may indicate the presence of a fast subsurface pathway, depending on the
characteristics of the perched zone, and (4) they can be used as vadose zone monitoring points
that provide early warning of contaminants approaching the regional aquifer.

Characterization of these groundwater bodies is challenging because of the thickness of the
vadose zone, the heterogenous nature of bedrock geologic units that serve as host rocks and
perching horizons, and the depths of groundwater occurrences. Despite these limitations,
substantial new information has been gathered about intermediate perched zones on the plateau.
This section summarizes information about the location, depth to water, saturated thickness, and
geologic setting of perched water occurrences beneath the Pajarito Plateau. This summary
includes data from historical investigations and much new information collected as part of the
Hydrogeologic Workplan characterization program.

2.7.1 Perched Water Occurrence

The different modes of groundwater occurrence beneath the Pajarito Plateau are shown
conceptually in Figure 2-37. Contaminant distributions in groundwater strongly suggest that
groundwater of the plateau alluvial systems is in communication with intermediate perched and
regional aquifer groundwater to varying degrees. The focus of this section is the intermediate
perched groundwater; a description of the alluvial groundwater is presented in Section 2.5, and
the regional aquifer is described in Section 2.8.
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Figure 2-37.  Conceptual model of groundwater occurrences beneath the Pajarito Plateau.

Identification of perched groundwater systems beneath the Pajarito Plateau comes mostly from
direct observation of saturation in boreholes, wells, or piezometers or from borehole geophysics.
Additional information is provided by surface-based electrical geophysics, although these types
of investigations are generally limited by their relatively shallow depths of investigation and
poor vertical resolution. Identification of larger perched groundwater bodies in boreholes is
generally reliable, but use of drilling fluids, which is necessary in most boreholes, may mask
smaller or relatively unproductive zones. Defining the lateral extent of saturation is more
problematical because of the costs associated with installing deep wells. One geophysical
method, a deep-sounding surface-based magnetotelluric survey, has been conducted in the Cafion
de Valle/Water Canyon area. The survey results suggest that perched groundwater is
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discontinuous laterally, occurring instead as vertical, finger-like groundwater bodies. These
geophysical interpretations are currently being tested by additional drilling. Despite these
limitations, substantial new information has been gathered about deep perched zones on the
plateau during the Hydrogeologic Workplan investigations.

This section briefly summarizes the observed occurrences of perched water. Appendix 2-B
contains a comprehensive description of the 33 occurrences of perched groundwater detected in
boreholes across the Pajarito Plateau. Perched groundwater is widely distributed across the
northern and central part of the plateau (Figure 2-38) with depth to water ranging from 36 to 272
m (118 to 894 ft). The principal occurrences of perched groundwater occur in (1) the large,
relatively wet Los Alamos and Pueblo Canyon watersheds, (2) the smaller watersheds of Sandia
and Mortandad Canyons that receive significant volumes of treated effluent from LANL
operations, and (3) in the Cafion de Valle area in the southwestern part of LANL. Perched water
is most often found in Puye fanglomerates (Section 2.2.7 ), the Cerros del Rio basalt (Section
2.2.8), and in units of the Bandelier Tuff (Section 2.2.9) (Figure 2-38). There are few reported
occurrences of perched water in the southern part of LANL, but few deep boreholes are located
there and additional perched zones are likely beneath the large wet watersheds of Pajarito and
Water Canyons.

2.7.2 Interpretation of Perched Water Observations

General conclusions about the nature of perched groundwater beneath the Pajarito Plateau are
based on the observations summarized above. The conclusions pertain to surface hydrologic
conditions necessary to support perched groundwater, geologic and hydrostratigraphic controls
on perched water occurrence, the lateral and vertical extent of perched zones, and alternative
hypotheses about the role of perched zones in contaminant transport.

2.7.21 Surface Water Conditions for Perched Water

A requirement for deep perched water to exist is a surface water source (natural or
anthropogenic) that supplies water to alluvial systems. The alluvial groundwater systems act as
storage for groundwater entering underlying bedrock units at high infiltration rates (Section 2.5).
This interpretation is supported by the observation of perched groundwater in wet canyons. In
addition, ponding associated with anthropogenic sources is another possible water source that
could lead to subsurface perched water.

A special situation also exists in the western portion of the Laboratory, in the mountain-front
mesa area at TA-16. In contrast to the dry mesas prevalent further east, these mesas receive
greater precipitation (e.g., 500 mm/yr) and increased runoff and infiltration. The wet, mountain-
front mesas contain numerous perennial and ephemeral springs. Such springs are rare in the dry
mesas of the eastern part of the plateau, except where the regional groundwater aquifer
discharges along the Rio Grande.
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2.7.2.2 Geologic and Hydrostratigraphic Controls on Perched Water Occurrence
Deep perched groundwater occurs most frequently in the Puye Formation (Section 2.2.7) and
Cerros del Rio basalt (Section 2.2.8), but some of the thickest and/or most laterally extensive
zones involve units of the Bandelier Tuff (Section 2.2.9). Perching horizons include a wide
variety of layered geologic lithologies including

¢ Unfractured basalt flows
* Clay-rich interflow zones in basalt
* Buried soils and other fine-grained deposits in fanglomerate,
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* (lay-altered tuffaceous sediments
* Lake deposits.

Therefore, in addition to high local infiltration rates, low-permeability barriers to downward
vertical flow appear to be required to induce perched groundwater (Robinson et al., 2005b). In
contrast, there have been no observations of perched groundwater caused by a capillary barrier
effect, despite the presence of layered stratigraphy with units of contrasting unsaturated flow
properties.

An alternative hypothesis is that the deepest perched water occurrences are a manifestation of
complex groundwater flow within the phreatic zone at the top of the regional aquifer. Localized
heterogeneities, such as the clay-rich alteration zones in the Puye Formation at well R-9,
combined with high recharge, may give rise to a complex flow structure that includes mounding,
interconnected saturated zones, and locally confined conditions (Robinson et al., 2005b).
However, the complexity of the alteration and the depth of these groundwater zones make
detailed characterization prohibitively expensive. Hydrologic testing of the regional aquifer
could be conducted to discriminate between alternatives.

With respect to the western portion of the Laboratory, Duffy (2004) discusses the importance of
mountain-front processes and hydrologic conditions in semiarid landscapes and suggests that the
mountain block and mountain-front areas are the dominant recharge zones in semiarid
landscapes. An important hydrostratigraphic feature in this area is that the upper tuff units along
the mountain front are often moderately to strongly welded because of close proximity to the
caldera source. Welding results in increased fracturing during cooling, and because the
mountain-front mesas lie within the Pajarito fault zone, additional fracturing and minor faulting
of the tuff units has resulted. The welded tuffs create a hydraulic condition where matrix
hydraulic conductivities are low (e.g., 107 to 10” cm/sec), but fracture densities are relatively
high. Thus, there is a possibility for significant fracture flow. Fracturing appears to control
locations of springs along the mountain-front mesas and fracture flow is suggested by water
content and contaminant distributions in the tuff proximal to outfalls and wastewater lagoons
(LANL, 2003b).

2.7.2.3 Subsurface Extent of Zones of Saturation

Observed saturated thicknesses of perched zones vary from 1 to 128 m (3 to 421 ft). The lateral
extent of saturation in these zones is less well understood because costs associated with installing
deep wells are high. However, perched groundwater generally is more likely to be present
beneath wet canyons, based on observations of both occurrences and nearby absences of perched
groundwater in adjacent wells. The extent that perched groundwater flows along dipping
geologic strata into areas beneath adjacent mesas is not fully known. However, the few paired
canyon/mesa wells such as R-7 and 21-2523 in Los Alamos Canyon and R-22 and R-23 in
Pajarito Canyon suggest that perched zones are much less common beneath dry mesas.

2.7.2.4 Flow Conditions Upstream and Within Intermediate Perched Groundwater
Zones

The presence of mobile (nonsorbing) anthropogenic chemicals in some perched groundwater

zones indicates a connection with surface and alluvial groundwater (e.g., Robinson et al., 2005
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and references therein). The travel time of groundwater moving from the surface to perched
groundwater systems is on the order of several decades, based on the age of facilities that are
potential sources of contaminants. Within the perched zones themselves, the topography of the
perching horizon, the bedding features, and the orientation of interconnected fracture systems
probably control local groundwater flow velocity. However, direct evidence such as single-well
or multiple-well hydrologic and tracer testing, is not available. Therefore, the following
discussion is based on reasonable hydrologic principles rather than direct measurements.

Flow conditions can, in principle, be categorized with the following two end-member conceptual
models for flow within a perched water zone:

*  Low-velocity, virtually stagnant water resting in a perching horizon within a local
structural or stratigraphic depression. Water percolates very slowly out the bottom of
this zone, or spills over the sides of the depression. This configuration views perching
horizons as barriers that slow the downward percolation of water. In several wells,
intermediate saturated zones thought to represent perched groundwater were screened but
failed to produce significant water (Robinson et al., 2005). These occurrences may
represent cases where zones of limited extent were substantially drained when the
perching horizon was penetrated during drilling. Once the stagnant water is depleted in an
initial round of sampling, there is insufficient recharge to keep the zone saturated.

*  High-velocity, laterally migrating fluid that travels on top of the perching horizon. This
conceptualization suggests that once groundwater reaches a perched zone, it rapidly
percolates laterally along high-permeability pathways until the perching horizon pinches
out or is breached by high-permeability features such as fractures or lateral changes in
lithology. In this scenario, water could move in stairstep fashion from one perching
horizon to another. There are no confirmed instances of large-scale, lateral vadose zone
pathways beneath the Pajarito Plateau at depths greater than the alluvial groundwater.
The case of lateral flow through the wet, mountain-front mesas at TA-16 suggests that
this possibility exists at greater depths. Although we categorize the TA-16 observations
as shallow for the purposes of this discussion because they discharge via springs in the
local canyons, it could be argued that deep pathways with flow geometries similar to
those of the mountain-front mesa or today’s alluvial groundwater zones are evidence for
the possibility of deeper fast pathways elsewhere.

Tracer experiments in alluvial and mountain-front mesa perched zones have been used to
measure transport velocities. However, fluid velocity in the deeper perched groundwater zones is
unknown due to the lack of direct measurements. The two end-member conceptual models,
relatively stagnant fluid in a local subsurface depression, or lateral diversion in the hydrologic
unit overlying the perching horizon, cannot be ruled out with existing data. Hydrologic, tracer, or
remote geophysical techniques would be required to shed light on this question. Given the
complexity and cost of such field campaigns, they should be performed only if model sensitivity
analyses indicate that sorting out this issue is important to study impacts, or if remediation of a
perched zone is to be conducted.
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2.8 Regional Aquifer Conceptual Model

This section summarizes the current understanding of flow and transport in the regional aquifer
beneath the plateau. This work builds on results obtained from earlier hydrologic studies in the
region (Griggs and Hem, 1964; Purtymun, 1984; Purtymun and Johansen, 1974; Rogers et al.,
1996b). The previous literature is supplemented with interpretations of new data collected by the
LANL Groundwater Protection Program. These new data, combined with previous studies,
provide the foundation for the flow and transport model development presented in Section 4.2

2.8.1 Regional Hydrologic Setting

This section briefly summarizes the regional hydrologic setting before focusing on the regional
aquifer beneath the Pajarito Plateau (Section 2.7.2), which is the subject of this report. The
Espafiola Basin (see Figure 2-39) is one of a series of basins located within the Rio Grade Rift
zone, a tectonic feature that extends from northern Colorado to the south into Mexico. Elevations
within the basin range from more than 3,800 m along peaks in the surrounding mountain ranges
to about 1,700 m at the basin surface water outlet. Vegetation is predominantly ponderosa pine
forest at higher elevations and pifion pine/ juniper at lower elevations (Spiegel and Baldwin
1963).

The Espafiola Basin and surrounding areas receive annual total precipitation ranging from 18 to
86 cm/yr. Precipitation is strongly elevation dependent (Spiegel and Baldwin 1963). The largest
streams in the basin are the Rio Grande and Rio Chama. Median monthly flow, calculated using
USGS average monthly flow data for the past 80 years, is 26.0 m’/s along the Rio Grande (at
Otowi Bridge) and 10.0 m?/s along the Rio Chama (at Chamita) (U.S. Geological Survey, 2001).
Numerous tributaries enter these rivers; many of these are ephemeral and many are ungaged. The
Rio Grande and the lower reaches of many tributaries comprise the regional groundwater
discharge zone.

In most parts of the basin, the water table is 0—60 m below ground surface; but on the Pajarito
Plateau the water table is much deeper (up to 350 m below the surface). Throughout much of the
basin, the water table appears to intersect the surface at the Rio Grande (Purtymun, 1984).
Perched waters exist on the Pajarito Plateau (Robinson et al., 2005) where the unsaturated zone
is much thicker than in other parts of the basin (Section 2.7). Contours of predevelopment water
level data (Purtymun et al., 1995a, 1995b; U.S. Geological Survey, 1997) indicate that hydraulic
gradients are generally towards the Rio Grande (Figure 2-40).

ER2005-0679 2-101 December 2005



Hydrogeologic Synthesis Report

0 10 20 30 40 50 60 70 Klometers
B e el —

Figure 2-39.  The Espafiola Basin and vicinity, with basin-scale numerical model outline
shown in red, site-scale model outline shown in green. Black arrows are
generalized groundwater flow directions, based on regional water level data
(Keating et al., 2003). The striped arrows indicate groundwater flow between
the Espafiola Basin and adjacent basins. Circled numbers refer to USGS stream
gages: (1) Rio Chama at Chamita; (2) Rio Grande at San Juan; (3) Santa Cruz
River; (4) Santa Clara Creek; (5) Rio Grande at Otowi; (6) Rio Frijoles; (7) Rio
Grande at Cochiti. Circled “A” indicates the mouth of the Pojoaque Creek.
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Figure 2-40.  Approximation to present-day water table elevations (m).
Note: Some older head data are used to improve the spatial distribution.
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The regional aquifer is a major source of drinking water and agricultural water supply for
northern New Mexico. The largest cities in the basin are Santa Fe, Espafiola, and Los Alamos;
these all rely primarily on groundwater for municipal supply. In addition to discharges to water
supply wells, the aquifer discharges to the Rio Grande, the lower reaches of its tributaries, and to
numerous springs. There are additional withdrawals for municipal and agricultural supply.
Recharge is thought to occur primarily in the higher elevations—estimates based on water
budget and chloride mass balance methods range from 7-26% of total precipitation (Anderholm,
1994; Wasiolek, 1995). Little or no recharge occurs at lower elevations other than along stream
channels due to low precipitation rates and high evapotranspiration demand (Anderholm, 1994).

The aquifer is predominantly composed of Santa Fe Group rocks, which are weakly consolidated
basin-fill sediments reaching over 3,000 m in thickness near the basin axis (Cordell 1979).
Groundwater also occurs in older crystalline rocks along the eastern and northern basin margin
and in younger volcanic lavas and volcaniclastic sedimentary rocks in the vicinity of the Pajarito
Plateau to the west (Purtymun and Johansen, 1974; Coon and Kelly, 1984; Daniel B. Stephens &
Associates, 1994).

2.8.2 Hydrology Beneath the Pajarito Plateau

Groundwater beneath the Pajarito Plateau is part of a regional aquifer which extends throughout
the Espaifiola Basin (an area roughly 6000 km?*; Figure 2-39). This aquifer is the primary source
of water for the Laboratory, the communities of Santa Fe, Espafiola, Los Alamos, and numerous
pueblos. Four water supply wellfields exist on the plateau (Figure 2-41); one additional wellfield
that supplies the city of Santa Fe (Buckman) sits just to the east of the Rio Grande, close to the
plateau. As is the case for many aquifers in the semiarid southwest, there is concern that current
withdrawal rates may not be sustainable over long periods of time and current drought conditions
might have significant impacts on both surface water and groundwater quantity and quality.

Of more direct relevance to the Hydrogeologic Workplan studies are concerns about water
quality, due to a variety of anthropogenic contaminants. Beneath the Pajarito Plateau, there is
contamination from various LANL sources in shallow groundwaters in some locations (primarily
alluvial aquifers). Some of the LANL-derived contamination has been observed in the regional
aquifer at trace concentrations much below the EPA drinking water standards (see Section 3 for a
complete discussion of this point). The regional aquifer is the groundwater zone most directly
accessible to humans through municipal water-supply wells or springs issuing to the Rio Grande.
Therefore, a solid foundation of understanding of the hydrogeologic conditions and controls on
flow and transport in the regional aquifer must be obtained in order to make risk-based decisions,
to design the required groundwater monitoring network, or to design treatment and remediation
systems.
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Figure 2-41.  The Pajarito Plateau, with major wellfields indicated by enclosures in red.

2.8.3 Water Budget

The water budget for the regional aquifer defines the sources and sinks of water to and from the
Espafiola Basin and, on a smaller scale, under the Pajarito Plateau. This section summarizes the
state of knowledge and addresses uncertainties in the quantities and spatial distribution of
recharge, discharge, and interbasin flow.

2.8.3.1 Recharge

As the water source term, recharge to the regional aquifer provides the driving force for fluid
movement through the system. Furthermore, water recharging on the Pajarito Plateau on LANL
property can carry with it liquid-borne contamination. This subsection addresses both basin-scale
and local recharge, addressing the spatial distribution and quantity of recharge.

2.8.3.1.1 Recharge Distribution

Various theories have been proposed regarding the locations of recharge zones for this aquifer.
Griggs (1964) suggested that most of the recharge occurred in the Sierra del los Valles and along
stream channels in the western edge of the Pajarito Plateau (Figure 2-41). Purtymun and
Johansen (1974) proposed that the major portion of the recharge occurs in the Valles Caldera,
with smaller amounts recharging through stream channels in the Sierra del los Valles. However,
Blake et al., (1995) argued that recharge could not originate in the Valles Caldera, since the

ER2005-0679 2-104 December 2005



Hydrogeologic Synthesis Report

chemistry of geothermal waters in the western Valles Caldera is clearly distinct from the
groundwaters on the Pajarito Plateau (Blake et al., 1995; Goff and Sayer, 1980). These authors
also proposed, on the basis of stable isotope values in groundwaters beneath the plateau, that
recharge areas for the aquifer beneath the plateau were either to the north and/or to the east
(Sangre de Cristo Mountains) and not to the west. They hypothesized that the two flow systems
are separated by the Pajarito fault acting as a flow barrier (Blake et al., 1995).

In contrast, other lines of evidence indicate that the majority of recharge to the basin aquifer
occurs in the mountains along the basin margin where precipitation rates are relatively high. This
has been shown using water-budget and chloride-mass balance analyses in the eastern portion of
the basin (Anderholm, 1994; Wasiolek, 1995). In the course of the Hydrogeologic Workplan
studies, inverse modeling using head and streamflow data (Keating et al., 2003) demonstrated
that the elevation above which significant recharge occurs at the basin-scale is very well
constrained (2195m + 177m). Modeling results such as this are to some extent a function of the
model conceptualization and structure, and therefore do not provide a precise indication of the
recharge elevation. Nevertheless, the modeling result agrees with the conclusion on the elevation
above which recharge occurs, as determined from those other lines of evidence.

Isotope geochemical information can also be brought to bear on the question of recharge
distribution. Distributions of 8D and §'°O ratios are consistent with the conclusion that the
mountain front recharge supplies most of the groundwater beneath the Pajarito Plateau
(Longmire, 2002a; Longmire, 2002b; Longmire, 2002¢; Longmire, 2002d; Longmire, 2002;
Longmire and Goff, 2002). Lighter or more negative 8D and 8'°O ratios indicate both a cooler
climate for precipitation and/or a higher elevation of recharge (Clark and Fritz, 1997). Heavier or
less negative 8D and §'°O ratios are representative of a warmer climate for precipitation and/or
recharge that occurs at lower elevations. Groundwater samples collected within the Sierra de los
Valles have lighter 8D and 8'*0 ratios relative to those collected beneath the Pajarito Plateau and
along the Rio Grande. Precipitation of meteoric water at higher elevations, for example near the
Sierra de los Valles, is characterized by cooler temperatures relative to other waters found at
lower elevations on the Pajarito Plateau. Long-term temperatures (paleotemperatures) and
seasonal variations in temperature also influence 8'*0 and 8D values because of enrichment or
depletion of oxygen-18 and deuterium (Clark and Fritz, 1997).

A plot of 8D versus 8'°0 (average values) for numerous groundwater samples collected from
wells R-9, R-12, R-15, R-19, R-25, R-26, CdV-R-37-2, and CdV-R15-3 and springs within the
Valles caldera and Sierra de los Valles is shown in Section 3.1.1.1. In this figure, the Jemez
Mountains meteoric line (upper) (8D = 83'%0 + 12) (Vuataz et al., 1986) and the mean
worldwide meteoric water line (lower) ((D = 85'*0 + 10) (Clark and Fritz, 1997) are denoted by
JMML and MWL, respectively. Analytical uncertainties of 8'*0 and 8D are = 0.1 and = 1%o (per
mil), respectively. Results of stable isotope analyses for the R wells and springs indicate a
meteoric source in which the samples plot close to both the IMML and MWL (Section 3.1.1.1).
The distribution of isotopic ratios suggests that evaporation of groundwater has not taken place
to a significant extent prior to recharge.

The Sierra de los Valles is the likely recharge source for wells R-25, R-26, CdV-R-15-3, CdV-R-
37-2 because the Sierra de los Valles springs have similar §'*0 and 8D ratios (Blake et al. 1995).
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The less negative stable 8'°0 and 8D values (relative to well R-25) in wells R-9, R-12, R-15, and
R-19 are consistent with additional recharge at lower elevations (Section 3.1.1.1). This
interpretation is consistent with the concept of local recharge on the plateau as the source for
water at shallow depths in the regional aquifer beneath the Laboratory.

Although analyses such as these can be useful in identifying the elevation of recharge, Keating et
al. (2005) point out that uncertainties due to variability in isotopic composition of precipitation
and potential differences in precipitation and infiltration elevations complicate the use of these
isotopic tracers. For example, stable isotope ratios may actually be tracing the timing of recharge
for very old waters (Phillips et al., 1986), as opposed to the location. Very low 8'°0O values (< -
14), significantly lower than average modern precipitation signatures at all elevations in the
basin, have been measured in groundwaters near the Rio Grande (Anderholm, 1994; Blake et al.,
1995). These ratios are indicative of paleorecharge during a cooler climate (Phillips et al., 1986)
and were interpreted by Anderholm (1994) and Newman (1996) to indicate recharge during the
Pleistocene (with age in order of 8,000 — 17,000 years). These age estimates are consistent with
1C observations suggesting a component of old fluid (Rogers et al., 1996b). Note however that
some of these same waters also clearly contain a component of young water, as indicated in
Section 3.1.1.3.

A quantitative assessment of the spatial distribution of recharge on the Plateau was recently
published by Kwicklis et al. (2005). The goal of the study was to provide a summary of the
current state of knowledge on amount and spatial distribution of infiltration. The study was
intended to provide quantitative estimates for use in other studies, as well as to provide a
baseline that can be tested and improved upon as more data are collected. The study uses
streamflow gain and loss data along canyon bottoms from the Pajarito Plateau, along with point
infiltration estimates based on moisture content profiles interpreted using the Richards equation,
the chloride mass-balance method, transport rates of tritium in canyons on the Plateau, and
numerical modeling. The infiltration rates estimated with these techniques were extrapolated to
uncharacterized parts of the study area using maps of environmental variables that are correlated
with infiltration (such as topography, vegetation cover, and surficial geology and structure) and
spatial algorithms implemented with GIS software that use the mapped variables.

The map of estimated infiltration is presented in Figure 2-34. The large-scale characteristics of
these estimates are in line with the discussion presented above. Infiltration rates throughout most
of the plateau are generally less than 2 mm/yr, whereas infiltration rates in the mixed conifer-
dominated areas of the Sierra de los Valles are typically greater than 25 mm/yr and, in the aspen-
dominated areas, greater than 200 mm/yr. Thus, at lower elevations, recharge occurs primarily
along arroyos and canyons, and infiltration rates are estimated to be low on mesas except near
the mountain front (Anderholm, 1994; Birdsell et al., 2005). Despite the low flux, the total
quantity of infiltration associated with the mesas is small but not negligible, due to the large area
associated with these parts of the plateau.

The Kwicklis et al. (2005) study estimates that of the total infiltration of about 8600 acre-ft/yr
(336 kg/sec), about 23% of the infiltration occurs from canyon bottoms on the plateau at lower
elevations. This canyon-bottom infiltration includes about 14% of the total from streams that
flow at least partly within LANL boundaries. The inserts in Figure 2-34 indicate regions for
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which localized, high-infiltration zones are expected to exist on the plateau. Focused infiltration
is expected in the faulted regions associated with the Pajarito fault zone within Cafion de Valle
and Water Canyon (see lower left insert in Figure 2-34). Local infiltration at rates up to 1000
mm/yr is estimated. For the insert showing the confluence of Los Alamos and Pueblo Canyons
(lower right), rates of 1500-2000 mm/yr are estimated in this region. These high values are a
consequence of infiltration directly onto Puye fanglomerates or fractured basalts. In other
canyons with similar characteristics, such as Pajarito Canyon, similarly high local infiltration
values are expected.

Although relatively small volumetrically compared to mountain recharge to the west, aquifer
recharge occurring locally on the plateau is important to the assessment of flow paths of
potentially contaminated water. Tritium data confirm that relatively young water is present in the
aquifer (Rogers et al., 1996b), indicating fast pathways through the vadose zone beneath LANL.
Quantitative estimation of recharge using *H data is complicated by the sometimes confounding
influences of bomb-pulse atmospheric *H and locally derived *H related to on-site LANL
activities. Elevated *H in regional aquifer samples has been observed at O-1, TW-1, TW-3,
TW-8, LA-1A and LA-2 (Rogers et al., 1996b), as well as in several wells drilled during the
more recent characterization drilling program (see Section 3.3).

Kwicklis et al. (2005) used vadose zone occurrences of “H to estimate the time-dependent
transport velocities, from which they derived infiltration rates to the regional aquifer. They found
that in Mortandad Canyon, infiltration rates are as high as 2000 mm/yr occur during periods of
large volumes of effluent discharge. This infiltration rate has apparently decreased to 100-200
mm/yr once effluent discharge flow rates were reduced. These observations and analysis confirm
that local recharge in canyons is an important component of the recharge distribution for the
plateau.

2.8.3.1.2 Total Recharge

Estimates of total recharge provide important constraints on flow and transport models of the
regional aquifer by tying model calibrations to measured or estimated water balance components.
Therefore, various techniques and data sets have been examined to estimate total recharge.
Griggs (1964) estimated the total recharge to the aquifer beneath the Plateau to be between 168
and 216 kg/s. McLin et al. (1996) estimated an upper bound of 192 kg/s, based on recovery of
water levels in supply wells rested for a period of several months to several years. Using a
variety of methods and considering a larger area, the Kwicklis et al. (2005) study discussed
above estimates total average annual recharge to the Pajarito Plateau of 336 kg/sec.

A number of researchers have used baseflow gain to the Rio Grande to estimate total aquifer
discharge, from beneath both the plateau and the eastern basin. These estimates presumably
approximate the total aquifer recharge before significant pumping began. However, total gain
must be combined with an estimate of the proportion of the gain that originates beneath the
plateau. Long-term average aquifer discharge between the Otowi Bridge gage and the now-
submerged Cochiti gage, a reach which bounds the southern portion of the plateau, was
estimated by Spiegel and Baldwin (1963) to be 710 kg/sec and more recently by the U.S.
Department of Justice to be 400 kg/sec (U.S. Department of Justice and New Mexico State
Engineer Office, 1996). The former estimate is significantly higher because the authors did not
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include years of record that indicated the reach to be losing, which was attributed to
measurement error. Keating et al. (2005) present an analysis of data from this reach as well as
the reach immediately to the north (Espafola to Otowi), which bounds the northern portion of the
plateau. This analysis estimates the total gain to the Rio Grande adjacent to the Pajarito Plateau
(Santa Clara Creek to Rio Frijoles) to be approximately 911 kg/sec (+/— 30%). The modeling
study of Hearne (1985) assumes 316 kg/sec recharge to the Pajarito Plateau; McAda and
Wasiolek (1988) assume 291 kg/sec lateral inflow from the Jemez Mountains.

Aquifer modeling studies can also shed light on the recharge quantities and distribution. Keating
et al. (2003) performed basin-scale inverse modeling as part of the Hydrogeologic Workplan,
using both streamflow data and transient head data. That study indicated that approximately 253
kg/sec of the gain to the river along this reach originated on the Pajarito Plateau and the Sierra de
los Valles. This analysis probably underestimated total recharge on the plateau, in part because
the basin model was calibrated to a lower estimate of aquifer discharge north of Otowi Bridge
than is indicated by the streamflow analysis subsequently performed by Keating et al. (2005).
Part of the reason for the differences between these various estimates of total recharge is that
several of the smaller estimates (McLin et al., 1996; Speigel and Baldwin, 1963; and Griggs
1964) emphasized the southern portion of the plateau (including LANL) which, according to the
streamflow analysis in Keating et al. (2005), is discharging less water than the northern portion
of the plateau.

In summary, although these various estimates span a range and reflect some uncertainty, they are
extremely valuable as bounding values for flow and transport modeling in that they constrain the
total quantity of water flowing through the aquifer beneath the Pajarito Plateau.

2.8.3.2 Discharge

Data constraining quantity of discharge for the regional aquifer were discussed in Section 2.8.3.1
in the context of estimating recharge. Regarding discharge locations, many authors have
identified the Rio Grande as the principal discharge point for the regional aquifer (Cushman,
1965; Griggs and Hem, 1964; Hearne, 1985; McAda and Wasiolek, 1988; Purtymun and
Johansen, 1974; Theis and Conover, 1962). Previous reports have cited a variety of evidence to
support this, including:

¢ Streamflow gain along the Rio Grande (Balleau Groundwater, 1995; Purtymun and
Johansen, 1974; Spiegel and Baldwin, 1963)

* Measured vertical upward gradients in the vicinity of the Rio Grande (Cushman, 1965;
Griggs and Hem, 1964)

* The presence of flowing wells (McAda and Wasiolek, 1988; McLin et al., 1996; Spiegel
and Baldwin, 1963)

* Springs along the river (McLin et al., 1996).

Discharge to the river may occur as lateral flow, upward flow, or as flow from springs in White
Rock Canyon. Purtymun (1966) suggested that all the springs, which collectively flow
approximately 85 kg/sec, discharge water from the upper surface of the main aquifer. Stone
(1996) suggested that many of these springs may be discharging perched aquifers rather than the
regional aquifer; unfortunately it is difficult to test these alternative hypotheses, although stable
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isotopes may provide some discrimination. It has been emphasized that although discontinuous,
low-permeability beds produce confining conditions in the aquifer locally near the Rio Grande
and elsewhere in the basin, flow is able to cross the low permeability beds in some locations as
water discharges to the river (Hearne, 1985; Spiegel and Baldwin, 1963).

The degree of connection between the aquifer and the Rio Grande has been investigated by
Balleau Groundwater (1995), who drilled 16 wells in the alluvial aquifer of the Rio Grande near
the Buckman wellfield and conducted pumping tests. They found that head in the alluvium is
generally 0.1 to 0.2 feet higher than the Rio Grande, indicating discharge from the alluvium to
the Rio Grande. Head in the regional aquifer below the alluvium, at a depth of 59 feet, is about
2.8 feet higher than the Rio Grande. From pumping tests, they concluded that the hydrogeologic
system at the site behaves as a layered water-table system in hydraulic contact with the river with
delayed yield from pore-water storage and an adjacent river boundary source.

2.8.3.3 Interbasin Flow

Overall groundwater fluxes between the regional aquifer beneath the plateau and the basin and
flow between the Espafiola Basin and adjoining basins are not well constrained. It is possible that
virtually all the groundwater flowing beneath the Pajarito Plateau flows easterly/southeasterly
and discharges to the Rio Grande, and that interbasin flow to the south is small. An alternative
possibility, that deep flow discharges instead to the basins to the south, is difficult to confirm or
refute because of the lack of hydraulic data collected at discrete intervals at great depths within
the aquifer. This could have a large impact on flow conditions at and near the site and thus will
be the subject of future study.

The Espafiola Basin is separated from the Albuquerque and Santo Domingo basins to the south
by a structural high, a prong of older sedimentary rocks, and several major fault zones
(Golombek et al., 1983). The Santa Fe Group aquifer thins significantly at this boundary
(Shomaker, 1974). If these structures impede flow to the south, this might enhance both regional
aquifer and interflow discharge to the surface. We have not evaluated the possible interflow
component to streamflow gain in the southern portion of the basin; if it were significant our
estimate of groundwater discharge would be erroneously high.

Numerical models of groundwater flow in the basin have generally predicted the interflow
component of flow to the south to be small. The model of Hearne (1985) has no groundwater
flow to the south by assumption; the McAda and Wasiolek (1988) and Keating et al. (2003)
models allow interflow, but the models predict much larger discharge within the basin (to the Rio
Grande) than to basins to the south. For example, Keating et al. (2003) estimated southerly flow
from the Pajarito Plateau aquifer to the south to be approximately 9 kg/sec. Uncertainty analysis
showed a possible range of values + 34 kg/sec or — 62 kg/sec. All of these values are relatively
small compared to the total flow to the Rio Grande.

Regarding basin boundaries to the north and west, fluxes entering the region beneath the plateau
were estimated by Keating et al. (2003), using basin-scale head and streamflow data and inverse
modeling analysis. They estimated that flow into the plateau from the north was very small or
zero, with a relatively large degree of certainty. Inflow from the west (Valles caldera) and
outflow to the south is more uncertain, and could be as low as zero or as high as 94 or 34 kg/s,
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respectively. These fluxes are relatively small compared to estimates of total recharge for the
plateau.

These modeling results, when combined with recharge and streamflow estimates, result in a self-
consistent mass balance on water moving through the aquifer. Given the uncertainties in the
individual flow estimates and the inherent difficulty of defining the appropriate structural
features for a large-scale model, it is possible that other conceptualizations would provide
equally valid representations of the available information. For example, it is possible that a
conceptualization in which more water flows from the Espafiola Basin to the adjoining
Albuquerque Basin, rather than discharging at the Rio Grande, would prove valid. Elements of
such a model conceptualization are (1) less flow restriction to the south; (2) more restricted flow
from the deeper, confined aquifer to the Rio; and (3) southerly flow of a fraction of the deeper
aquifer from the Sierra de los Valles and the Sangre de Cristo Mountains to the south. Of course,
such a conceptualization would also need to be consistent with the available water budget
information. The point here is that alternate conceptualizations such as this cannot be
unequivocally ruled out and thus should be considered in future numerical models developed for
the plateau and the basin.

2.8.4 Aquifer Hydrologic Properties

This subsection briefly summarizes the hydrologic properties of the regional aquifer rocks. A
more detailed treatment of this critical topic, including statistical and spatial distributions of
hydraulic conductivities measured in aquifer tests, is presented in Section 2.4. The aquifer
beneath the plateau consists of the fractured crystalline rocks of the Tschicoma Formation,
Cerros del Rio basalts, and older basalt flows, as well as the sedimentary rocks of the Puye
Formation and the Santa Fe Group. These units are described in detail in Section 2.1, as well as
by Broxton and Vaniman (2005). Both the Santa Fe Group and the Puye Formation are alluvial
fan deposits with alternating beds of high and low permeability, with north-south trending faults
associated with basin-scale rifting (Kelley, 1978).

Permeability estimates for the Santa Fe Group are primarily derived from pumping tests in water
supply wells screened over large intervals; estimates range from 107" to 10"*®* m* (Griggs and
Hem, 1964; Purtymun, 1995; Purtymun et al., 1995a; Theis and Conover, 1962). Testing of
monitoring wells, with relatively short screens completed within the Puye Formation, has shown
very large variability (10" to 10" m?). The basalt flows beneath the plateau include massive,
fractured lava units, breccia zones, and inter-flow zones with significant clay content.
Permeability within the Cerros del Rio basalts ranges from 10" to 10"°* m* (Nylander et al.,
2002). Testing at R-28 shows the upper bound of permeability to be between 10" and 1072
m” (Kleinfelder, 2004b).

Several estimates of specific storage (Ss) have been derived from various pumping tests: 10™**/m
in the Los Alamos Canyon wellfield (Theis and Conover, 1962); 10°°/m and 10>®/m in the
Otowi wellfield (Purtymun et al., 1990; Purtymun et al., 1995b). These relatively low values are
indicative of confined or leaky-confined conditions at the depth that these observations were
made. This point is expanded upon in the next subsection, along with more recent estimates of
specific storage based on a pumping test conducted as part of the Hydrogeologic Workplan.
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2.8.5 Anisotropy and Scale Dependence

Both the Santa Fe Group and the Puye Formation are, at least locally, strongly anisotropic.
Pumping tests have confirmed that permeability normal to bedding is much lower than
permeability parallel to bedding, both on the Pajarito Plateau (McLin et al., 2005; Purtymun et
al., 1990; Purtymun et al., 1995b; Stoker et al., 1989) and elsewhere in the basin (Hearne, 1980).
Estimates of anisotropy (ratio of vertical to horizontal hydraulic conductivity) vary from 0.00005
(Hearne (1980), pumping test analysis) to 0.04 (Hearne (1980), hydraulic gradient analysis), to
0.01 (McAda and Wasiolek, 1998).

Effective permeability and anisotropy at large spatial scales are difficult to estimate. Many
authors have noted the lack of spatial continuity of low or high permeability beds with the Santa
Fe Group (Hearne, 1980; Spiegel and Baldwin, 1963; Theis and Conover, 1962) and the
difficulty of correlating geophysical or lithologic logs between even closely spaced wells
(Cushman, 1965; Shomaker, 1974). Hearne (1980) notes that because of limited spatial
continuity in low or high permeability rocks, under a regional pressure gradient vertical flow will
occur through circuitous routes and thus effective anisotropy may be less pronounced at large
spatial scales than that measured at small scales during pumping tests.

Large-scale, multiple-observation-well aquifer pumping tests are invaluable to examine scale
effects and to estimate the impacts of water supply well pumping on pressure gradients in the
aquifer. As part of the characterization program, a 25-day aquifer test was conducted at
municipal water supply well PM-2 from February 3—-28, 2003 (McLin, 2005). The pumping
phase was conducted at a constant discharge rate of 1,249 gpm, followed immediately by a
25-day recovery period. Surrounding observation wells were used to record both drawdown and
recovery in response to pumping at PM-2. The PM-2 well draws water from a continuous
louvered screen between 1,004 and 2,280 ft below ground surface (bgs). Prior to the start of the
test, production wells in the vicinity were completely shut down so that hydrostatic conditions in
the regional aquifer could recover and a static baseline could be established. Except for the test
pumping at PM-2, all of the surrounding water supply wells remained off throughout the test
period. Continuous water-level responses to pumping at PM-2 were recorded by transducers that
were placed in municipal wells PM-2, PM-4, and PM-5 and in characterization wells R-20 (three
separate screens) and R-32 (three separate screens). Periodic responses to pumping were also
recorded in characterization wells R-15 (one screen), R-21 (one screen), and R-22 (five separate
screens); however, no significant drawdown values were recorded in these latter wells.

Figure 2-42 (from McLin, 2005) shows a layout of PM-2 and nearby monitoring locations during
the test. Individual drawdown and recovery water levels in responsive wells demonstrate that the
regional aquifer surrounding PM-2 is vertically anisotropic with pronounced resistance to
vertical propagation of drawdown at shallower depths. Hydraulically, the aquifer behaves like a
semiconfined aquifer at depth with leaky units located above (and perhaps below) a highly
conductive layer that averages about 850 ft in thickness. Drawdown in this highly permeable unit
was recorded more than 8,800 ft away in well PM-5, while drawdown only 1,225 ft away at the
R-20 multiple-screened well was directly related to individual screen depth (Figure 2-43a, from
McLin, 2005); the shallowest screen at R-20 showed little drawdown, while the deepest screen
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showed a dramatic response to pumping at PM-2. Similar but more subdued behavior was also
recorded 4,457 feet away in the R-32 multiple screened well (Figure 2-43b). In contrast, no
recordable drawdown was recorded 8,900 feet away in the R-22 multiple screened well,
suggesting that an idealized radius of influence for pressure responses due to pumping at PM-2
was at least 8,800 feet after 25 days of continuous pumping. The idealized radius of influence
shown in Figure 2-42 is schematic, based on the available data and is not meant to imply that the
pressure response spreads uniformly in all directions.

A schematic diagram proposed by McLin (2005) to interpret the aquifer-pumping test and to
estimate hydrologic parameters is reproduced in Figure 2-44. Clearly, this aquifer configuration
is highly idealized, in that a single, well-defined semi-confining layer has not been identified,
and layered heterogeneities certainly exist within the zone depicted as the deeper aquifer (for
example, see the geologic cross section of Figure 3 in McLin, 2005). Nevertheless, using this
idealized aquifer configuration, McLin (2005) estimated hydraulic conductivity at the scale of
this test to be about 5.0 ft/day (based on an assumed aquifer thickness of 850 ft), with a storage
coefficient ranging from about 0.00032 to 0.002. Finally, the observations of muted drawdown at
observation points near the water table (significantly above the pumping elevation) suggest that
the horizontal-to-vertical anisotropy ratio of hydraulic conductivities is highly variable: McLin
(2005) suggests that the ratio of vertical to horizontal hydraulic conductivity may be on the order
of 0.01 in some locations within the regional aquifer.
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Figure 2-42.  Idealized radius of influence of PM-2 on surrounding wells (McLin, 2005).
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Figure 2-43.  Drawdown at wells R-20 (a) and R-32 (b) in response to pumping at PM-2
(McLin, 2005).
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Figure 2-44.  Idealized representation of the aquifer near PM-2 during the pumping test. A
shallow system that includes the water table is separated from a deeper system
by a semiconfining layer of low permeability (McLin, 2005).

The analysis of McLin (2005) suggested an aquifer that behaves as a confined system at early
stages in the test, transitioning to a behavior characteristic of leaky-confined aquifer behavior
when the long-term drawdown behavior is interpreted. Although the behavior of the pumping
test has the signature of a leaky-confined aquifer, with a temporal stabilization of drawdown
relative to a confined aquifer, other aquifer flow mechanisms can give rise to similar behavior.
For example, either leakage from low-permeability aquitards within a confined aquifer or
interception of the cone of depression with a recharge boundary is an alternative explanation.
The pumping test illustrated the importance of conducting tests of long enough duration to
discern the large-scale behavior of the aquifer at progressively larger scales. Additional tests at
other municipal water supply wells are planned to probe the hydrodynamic conditions of the
aquifer at different locations. By combining the results of several such tests, we should be able to
sort out the various flow mechanisms, thereby uncovering a more detailed picture of flow paths
and mechanisms in the aquifer.

ER2005-0679 2-114 December 2005



Hydrogeologic Synthesis Report

2.8.6 Hydraulic Heads and Flow Directions

The principal reason for studying the regional aquifer in the Hydrogeologic Workplan activities
is to determine the direction and rate of movement of water and contaminants. Historically,

easterly/southeasterly flow directions in the regional aquifer have been proposed, based on data
available to Purtymun and Johansen (1974) and Rogers et al. (1996b). Data collected as part of
the Hydrogeologic Workplan confirm this result with a much larger number of wells than were
available to earlier studies, particularly wells completed with short screens near the water table.

2.8.6.1 Water Level Map

The potentiometric surface for the regional aquifer is shown in Figure 2-24 (from LANL, 2005).
Data used to construct this map are given in Table 2-10 for wells under water table conditions. In
addition, data from wells under leaky-confined conditions in lower Los Alamos Canyon were
included to augment the spatial coverage of the data because observations at the water table are
not available at that location. The analysis of the data used to construct this and other maps of
water levels and trends with time is discussed in detail in LANL (2005). The lateral component
of gradients along the top of the aquifer beneath the plateau varies over one order of magnitude,
from a low of 0.0026 (TW-3 to R-5) to a high of 0.04 (CDV-R-37 to CDV-R-15). Even higher
gradients are evident west of R-25 (0.162; R-26 to R-25).

A simple conceptual model for these trends is that gradients are high to the west where
significant recharge is occurring and gradients are low in the central plateau where lower
recharge rates are occurring and higher permeability rocks are present (Purtymun, 1995). The
general easterly-southeasterly flow direction suggested by these gradients is consistent with
radiocarbon ages of water from deep wells beneath the Pajarito Plateau, which increase from
west to east. Age estimates for groundwaters beneath the plateau range between about one to six
thousand years, increasing to several tens of thousands of years near the Rio Grande (Rogers

et al., 1996b). However, as will be discussed below, interpretation of these data is complicated
by the fact that the flow patterns within the aquifer are complex, and mixing of fluids of different
ages is likely. The presence of anthropogenic tritium in the regional aquifer demonstrates that
mixed waters of vastly different ages are present in the aquifer.

2.8.6.2 Shallow and Deep Flow Paths

The nature of the measured head gradients suggests that flow in the shallow portion of the
aquifer (less than 150 m) below the upper surface of the saturated zone is primarily easterly-
southeasterly. The tendency for aquifer rocks to be strongly anisotropic will cause water to move
in large part horizontally, despite the strong driving force of vertical head gradients. As described
in the previous subsection, the degree to which the uppermost phreatic zone and the deeper,
leaky-confined aquifer are hydrologically connected is not known with certainty. Nevertheless,
hydrologic testing indicates that there is considerable resistance to vertical flow relative to
horizontal flow; this phenomenon is likely to be widespread throughout the aquifer, but the
magnitude of the anisotropy ratio at small scales probably varies considerably across the plateau.
One interesting observation is that the amount of recharge estimated by Kwicklis et al. (2005) to
occur in canyon bottoms on the plateau (77 kg/sec) is close to the total discharge from the
springs of 85 kg/sec estimated by Purtymun (1966). This observation is consistent with a
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compartmentalized aquifer with plateau recharge traveling laterally in the phreatic zone, partially
isolated from deeper groundwater flow.

In general, the direction of flow in deeper portions of the aquifer (at depths greater than the
deepest water supply wells) is unknown because of sparse data, and is likely to be different under
pumping conditions than under pre-development conditions. Purtymun (1995) suggested that
heads at deeper intervals of the aquifer also have a westerly gradient. It is conceivable that the
predominant flow direction under natural gradient conditions could be different from what is
found at shallower depths, but data to constrain the direction are insufficient. The conceptual
model for the nature of flow discharging to the Rio Grande or flowing to the Albuquerque Basin
to the south will likely influence the predicted flow direction deeper in the aquifer. A model with
significant flow to the Albuquerque Basin (described in Section 2.8.3.3 as an alternate
conceptual model) would lead to more southerly flow paths in the deep aquifer.

2.8.6.3 Influence of Water Supply Well Pumping

Despite evidence for compartmentalized flow with significant flow resistance between the
shallower and deeper zones, it is likely that some downward movement of water and
contaminants does occur due to pumping of water supply wells at depth. Occurrences of tritium
and perchlorate in well O-1 show that flow paths between the shallow and deep aquifer water can
exist during production. However, the extent of vertical transport is undoubtedly a function of
the local permeability structure between the water table and the pumping interval in the water
supply well, which may vary spatially across the plateau. Finally, pumping-induced upward
movement of deeper water has been observed in the Los Alamos Canyon wellfield (Gallaher

et al., 2004; Purtymun, 1977).

Although our understanding of the impact of water production on aquifer storage and discharge
to the Rio Grande is incomplete, there is a clear trend of decreasing water levels over the time
period of production from major wellfields on the plateau. Pumping rates increased from near
zero in 1945 to 183 kg/sec in 1971 and have been relatively stable since then (171 kg/sec in
2001) (Koch et al., 2004); although year-to-year variability in pumping rates at individual wells
has been large. Figure 2-45 (from LANL, 2005) shows the rate of water level decline in ft/yr
estimated from long-term monitoring of water levels in wells on the plateau. Details of this map,
constructed using a combination of test wells with a long (greater than 10 year) record and more
recent characterization wells, are described in LANL (2005). The main features of the map are
an area of high water-level decline rate (over 1 ft/yr) along Pueblo Canyon, which lies at the
northern edge of data coverage, and an elongated zone of high decline rate (up to 0.8 ft/yr) that
runs north to south, just east of and including PM-5, PM-4, and PM-2. This zone then extends
east along Pajarito Canyon to R-23.
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Figure 2-45.  Annual water level decline due to municipal water supply well pumping (from
LANL, 2005).

In the Los Alamos Canyon wellfield, after substantial water level declines when pumping
initiated in the late 1940s, water levels rose and fell in response to inter-annual pumping
variability. When the wells were retired in the late 1980s to early 1990s, water levels rapidly
increased. Similarly, water levels in the Guaje wellfield decreased initially in response to
pumping in the early 1950s and then stabilized until the 1970s; this was interpreted by Koch et
al. (2004) to suggest that the aquifer had reached equilibrium. Water levels began to decline
gradually again in the 1990s, perhaps due to pumping in nearby wellfields. Pumping in the
Pajarito Mesa (PM) wellfield has produced less water level decline than pumping in the Guaje or
Los Alamos Canyon wellfields, despite heavy usage. Nevertheless, water levels in PM-1 and
PM-3, which have been pumped more consistently than other PM wells, have shown a long,
steady decline. Test wells, which are much shallower than water supply wells, have also shown
long, steady, declining water levels; before 1970 declines were very small (~1 m); since 1970
declines have increased to a total of ~5 m.
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The impact of production on storage in the aquifer was estimated by Rogers et al. (1996b). They
calculated storage depletion by estimating the volume of the combined cones of depression
observed in all the wellfields on the plateau, assuming drainage under water table conditions, and
by assuming uniform aquifer properties (porosity = 0.1). They concluded that the total storage
loss has been approximately equal to total production in the time period 1949 — 1993, and thus
perhaps that there has been no significant net recharge to the wellfields during this period. In
contrast, McLin et al. (1996) suggested that significant recharge has occurred, since water levels
have recovered in wells that were allowed to rest a period of several months or several years.
Flow modeling is one approach to estimate the proportion of storage loss that has been replaced
by recharge. Simulations suggest that flow beneath the Rio Grande (west to east) has been
induced by production at the Buckman wellfield. Calculations show that this flux may have
increased from zero (pre-1980) to approximately 45 kg/s at present, or ~20% of the total annual
production at Buckman (Keating et al. 2003).

2.8.7 Aquifer Hydrodynamics

The hydrodynamics in various portions of the aquifer beneath the plateau is critical to
determining the potential pathways of contaminant transport. There have been numerous theories
proposed in the literature on the degree and extent of confined conditions of the plateau. This is
not too surprising considering the extremely complex geologic structure of the plateau and the
inherent limitations of short-term pumping tests. Based on limited data, Cushman (1965)
concluded that the aquifer is under water-table conditions beneath the plateau, with the exception
of the vicinity of the Rio Grande, where water-table conditions exist in shallow layers and
confined conditions exist at depth. Purtymun (1974) suggested that water-table conditions exist
on the western margin of the plateau and artesian conditions exist along the eastern edge and
along the Rio Grande.

Drilling associated with the characterization program has confirmed existence of water-table
conditions at many locations beneath the plateau. Table 2-10 shows the water levels in wells (or,
for wells with multiple screens, in the uppermost screen below the water table) used to construct
the water table map discussed in Section 2.8.6. Clearly, the characterization program has
revealed the presence of unconfined conditions locally over most regions of the plateau, with the
exception of locations near the Rio Grande, where confined conditions are generally observed.
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Table 2-10.
Water-Level Data Used to Create the Revised
Piezometric Water-Level Contours for the Top of the Regional Aquifer

Water Water
Well Name- Elevation Data Well Name- |Elevation Data

Screen Zone (ft) Vintage Screen Zone (ft) Vintage
CDV-R15-3-4 6020.1 2004 R-14-1 5883.7 2005
CDV-R-37-2-2 6138.8 2004 R-15 5851.7 2005
DT-10 5919.8 2003 R-16-2 5642.9 2004
DT-5A 5958.8 2003 R-18 6118.0 2004
DT-9 5917.9 2002 R-19-3 5888.0 2005
G-1A 5705.0 2001 R-20-1 5865.9 2003
G-2A 5750.7 2001 R-21 5853.4 2004
G-3A 5704.5 2001 R-22-1 5762.9 2004
G-4A 5784.0 2001 R-23 5696.6 2004
G-5A 5848.4 2001 R-25-5 6232.3 2004
H-19 6228.0 1949 R-26-1 7034.8 2003
LA-4 5706.0 1987 R-28 5839.4 2005
LA-5 5673.0 1987 R-31-3 5827.9 2002
LA-6 5678.0 1995 R-32-1 5857.8 2005
R-1 5879.9 2005 R-33 5877.0 2004
R-2 5874.0 2004 R-34 5834.0 2004
R-5-3 5769.2 2004 TW-1 5840.2 2003
R-7-3 5879.6 2004 TW-2 5847.7 2000
R-8 5836.0 2004 TW-3 5812.5 1999
R-9 5691.0 2004 TW-4 6071.5 2003
R-12-3 5695.9 2004 TW-8 5875.5 2003

R-13 5837.4 2005

Source: LANL (2005) and references therein

Significant new information on the relationship of the shallow and deeper regional aquifer
hydrodynamics has also been obtained. Potentiometric measurements at several new multiple-
screened wells have revealed that decreasing head with depth is a pervasive feature of the
aquifer. Head data (in meters) along a vertical cross-section in the southern portion of the
plateau, where there are several wells with multiple completions, are presented in Figure 2-46.
Decreasing head with depth has been observed in wells in the western portion of the Laboratory
(see Figure 2-47 for well CdV-R-15-3) away from pumping well influence, but in a region where
increased recharge is expected; near the Rio Grande (see Figure 2-48 for well R-16); in the
central portion of the Laboratory (R-19, Figure 2-49); and in locations expected to be more
strongly influenced by water supply well pumping (R-20, Figure 2-50). One counter example,
well R-31 (Figure 2-51) located in the southern portion of the Laboratory away from municipal
water supply wells and the region of expected high recharge, shows a very small (note the
expanded scale of the y-axis compared to the other plots) decrease in head with screen depth
between screens 2 and 3, but head increases with depth in the lower two screens 4 and 5.
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There are several hydrologic mechanisms that can give rise to the observed data. First, note that
in a region with a sloping water table, with recharge at high elevation and discharge at lower
elevations, the theoretical result for a uniform medium is lower heads with depth, except close to
the discharge zone. This explanation alone is consistent with the uppermost screens of R-31. At
greater depths in R-31, the higher heads are perhaps due to a zone that is hydrologically
separated from the upper zone, with higher head due to recharge to the west and deep, confined
flow beneath the plateau. The reasons for the larger downward head drops in well CdV-R-15-3
(as well as other wells in the vicinity, such as R-25) are uncertain, but are probably due to a
combination of high local and mountain front recharge, combined with an extremely complex
hydrostratigraphic and structural condition in which poorly connected, compartmentalized flow
zones are encountered with depth. The wells in the vicinity of water supply wells on the plateau
are clearly influenced by water extraction. It is possible that relatively small head differences
with depth before water withdrawal have grown substantially because of pumping. Although
data on shallow and deep head declines due to long-term pumping are sparse, it is likely that
drawdown at the elevation of pumping is highest, and a more muted drawdown exists at the
water table. Finally, for R-16, the lower head with depth is probably caused by pumping at the
Buckman wellfield.

The critical element that appears to be necessary to explain the observations from both pumping
tests and information from multiple-screened wells is the presence of different hydrodynamic
conditions at depth than are present at the top of the regional aquifer. The observations
(unconfined conditions and a muted response to pumping at depth) suggest a phreatic zone under
water-table conditions that is weakly connected hydrologically to a deeper zone that behaves as a
leaky-confined aquifer.

The nature of the aquifer heterogeneities giving rise to this compartmentalized system remains
an open question. Two conceptual models appear to be possible. One is that the strongly
anisotropic characteristic of the aquifer, which limits vertical movement of groundwater at
virtually all depths within the Puye Formation and Santa Fe Group, produces the observed trends
with depth. Cushman (1965) noted that this aquifer characteristic can cause an unconfined
aquifer to appear confined in a short-term pumping test. This explanation is consistent with the
observation of McLin (2005) described in Section 2.8.5 of a hydrograph that transitions from
confined to leaky-confined behavior at later times. This conceptual model is implemented in the
numerical models of McAda and Wasiolek (1988) and Hearne (1980). The McAda and Wasiolek
(1988) model places the majority of water supply wells in the basin within the upper 600-ft-thick
unconfined layer of the model.

Another conceptual model is that a laterally extensive low permeability zone exists within the
aquifer separating the shallow phreatic zone from a deeper confined aquifer. This is the
conceptualization depicted in Figure 2-44. A single, laterally extensive zone of low permeability
has not yet been identified in boreholes on the plateau. This fact, combined with observations
indicating vertical resistance at all elevations in basalts, the Puye Formation, and the Santa Fe
Group, strongly favor the former conceptual model. Either model would be expected to give rise
to lateral transport of contaminants reaching the water table, especially at locations relatively
unaffected by municipal water well pumping. The anisotropic model would allow for vertical
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contaminant pathways to water supply wells in locations where continuous high-permeability
pathways are present.

2.8.8 Velocities and Travel Times

Transport velocities and travel times through the regional aquifer are poorly understood, because
of the lack of tracer tests and in-situ measurements of effective porosity. Data concerning the
spatial distribution of anthropogenic contaminants in the regional aquifer have been difficult to
use to constrain regional aquifer travel times because of the exceptionally thick and complex
vadose zone, which makes it impossible to define the location and timing of contaminant entry to
the regional aquifer. Transport over significant distances in the alluvial aquifers is known to
occur, and complex vadose zone lateral pathways are also possible, though they have not been
directly observed, except for the shallow subsurface pathways identified in the mountain front
portion of the plateau (See Section 2.6.2.1). Despite these limitations, we note that no evidence
of larger-scale migration of contaminant plumes has been observed, although the presence of
anthropogenic chemicals at low levels in springs discharging to the Rio Grande at White Rock
Canyon has been suggested by some to be due to regional aquifer transport (Section 3.2). Lack of
evidence of migrating plumes may indicate that they travel too slowly to be observed over the
relatively short period of study, or that sampling locations are not present in the right locations in
sufficient density to track a migrating plume.

In principle, isotopic data can constrain possible transport velocities. These data clearly
demonstrate that some waters beneath the plateau and discharging to the Rio Grande are
thousands of years old, similar to ages of groundwaters measured in the Albuquerque Basin to
the south (Plummer et al., 2004). Tritium data, described in Section 2.8.3, clearly demonstrate
that young waters are present as well. These young and old waters may co-mingle at numerous
locations within the aquifer including the discharge zone at the Rio Grande.

Therefore, there is no single answer to the question: How old is the groundwater? Mixing
between older and younger waters is the norm for the waters sampled from the regional aquifer.
Figure 2-52 illustrates that in many instances, both younger and older components are present.
Tritium measurements at wells tapping the top of the regional aquifer near Los Alamos Canyon
and Mortandad Canyon (among others), as well as isolated observations that include some of the
springs discharging at White Rock Canyon, indicate a component of the water is young (less than
60 years old). Reconciling these observations with age estimates of several thousand years based
on C-14 requires a model in which fluids of vastly different ages mix, yielding disparate age
estimates from the different groundwater tracers.
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Elevation of Top of Regional Aquifer for Los Alamos National Laboratory

O

— Based on 'C dating,
groundwater has a
component of very old
water
(> 1000 years)

<O Based on *H data,
groundwater has a
component of very
young water (< 45
years)

Figure 2-52.  Diagram of the locations of “young” and “old” water at different locations. The
figure shows that waters with different apparent ages, based on different
geochemical indicators, can co-exist at the same location.

The model prediction of transport velocity and ultimate point of discharge of a contaminant in
the regional aquifer is intimately tied to, even controlled by, the conceptual model used to
develop the numerical model. If the picture emerging from the data described above of a
compartmentalized aquifer is valid, then contaminants would travel laterally in the phreatic zone
and arrive at springs discharging at the Rio Grande. These flow paths would be predominantly
within the Puye Formation and the Cerros del Rio basalts, the geologic units commonly present
at the water table of the regional aquifer (Figure 2-10). Travel times through these rocks might
be expected to be relatively short. For example, taking the hydraulic conductivity of 1 m/d, a
gradient of 0.02, and a porosity of 0.1, the computed velocity of a contaminant moving with the
water (with no adsorption to the rock) is about 70 m/yr. Travel times on the order of 100 years
would therefore be predicted to the springs from the most easterly zones of contaminated waters
in the alluvial aquifers on LANL property.

The role of supply-well pumping in altering these directions and points of discharge is a function
of the conceptual model and the water usage scenario chosen for examination. Section 4.2.12.
presents a capture zone analysis suggesting that contaminants reaching the regional aquifer
beneath canyons on the plateau will be largely captured by the PM wells. Anisotropic conditions
in the regional aquifer that tend to keep transport pathways shallow are overcome by induced
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downward gradients, and contaminants are drawn to the depths of the screens of the water supply
wells, where they are captured. Implicit in these results is the conceptualization of discrete
pathways leading to downward transport, perhaps through tortuous “windows” of high-
permeability rock in between discontinuous low-permeability layers. A more continuous low-
permeability zone between the contaminant residing at the water table and the water supply well
would create two disconnected zones at the scale of a contaminant plume. Under this scenario,
contaminants would be isolated to the phreatic zone and travel to a down-gradient supply well or
the Rio Grande, despite pumping near the contaminant source.

Another important consideration is that steady-state capture-zone results require the assumption
of constant pumping for a long enough time for a water particle to arrive at the well. This water
usage scenario maximizes the induced downward gradient, exaggerating the downward gradients
and leading to flow paths in which capture by the water supply wells is favored over lateral
transport at shallow depths. If transport velocities are low enough, water supply wells are likely
to be taken out of service before this theoretical arrival at the well would occur. In this case, the
actual transport problem is inherently transient, and predictions are intimately tied to the actual
water withdrawal scenario. In summary, these complexities render the predictions model- and
scenario-dependent. Interpretations based on such models must keep this fact in mind. In the
future, a broader range of water-usage scenarios and transient capture zone analyses should be
used to fully explore these alternatives.
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3.0 GROUNDWATER GEOCHEMISTRY, CONTAMINANT
DISTRIBUTIONS, AND IMPLICATIONS FOR FLOW AND TRANSPORT

It is important to understand geochemical processes and the natural water quality beneath the
Pajarito Plateau, so that anthropogenic perturbations to the natural system can be identified and
quantified. The natural geochemistry of groundwater is the result of physiochemical interactions
between air, water, soil, biota, and aquifer material. Geochemical processes are influenced by
several factors, including the composition of the groundwater, groundwater temperature,
microbial populations, the mineralogical composition of the aquifer material(s), and the length of
time the water is in contact with aquifer material(s). Section 3.1 describes the conceptual model
of geochemical processes and reactions for the Pajarito Plateau and surrounding area. It also
describes the “background” water chemistry, that is, the water chemistry not affected by
Laboratory activities.

Imprinted on the natural variations in chemistry is the presence of contaminants historically
released since the early 1940s when Laboratory operations commenced. While most of the
contaminants are at concentrations largely below regulatory standards, they demonstrate the
presence of pathways for groundwater flow and contaminant transport from the surface to deeper
groundwater. The impacts to groundwater at the Laboratory have occurred mainly where effluent
discharges have caused increased infiltration of water. The depth to which chemical constituents
move in the subsurface is determined partly by their chemical behavior: non-reactive constituents
move readily with groundwater, while reactive or adsorbing constituents move a shorter distance.

In most cases where effluent sources have been eliminated, groundwater concentrations of non-
reactive discharged contaminants have decreased far below past levels (e.g., RDX, nitrate,
trittum, and perchlorate) in alluvial groundwater. These mobile contaminants readily move
through the subsurface and are detected within perched intermediate zones and at the regional
water table beneath several canyons, including Pueblo Canyon, Los Alamos Canyon, Sandia
Canyon, Mortandad Canyon, and Cafion de Valle (HE in Cafion de Valle is an exception to this).
In the case of reactive or adsorbing chemicals, the concentrations remain elevated significantly
above background levels after elimination of discharges or other contaminant source terms (e.g.,
excavation and removal of contaminated sediments). These include constituents such as
strontium-90 and the actinides (americium-241, plutonium-238, and plutonium-239,-240). A
discussion of observed contaminant distributions within alluvial and perched intermediate zones
and the regional aquifer is provided in Section 3.2. Many of the characterization wells and their
chemical data are not included because characterization sampling conducted as part of the
Hydrogeologic Workplan is not complete.

3.1 Geochemical Conceptual Model

A geochemical conceptual model that describes the geochemical environment beneath the

Pajarito Plateau combines knowledge of geochemical processes with observations of water
chemistry at sampling locations and mineralogy of aquifer materials. The components that

contribute to the geochemical conceptual model include

. natural chemical compositions of groundwater,
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. residence time,

. reactive minerals controlling groundwater composition and solute mobility,
. adsorption and precipitation reactions,

. redox conditions controlling solubility, and

. chemical speciation.

The following subsections discuss these conceptual model components and describe the
observations and data that are the basis of each component.

3.1.1 Natural Chemical Composition of Groundwater

Groundwater occurs in three hydrostratigraphic settings beneath the Pajarito Plateau, which
include the alluvium, perched intermediate zones (Bandelier Tuff, Cerros del Rio basalt, and the
Puye Formation), and the regional aquifer (Puye Formation, Cerros del Rio basalt, older basalts,
and the Santa Fe Group). As a result of geochemical processes, the natural composition of
groundwater in the three hydrostratigraphic settings varies along flow paths from recharge areas
in the Sierra de los Valles, west of the Laboratory, to the discharge areas along the Rio Grande to
the east. Recharge also occurs along canyon reaches that contain saturated alluvium.

A hydrochemical investigation was conducted from 1997 to 2000 to define the background
chemical composition of groundwater beneath the Pajarito Plateau. Based on the data and
information compiled, the statistical properties of natural (background) distributions of stable
isotopes (3D, 8N, and §'*0), tritium, and major and trace solutes in groundwater were
established. A complete description of the background study is available in LANL (2005a).

Natural groundwater (alluvial, intermediate, and regional aquifer) ranges from calcium-sodium
bicarbonate composition within the Sierra de los Valles to a sodium-calcium bicarbonate
composition east and northeast of the Laboratory. Sodium bicarbonate groundwater occurs
within the regional aquifer in lower Los Alamos Canyon and at several White Rock Canyon
springs near Otowi Bridge (Blake et al. 1995; LANL, 2001a; LANL, 2002; LANL, 2004b).
Figure 3-1 shows average background concentrations of specific conductance, major cations and
anions, silica, tritium, and several trace elements including barium and uranium analyzed during
six sampling rounds (LANL 2005a).

Concentrations of trace elements increase from alluvial groundwater to perched intermediate
zones to the regional aquifer. They also increase from west to east within the regional aquifer
due to increasing solute residence times and water/rock interactions, including
recipitation/dissolution and adsorption/desorption reactions. The highest natural solute
concentrations are associated with older groundwater within the regional aquifer. Concentrations
of dissolved bicarbonate, sodium, calcium, and uranium increase from west to east. The
following subsections discuss the evolution of natural groundwater chemistry from the recharge
zone, along the flow paths, and out to the discharge zone.
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3.1.1.1 Geochemistry of the Recharge Zone

Groundwater generally has the lowest total dissolved solids (TDS) in the recharge area and
increases in TDS along flow paths (Figure 3-1, where TDS is approximated by specific
conductance). The Sierra de los Valles provides most of the recharge to groundwater beneath the
Pajarito Plateau, based on distributions of stable isotopes, including 8D and §'*O ratios

(Figure 3-2). This interpretation was presented in Section 2.8.3.1.1. Recharge water derived from
precipitation near the Sierra de los Valles contains natural tritium (19 to 71 pCi/L), which decays
to less than 3 pCi/L along groundwater flow paths within non-contaminated perched intermediate
zones and the regional aquifer beneath the central and eastern parts of the Laboratory

(Figure 3-1).

3.1.1.2 Aqueous Geochemistry along the Flow Path

This subsection evaluates or describes solutes or dissolved species occurring along groundwater
flow paths, which show variation among the three types of saturated zones. Variation in solute
concentration results from the mixing of groundwaters, mineral precipitation (solute sink),
mineral dissolution (solute source), and adsorption/desorption reactions. Natural groundwater
quality in the regional aquifer beneath the Pajarito Plateau is excellent and, with the exception of
arsenic in Guaje Canyon groundwater, does not exceed federal and state drinking water
standards.

The occurrence of reactive minerals within aquifer material controls the composition of
groundwater chemistry along flow pathways. Calcium, sodium, and bicarbonate are the dominant
major ion solutes in natural groundwater beneath the Pajarito Plateau and surrounding areas.
Bicarbonate is the dominant anion in groundwater at Los Alamos (LANL 2005a). This solute
increases in background concentrations from shallow alluvial groundwater to the regional aquifer
(Figure 3-3). Bicarbonate forms complexes with several trace metals, which has a direct
influence on the metal’s mobility or transport in the subsurface. Low concentrations of natural
bicarbonate and calcium within the alluvium and perched intermediate zones within the
Bandelier Tuff and the Puye Formation are insufficient to precipitate calcium carbonate (calcite)
(Figure 3-4). Calcite is not typically observed within these saturated zones under natural
conditions. In contrast occurrences of calcite within the Santa Fe Group basalt and sediments are
reflective of higher concentrations of both calcium and bicarbonate.

Silica is the next most abundant solute found in surface water and groundwater within the Los
Alamos area (Figure 3-1) because of hydrolysis reactions taking place between soluble silica
volcanic glass and water. All groundwater sampled as part of the background investigation
(LANL 2005) are oversaturated with respect to quartz, which is the most stable mineral of the
silica phases (Lindsay 1979). Dissolved silica concentrations, however, are not controlled by
quartz because this mineral is less reactive than volcanic and sedimentary glass found within the
different hydrostratigraphic units. Groundwater within the three groundwater zones is calculated
to be in equilibrium with silica glass. In some instances, dissolved silica can be used as a tracer
to evaluate groundwater flow from the silica-rich (pumice-rich) Puye Formation to the
underlying Santa Fe Group basalt encountered at wells R-9 and R-12. Groundwater flowing
through the Bandelier Tuff (well LAOI(A)-1.1) and some sections of the pumiceous-rich Puye
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Figure 3-2. Stable isotope results for wells R-9, R-12, R-15, R-19, R-25, R-26, CdV-R-
15-3, and CdV-R-37-2, and for other springs in the Jemez Mountains. (The
upper line is the Jemez Mountains meteoric line and the lower is the mean
worldwide meteoric line.)
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Figure 3-3. Average dissolved concentrations of selected natural trace elements in a
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groundwater and the regional aquifer. Note: Average of six rounds.
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Formation (wells R-7 and R-15) is characterized by higher dissolved silica concentrations than
groundwater flowing through the Cerros del Rio basalt (well R-91 and Spring 9-B) (Figure 3-4).
This contrast is attributable to the fact that the volcanic glass within the basalt is both less
abundant and less reactive than the ubiquitous glass within the Otowi Member of the Bandelier
Tuff and pumiceous-rich Puye Formation.

Figure 3-3 shows average dissolved concentrations of several natural trace elements within
alluvial and perched intermediate groundwater and the regional aquifer. Average concentrations
of natural arsenic, chromium, and fluoride were the highest within the Cerros del Rio basalt
(Spring 9B). Variations in groundwater trace element concentrations depend on solute residence
time, speciation, and extent of water-rock interactions. Many trace elements show considerable
variations, even in young recharge water. For example, average concentrations of barium, boron,
bromide, strontium, and uranium are the highest within the regional aquifer in the Santa Fe
Group at La Mesita Spring. Average concentrations of dissolved natural uranium were 9.1 ug/L
at La Mesita Spring, which is 300 times greater than that observed at well LAO-B in alluvium
(Figure 3-3).
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Figure 3-4. Activity diagram of log activity [H4SiO4 ] versus log activity Ca*"/[H']* at 25°C
for wells Otowi-4, R-9, R-12 (screen #3), and LAOI(A)-1.1 and La Mesita
Spring.
Note: These were selected because of observed smectite in x-ray diffraction of
core and cuttings.
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Naturally occurring solid organic matter containing carbon, oxygen, nitrogen, and hydrogen is an
important component of alluvial sediments within and surrounding the Laboratory. Dissolved
organic carbon (DOC) is derived from leaching of solid organic matter and concentrations of
DOC are typically less than 2 mg carbon (C)/L within perched intermediate zones and the
regional aquifer. Higher concentrations of DOC (up to 20 mg C/L) are found in soil, surface
water, and alluvial groundwater within the upper reaches of Los Alamos Canyon where runoff
through grasslands and forests takes place. The DOC contains dissociated carboxylic acids that
are stable as anions above pH 4.5 (Thurman, 1985). The anions are mobile in the groundwater.
Dissolved organic carbon mainly occurs in the forms of humic and fulvic acids (Vilks and
Bachinski, 1996). These acids occur as anions and can complex with calcium and magnesium,
which can influence precipitation reactions involving calcite.

Leaching of ash produced from the Cerro Grande fire in May 2000 resulted in the generation of
elevated concentrations of total organic carbon (TOC), consisting of both DOC and suspended
organic carbon (SOC). Shortly after the Cerro Grande fire, increased concentrations of TOC
were observed in surface water and alluvial groundwater within Pueblo Canyon, Los Alamos
Canyon, Pajarito Canyon, and other watersheds. Since 2002, concentrations of TOC have
decreased in surface water, but remain elevated in alluvial and perched-intermediate
groundwater. Total organic carbon provides an excellent tracer for tracking movement of recent
water (post Cerro Grande fire) in the subsurface. For example, concentrations of TOC have
exceeded 300 mg C/L in perched zones within the Cerros del Rio basalt at the Los Alamos
Canyon weir (Stone et al., 2004).

3.1.1.3 Geochemistry of the Discharge Zone

Groundwater chemistry within discharge zones can significantly differ from that characteristic of
recharge zones. Total dissolved solids generally increase along groundwater flow paths. Specific
conductance provides an indirect measurement of TDS and both parameters increase from west
to east along groundwater flow paths. For example, groundwater within the Sierra de los Valles
contains specific conductance values typically less than 100 uS/cm (Figure 3-1). Springs
discharging within White Rock Canyon, however, have specific conductance greater than 100
uS/cm. Concentrations of sodium also increase relative to calcium and magnesium at selected
White Rock Canyon springs. This change in major cation chemistry most likely results from
cation exchange processes with reactive minerals along flow paths, including smectite, kaolinite,
and volcanic glass (discussed in Section 3.1.3).

Groundwater within a discharge zone, at the end of groundwater flow paths, generally has the
highest mineral or solute content and also represents the oldest water, provided that mixing with
younger groundwater has not taken place. The main groundwater discharge zone for the Sierra
de los Valles and the Sangre de Cristo Mountains occurs as springs and gaining reaches along the
Rio Grande. Older groundwater within the regional aquifer tends to have higher concentrations
of trace elements due to a combination of mineral dissolution and desorption processes. Many
trace elements, including arsenic(IIl, V) and uranium(VI), form anions and tend to desorb from
mineral surfaces under basic pH conditions (Langmuir, 1997). Dissolved concentrations of major
cations and anions, arsenic, uranium, and other trace elements are higher in groundwater east of
the Rio Grande based on water quality/geochemical data collected by the New Mexico
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Environment Department (NMED) and most recently by LANL. Based on water samples
brought in to the Pojoaque water fair in 2004, concentrations of natural uranium in groundwater
are generally in the range from up to 0.2 ppm along the Rio Grande and eastward toward the
Sangre de Cristo Mountains. In contrast, uranium concentrations in the regional aquifer beneath
the Pajarito Plateau rarely exceed 0.1 ppm.

In the discharge zone, as well as along flow paths, tritium is an excellent tracer that can be used
to qualitatively date or bound the age of groundwater less than 61 years old, with a few
exceptions. Background springs discharging within White Rock Canyon typically have tritium
concentrations less than 1 pCi/L, indicating that groundwater is greater than 61 years old. This
pre-dates historic discharges associated with the Laboratory and atmospheric fallout that may
provide sources of recharge. These springs are characterized by groundwater flow paths that are
of variable lengths and differing groundwater residence times.

3.1.2 Residence Times

Residence times of groundwater and chemical solutes increase both with depth and from west to
east across the Pajarito Plateau within each groundwater zone. Groundwater flow paths within
the regional aquifer generally are from west to east based on water level measurements.
Accordingly, the concentrations of natural major ions and trace elements increase with distance
along flow paths.

In the Sierra de los Valles, a known recharge area west of the Laboratory, a component of
groundwater is less than 61 years old, based on measurable activities of tritium observed in
springs. Movement of groundwater through fractured volcanic rock within the Sierra de los
Valles is rapid in most cases (Water Canyon Gallery, Apache Spring, upper Caiion de Valle
Spring, and Pine Spring). With a few exceptions, most springs in the discharge zone in White
Rock Canyon, however, do not contain tritium, and the age of groundwater probably ranges
between 3,000 and 10,000 years and possibly even older (Rogers et al. 1996b).

The oldest groundwater residence times within the regional aquifer are on the order of several to
tens of thousands of years, based on carbon-14 dating (Rogers et al, 1996b). The carbon-14 dates
provide a reasonable estimate of the maximum age of groundwater within the regional aquifer,
provided that mixing with more recent water or older water with lower alkalinity has not taken
place. Groundwater within the regional aquifer becomes progressively older from west to east
(Rogers et al, 1996b). Presence of tritium near the water table and within the regional aquifer
beneath the Laboratory, however, confirms that a much younger component of groundwater is
present in the regional aquifer. Small concentrations of anthropogenic tritium (less than 100
pCi/L) at some locations are suggestive of mixing of a majority of old water with a component of
young water at the regional water table. Mixing ratios using chloride or bromide are needed as
additional information to more precisely determine fractions of young and old groundwater.
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3.1.3 Reactive Minerals Controlling Groundwater Composition and Solute
Mobility

Because there are variations in pH, temperature, and major ion and trace element chemistry
within shallow and deep saturated zones, different reactive minerals and amorphous solids
precipitate or dissolve. In some instances, they control the major ion composition of
groundwater. Some of these phases, including hydrous ferric oxide, manganese (oxy)hydroxide,
smectite, calcite, and zeolites, have a high adsorptive capacity for trace elements including
chromium, lead, strontium, and thorium, and radionuclides including americium-241, cesium-
137, and plutonium-238, -239, -240. Reactive minerals and amorphous solids approach
equilibrium with groundwater when the residence time exceeds the reaction half time (amount of
time required for 50% of reactant A to form product B assuming there is no B initially present).
This condition is usually met within perched intermediate zones and the regional aquifer based
on observed mineralogy, because hydrous ferric oxide is present in all the groundwater zones.

Calcite and smectite are two important minerals that have been observed in core samples
collected from several R wells. The stability of reactive phases, including CaCOs (calcite) and
calcium smectite, can be evaluated by considering concentrations of major dissolved ions,
chemical composition of minerals, and equilibrium concepts. Figure 3-4 is a log activity diagram
showing the stability of several minerals including kaolinite, pyrophyllite, silica soil, silica glass,
and calcium smectite. Groundwater samples collected from selected wells R-9, Otowi-4, R-12
(screen #3), and LAOI(A)-1.1 and La Mesita Spring are also plotted on the figure. Important
points from this figure are as follows:

i Most groundwater is oversaturated with respect to calcium smectite, as the groundwater
samples plot within that stability field.

. One sample collected from La Mesita Spring plots within the stability field for kaolinite
due to a lower pH measurement.

. Groundwater is oversaturated with respect to SiO; soil (amorphous silica) and
undersaturated with SiO, glass, which suggests that some of the silica could be formed
from pedogenic (soil-forming) processes.

. La Mesita Spring (representative of young recharge water) is undersaturated with respect
to silica soil and silica glass and has lower concentrations of silica relative to those
measured in groundwater samples collected at wells R-9, Otowi-4, R-12, and
LAOI(A)-1.1.

Under equilibrium conditions, calcite controls dissolved concentrations of calcium and
bicarbonate within the regional aquifer. Beneath the western and central portions of the
Laboratory, however, calcite is relatively rare in most of the lithologies characterized at the
regional aquifer water table (Figure 2-10) except for the pre-Puye Formation Santa Fe Group
sediments. These sediments have variable amounts of dispersed calcite cement (0-20 wt%).
There is also a zone of post-depositional alteration centered in the northeastern portion of the
Laboratory where calcite alteration is common in the Puye fanglomerate and the pumiceous
sediments. Calcite precipitation is observed in Santa Fe Group sediments near the Rio Grande.
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As groundwater flows through perched intermediate zones and the regional aquifer, chemical
and mineralogical compositions of reactive phases, including silica glass, change over time. For
example, silica glass is the most soluble component of the aquifer material (Puye Formation and
unassigned pumiceous unit) and reacts with groundwater to form clay minerals, such as kaolinite
and smectite. These alteration phases have been observed at wells R-5, R-8A, R-9, and R-12.
Calcium-sodium smectite has been observed in core and cutting samples collected from R-9
(Broxton et al., 2001a). Smectite has also been observed in rock samples collected from Santa Fe
Group sediments in lower Los Alamos Canyon (Vaniman, unpublished data). The presence of
smectite enhances natural attenuation of anthropogenic metals stable as cations, including
strontium and barium, because this phase increases the adsorption capacity of the aquifer
material under circumneutral pH conditions (discussed in more detail in Section 3.1.4).

The saturation index (SI) is an indicator of whether a mineral is likely to precipitate or dissolve
under particular groundwater conditions. The SI is defined as the logjo(activity product/solubility
product). Precipitation of reactive minerals, including calcite, occurs in groundwater under near
neutral pH conditions. Figure 3-5 shows saturation indices for calcite versus calcium and
bicarbonate concentrations (millimoles/liter) at selected background springs and wells. The
computer program MINTEQA?2 (Allison et al., 1991) was used to perform SI calculations. For a
given solid phase at equilibrium, the SI is equal to 0 £+ 0.05. Oversaturation (positive SI) implies
precipitation, whereas undersaturation (negative SI) implies dissolution. Native alluvial and
perched intermediate groundwaters are calculated to be undersaturated with respect to calcite,
and dissolution of this mineral takes place. This is consistent with the absence of calcite within
the natural alluvium at the Laboratory. Groundwater samples collected at wells R-9, R-12, and
Otowi-4 and La Mesita Spring generally are saturated with respect to calcite, whereas LAOI(A)-
1.1 is not. Activities of dissolved calcium and bicarbonate at well LAOI(A)-1.1 are not sufficient
to precipitate calcite. Calcite typically is not observed in native groundwater within the alluvium
and Bandelier Tuff. The regional aquifer (Santa Fe Group sediments) is slightly undersaturated,
but within thermodynamic uncertainty, with respect to calcite.

3.14 Adsorption and Precipitation Reactions

Adsorption occurs when dissolved species interact with surfaces of aquifer material coated with
hydrous ferric oxide, manganese dioxide, clay minerals, or other adsorbents. Adsorption is
usually reversible with the net effect being that the transport of the absorbed species is much
slower than that of the water. Hydrous ferric oxide is an important adsorbent present in different
aquifer materials beneath the Pajarito Plateau. Other adsorbents of metals include smectite,
calcite, manganese oxide, and solid organic carbon, which can provide additional adsorption
sites on aquifer material and within the unsaturated zone. Hydrous ferric oxide has a specific
surface area of 600 m?/g, which is much higher than quartz or silica gel that have specific surface
areas of 0.14 and 53 to 292 m?/g, respectively (Langmuir, 1997). Many metals and radionuclides
including barium, chromium, nickel, uranium, strontium-90, americium-241, plutonium-238, and
plutonium-239, -240 typically adsorb onto hydrous ferric oxide-coated particles between pH
values 5 and 8.
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Figure 3-5. Saturation indices for calcite versus calcium and bicarbonate concentrations

(millimoles/liter) at springs and wells representing different aquifer types at
LANL (perched, intermediate, and regional).

Concentrations of inorganic contaminants (actinides, fission products, and trace elements)
remaining within treated effluents are too small to be removed from solution through
precipitation, based on results of computer simulations. Downgradient from Laboratory
discharge points, adsorption processes are considered to dominate over mineral precipitation for
continual removal of metals and radionuclides from alluvial groundwater. As a result,
concentrations of adsorbing radionuclides and inorganic species generally decrease
downgradient along the groundwater flow path. Alluvial material provides the largest reservoir
for constituents from treated Laboratory effluent, including strontium-90, cesium-137,
plutonium-238, plutonium-239, -240, and americium-241 because the constituents readily adsorb
onto clay- and silt-sized material. For example, it is hypothesized that strontium-90 has been
reversibly adsorbed on alluvial sediments by cation exchange, and the sediments provide a
continuing source of this constituent to the alluvial groundwater. Eventually, strontium-90 will
decay to stable zirconium-90 (via short-lived yttrium-90), reducing its remaining radioactivity by
a factor of two approximately every 29 years.

Based on numerous studies reported in the literature, and supported by field observations
documented in LANL Surveillance Reports (e.g. LANL, 1996a, 2000a, 2001a, 2002) and
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experimental results, the relative adsorption of HE compounds, radionuclides and inorganic
species decreases at circumneutral pH (6 to 8) conditions as follows:

cesium-137 (highest adsorption) = americium-241 > barium > strontium-90 > uranium > nitrate
= molybdate = sulfate = chloride = perchlorate = TNT > RDX = tritium (lowest adsorption).

Cations adsorb more strongly than anions under acidic to circumneutral pH conditions because
adsorbents, including hydrous ferric oxide, smectite, and silica glass, are characterized by a net-
negative surface charge (Langmuir, 1997). (Oxy)anions, including molybdate, nitrate, and
perchlorate, are mobile in groundwater under circumneutral to basic pH conditions due to the
net-negative surface charge on the adsorbent. Neutral species including TNT, RDX, and tritium
do not adsorb to any significant extent onto inorganic mineral surfaces. Characterization and
surveillance data collected within Pueblo Canyon, Los Alamos Canyon, Mortandad Canyon, and
Canon de Valle support the observed mobilities of anions (chloride, molybdate, nitrate,
perchlorate, sulfate, and uranium) and neutral species (RDX, TNT, and tritium). High explosive
compounds undergo hydrophobic sorption with solid organic matter present in alluvial channels,
including Cafion de Valle, but such material is not present in significant concentrations in the
regional aquifer.

Other variables that influence adsorption processes include precipitation and dissolution of the
adsorbent, adsorption capacity, and changes in aqueous chemistry. Adsorption capacities of
unsaturated and saturated material may change over time due to changes in solution composition,
contaminant speciation and reactive phase mineralogy. In isolated cases where effluent
discharges have changed alluvial groundwater alkalinity or pH, trace elements such as strontium
and barium may precipitate as SrCO;, BaCOs, and coprecipitate as (Sr-Ba)SO4. These
precipitation processes are considered to be important within the upper reaches of Cafion de
Valle and Mortandad Canyon.

Cation exchange reactions typically influence major cation compositions of groundwater. This
influence is especially true for older groundwater with a long residence time characteristic of the
regional aquifer east of the Rio Grande. Cation exchange between divalent, magnesium and
calcium and monovalent sodium results in increasing water hardness (increased calcium and
magnesium) in which calcium typically dominates over magnesium as the dominant dissolved
cation. Softening of water occurs when calcium and magnesium are removed from groundwater
and sodium becomes the dominant cation. This water-softening process is observed northeast of
the Laboratory (former lower Los Alamos wellfield) and along sections of the Rio Grande.

3.14.1 Adsorption and Precipitation of Uranium(VI) Species

Uranium is a naturally occurring trace element found in groundwater and it is also processed at
the Laboratory. This subsection provides a summary of the aqueous chemistry and adsorptive
characteristics of this actinide because of its importance to background conditions and
Laboratory effluents.
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Uranium is a naturally occurring actinide found essentially in all soils, sediments, rocks, surface
waters, and groundwaters worldwide. Whole rock concentrations of uranium within the
Bandelier Tuff, Cerros del Rio basalt, and Puye Formation range from less than 1 to over

10 mg/kg or ppm (Longmire et al. 1996a, Broxton et al. 2001a). Silica-rich rocks, including the
Bandelier Tuff, contain higher concentrations of uranium than do the less siliceous rocks,
including the Cerros del Rio basalt and Puye Formation.

Background concentrations of dissolved uranium within alluvium, perched intermediate zones,
and the regional aquifer are generally detectable but at concentrations less than 1 ug/L in
groundwater beneath the Pajarito Plateau (Longmire et al., 1996b, LANL 2005a). These
naturally low concentrations of dissolved uranium are probably controlled by aqueous
solubilities of minerals containing uranium. For example, zircon (ZrSiOy) is a trace mineral
found within the Bandelier Tuff. Concentration of uranium in a zircon crystal within a sample of
the Bandelier Tuff was 1180 ppm (Stimac et al. 1996). This highly refractory mineral has an
aqueous solubility of 10">* M at pH 7. Uranium does not significantly leach out of this mineral
at circumneutral pH values (6 to 9) based on its low aqueous solubility. Some uranium
concentrated within the Bandelier Tuff is associated with volcanic glass, which has an aqueous
solubility of 10*7' M at pH 7. Consequently, there is higher occurrence of uranium in
groundwater within the Bandelier Tuff because it is more susceptible to leaching from glass due
to its higher aqueous solubility. The rate of uranium leaching from glass, however, is slow, as
indicated by the low dissolved concentrations of uranium (<0.5ug/L) measured in perched
groundwater within the Bandelier Tuff (well LAOI(A)-1.1).

The uranyl (UO,>") cation is analogous to other divalent metal species that significantly adsorb
onto hydrous ferric oxide under acidic pH conditions. Increasing concentrations of hydrous ferric
oxide result in increasing the adsorption capacity of uranium(VI) complexes because more
binding sites are present. Concentrations of hydrous ferric oxide vary between alluvial
groundwater, perched intermediate zones, and the regional aquifer. This variation is dependent
on chemical weathering of primary iron-rich minerals and iron-rich volcanic glass. Iron-rich
glass and minerals within the Cerros del Rio basalt enhance precipitation of increasing amounts
of hydrous ferric oxide compared to the Bandelier Tuff, which contains iron-depleted glass and
smaller amounts of iron-bearing minerals.

The computer program MINTEQAZ2 (Allison et al., 1991) was used to model adsorption (surface
complexation) of uranium(VI) onto hydrous ferric oxide for perched intermediate groundwater
characterized at well R-9. The double layer model (DLM) was selected for the simulation
because it takes into account adsorbent characteristics (specific surface area, charge density, and
adsorbent concentration) and aqueous chemistry parameters (pH, ionic strength, and solution
composition).

Figure 3-6 shows both calculated distributions of adsorbed uranium(VI) complexes onto hydrous
ferric oxide and dissolved complexes as a function of pH. Results of the calculation suggest that
maximum adsorption takes place at pH 5.5 and decreasing adsorption occurs with increasing pH,
which is due to the formation of uranyl carbonate complexes. Uranyl dicarbonate and uranyl
tricarbonate complexes do not significantly adsorb onto negatively charged surface sites present
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Figure 3-6. Calculated distributions of adsorbed and dissolved uranyl species for well R-9
(275 ft perched zone) (HFO concentration = 1.46 g/L and total dissolved uranyl
[UO,*"] = 0.054 ppm, 25°C). Calculation was made for R-9 because uranium
was measured in groundwater whithin the Cerros del Rio basalt.

on hydrous ferric oxide. There is a sharp rise in uranium(VI) adsorption onto hydrous ferric
oxide between pH values of 4.0 and 5.0 (Figure 3-6), where uranyl cation species dominate.

Other divalent cations compete with uranyl species in both natural and contaminated
groundwater. Calcium (Ca”") strongly competes with UO,>" for adsorption sites present on
hydrous ferric oxide, based on experimental results, including DLM intrinsic stability constants
provided by Langmuir (1997). Concentrations of dissolved calcium are much higher (in the mg/L
range) than dissolved uranium (less than 1 pug/L), which allows for more calcium binding onto
hydrous ferric oxide.

Similar competition between calcium and the uranyl cation may take place with clay minerals.
This has relevance to groundwater chemistry east of the Rio Grande that is characterized by
higher concentrations of calcium and uranium compared to groundwater beneath the Pajarito
Plateau. This exchange reaction results in concentrations of natural uranium within the regional
aquifer ranging from 0.5 ug/L (Los Alamos) to over 1800 ug/L (west of Nambg).

Exchange reactions between calcium and sodium are of importance based on inverse
relationships between dissolved calcium, sodium, and uranium. Figure 3-7 shows
calcium/sodium ratios (milliequivalents/L) versus uranium concentrations for 127 groundwater
samples collected at Pojoaque, New Mexico during June 2004. The highest concentrations of
uranium in groundwater occur at lower calcium/sodium ratios. This relationship suggests that
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Figure 3-7. Calcium/sodium (meq/L) versus uranium concentrations, Pojoaque water fair,
June 2004.

calcium is removed from groundwater, whereas uranium is added to groundwater through cation
exchange. Alternatively, the relationship between uranium and sodium/calcium rations could be
due to bulk compositional effects rather than cation exchange. In some groundwater samples,
calcium is removed to a greater extent than sodium.

Precipitation reactions serve as a sink for removing uranium from solution. There are numerous
uranium (VI) minerals that are naturally occurring and are found in aquifers (ore deposits) within
sedimentary and igneous rocks. Several uranyl silicate minerals including (UO,),Si04:2H,0
(soddyite) and Ca(UO»)»(S1,05)3-5H,0 (haiweeite) are potentially important within silica-rich
groundwater beneath the Pajarito Plateau. Figure 3-8 shows a plot of saturation indices for
several reactive minerals including silica solids, carbonate minerals, soddyite, and haiweeite for
several groundwater sampling stations including Spring 2B, alluvial well LAO-B, perched
intermediate groundwater (well LAOI(A)-1.1), and regional aquifer groundwater (wells Otowi-4,
TW-3, R-9, and TW-1). The computer program MINTEQA?2 (Allison et al., 1991) was used to
perform the saturation calculations.

Temperature, pH, redox potential, and dissolved activities of calcium, uranium(VI), bicarbonate,
and silicic acid influence the precipitation/dissolution of soddyite and haiweeite. As bicarbonate
concentrations increase, dissolved uranium(VI) reacts to form complexes, which decreases the
amount of uranyl cation (UO,>") available for precipitation of soddyite and haiweeite. This is
counter balanced, however, by increasing concentrations of dissolved calcium that enhances
precipitation of haiweeite at Otowi-4, R-9, TW-1, and Spring 2B (Figure 3-8). This assessment is
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Figure 3-8. Saturation indices for several solid phases in alluvial (LAO-B) and perched

intermediate groundwater (LAOI(A)-1.1) and the regional aquifer (Otowi-4,
TW-3, R-9 and TW-1) within Los Alamos Canyon, Pueblo Canyon, and Spring
2B. The computer program MINTEQA?2 was used to perform the calculations.
Note: These wells were selected because they show hyrochemical snapshot of
the three aquifer types within the Los Alamos Canyon and a spring.

based on geochemical calculations and the overall oxidizing conditions characteristic of natural
groundwater beneath the Pajarito Plateau.

While it is useful to perform saturation index calculations to evaluate mineral equilibrium, most
of the deep groundwaters are not in equilibrium with respect to either soddyite or haiweeite.
Based on results of the calculations presented, adsorption processes involving uranium(VI)
appear to control dissolved concentrations of this actinide in groundwater beneath the Pajarito
Plateau.

3.1.5 Redox Conditions

This subsection presents a brief discussion on oxidation-reduction concepts with application to
groundwater chemistry characterized during this investigation. Contaminants associated with
treated Laboratory effluents that are stable in more than one oxidation state include
plutonium(II1, IV, V, and VI), uranium(I'V and VI), technetium(IV and VII), iron(II and III), and
chromium(IIT and VI). Other contaminants that can undergo reduction include perchlorate,
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molybdate, nitrate, RDX, and TNT. A group of contaminants that is stable in one oxidation state
under the geochemical conditions that prevail in groundwater includes americium(II)-241,
cesium(I)-137, strontium(I1)-90, barium(II), boron(I1I), and tritium(I). Adsorption and
precipitation reactions involving redox-sensitive contaminants are directly influenced by
oxidation and reduction reactions. Under oxidizing conditions, species including uranium(VI),
sulfate, nitrate, and perchlorate form soluble anions that are mobile in groundwater. Under
reducing conditions, however, these species either precipitate from solution (uranium and sulfide
minerals), transform (perchlorate) and/or adsorb onto aquifer materials (nitrogen-ammonium).

Oxidation-reduction (redox) reactions are very important in groundwater systems for controlling
distributions of trace elements and are quite often mediated by a wide variety of microbes. Redox
conditions for groundwater most often cannot be quantified with a single redox couple and
oxidation-reduction potential (ORP) (Langmuir, 1997) because numerous couples are present
and they differ with respect to kinetic reaction rates (Figure 3-9). Some couples are
electrochemically reversible, including the iron(IlI)/iron(II) and hydrous ferric oxide/iron(II)
pairs. However, most pairs are not reversible under normal groundwater conditions in the
absence of microbes, including: dissolved oxygen/water, nitrogen (V)/nitrogen(0),
nitrogen(V)/nitrogen(III), uranium(VI)/uranium(IV), sulfur(VI)/sulfur(-II),

and carbon(IV)/carbon(0, -IV). General trends in redox chemistry, however, can be inferred
based on distribution and concentration of redox-sensitive solutes such as iron and manganese,
mineralogy of aquifer material, presence or absence of dissolved oxygen, knowledge of
microbial populations, and presence of electron donors (reducing agents, reductants), and
electron acceptors (oxidizing agents, oxidants).

Under natural or baseline conditions, groundwater under the Pajarito Plateau within perched
intermediate zones and the regional aquifer is oxidizing. This is also generally true for alluvial
groundwater, although DOC may enhance localized reducing conditions within wetlands
occupying some canyon reaches. Naturally occurring and measurable concentrations of dissolved
oxygen (DO) (1 to 9 ppm), sulfate (>2 ppm), and nitrate (typically 0.5 ppm) are characteristic of
oxidizing conditions. Low concentrations of dissolved iron (<0.5 ppm) and manganese

(<0.05 ppm) are also characteristic of oxidizing conditions. Under reducing conditions,
concentrations of reduced forms of carbon (methane, hydrocarbons, carbohydrates), nitrogen
(ammonium), and sulfur (hydrogen sulfide) would exceed concentrations of the oxidized forms.
Iron and manganese reduction would also be observed under reducing conditions. Reducing
conditions do not occur in normal groundwater beneath the Pajarito Plateau although they have
been encountered in several R wells as a highly localized consequence of residual drilling fluids,
as described by Longmire and Goff (2002) and Longmire (2002a, 2002b, 2002d, and 2002¢) and
Bitner et al. (2004) in detail.

3.1.6 Uranium Speciation

Chemical speciation has a direct control on mineral precipitation and adsorption processes.
Special attention is given to uranium in this report because this actinide occurs naturally in
groundwater and has also been processed at the Laboratory. Large variations in natural uranium
concentrations are observed beneath the Pajarito Plateau and to the east in the Rio Grande
Valley.
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Figure 3-9. Selected oxidation-reduction couples in water at pH 7 and 25°C for the Pajarito
Plateau and surrounding areas.

As uranium leaches from minerals and glass, it is stable as uranium(VI) under oxidizing
conditions characteristic of aquifer systems beneath the Pajarito Plateau. Uranium(VI) forms
strong complexes with bicarbonate and carbonate including UO,CO;’, UO,(CO;),>, and
UO,(CO3);* (Langmuir 1997) above pH 6.

Figure 3-10 shows calculated distribution of uranium(VI) at Spring 9B discharging from the
Cerros del Rio basalt east of the Laboratory. Dissolved concentrations of uranium are typically
less than 0.2 ug/L at Spring 9B (LANL 1996a, 2000a, 2001a, 2002).The computer program
MINTEQAZ2 (Allison et al., 1991) was used for the speciation calculations of Spring 9B. The
aqueous complex, UO,(COs);* dominates above pH 8.4, whereas UO,(CO3),*” dominates
between pH values of 6.6 and 8.4 at Spring 9B (Figure 3-10). Dissolved uranyl carbonate
(UO,CO5") dominates between pH values of 5.0 and 6.6. Spectroscopic evidence has shown that
Ca,U0,(CO:3) 3" significantly influences uranium(VI) speciation between pH values of 6 to 10 in
calcium-rich uranium-mining waters (Bernhard et al., 2001). This complex may have relevance
to groundwater east of the Rio Grande characterized by high calcium and carbonate alkalinity.
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Figure 3-10.  Results of speciation calculations for Spring 9B in White Rock Canyon using
the computer program MINTEQAZ2. Log U(VI) =-9.26 molal (m), log F = -4.69
m, log HySiO4 = -2.92 m, and log CO5> =-3.07 m at 20.5°C.

Figure 3-11 shows total alkalinity versus uranium concentrations for 127 groundwater samples
collected within the Rio Grande Valley near Pojoaque, New Mexico, contrasted with samples
from the Pajarito Plateau. Formation of uranyl carbonate complexes has a direct control on the
solubility of uranium(VI), leading to dissolved concentrations of uranium much greater than 10
ug/L observed in the Rio Grande Valley.

Uranium(IV) is stable in strongly reducing groundwater containing dissolved sulfide and reduced
forms of DOC (Langmuir 1997). Calculations show that uranium(IV) in the form of U(OH),’ is
stable under reducing conditions below an Eh of —225 millivolts (mV) at pH 7, 25°C, and

107° M (61 mg/L) bicarbonate. Formation of uranium(IV) complexes is very unlikely to occur
because natural groundwater at Los Alamos, New Mexico is oxidizing and uranium(VI) species
are stable. However, in groundwater near Pojoaque uranium(IV) is inferred to be stable in the
presence of hydrous ferric oxide reduction.

3.1.7 Summary of Geochemical Conceptual Model
It is important to understand geochemical processes and the natural water quality beneath the

Pajarito Plateau, so that anthropogenic perturbations to the natural system can be identified and
quantified. While the contaminants are at concentrations largely below regulatory standards or

ER2005-0679 3-19 December 2005



Hydrogeologic Synthesis Report

risk levels, they demonstrate the presence of pathways for groundwater flow and contaminant
transport from the surface to deeper groundwater.

Natural groundwater (alluvial, intermediate, and regional aquifer) ranges from calcium-sodium
bicarbonate composition within the Sierra de los Valles to a sodium-calcium bicarbonate
composition east and northeast of the Laboratory. The Sierra de los Valles provides most of the
recharge to groundwater beneath the Pajarito Plateau and groundwater in the recharge area has
the lowest TDS of the overall flow system.
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Figure 3-11.  Total alkalinity (as carbonate) versus uranium concentrations in groundwater
samples collected from the Rio Grande Valley and the Pajarito Plateau. Red
triangles are from Pajarito Plateau and blue dots are from the Rio Grande
Valley.

Along flow paths variation in solute concentration results from mixing of groundwaters, mineral
precipitation (solute sink), mineral dissolution (solute source), and adsorption/desorption
reactions. Calcium, sodium, and bicarbonate are the dominant major ion solutes in natural
groundwater beneath the Pajarito Plateau and surrounding areas. Silica is the second most
abundant solute found in surface water and groundwater within the Los Alamos area because of
hydrolysis reactions taking place between soluble silica volcanic glass and water. Variations in
groundwater trace element concentrations depend on solute residence time, speciation, and
extent of water-rock interactions.

All of the mobile chemicals measured in perched intermediate zones and in the regional aquifer
are stable as anions (perchlorate, nitrate, sulfate, chloride, uranium) or as neutral species (RDX,
TNT, HMX, boron). Contaminants stable as cations (barium, americium-241, plutonium(V)-238,
-239, -240, strontium-90, cesium-137) have migrated within alluvial groundwater and are
infrequently detected in deeper groundwater.
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Groundwater within a discharge zone, at the end of groundwater flow paths, generally has the
highest mineral or solute content and also represents the oldest water. Residence times of
groundwater and chemical solutes increase both with depth and from west to east across the
Pajarito Plateau within each groundwater zone. The oldest groundwater residence times within
the regional aquifer are on the order of several thousand to tens of thousands of years, based on
carbon-14 dating and on flow and transport models.

Geochemical processes that affect the groundwater chemistry include the following:

. Precipitation/Dissolution: Different reactive minerals and amorphous solids precipitate
or dissolve and can control the major ion composition of groundwater. As groundwater
flows through perched intermediate zones and the regional aquifer, chemical and
mineralogical compositions of reactive phases including silica glass change over time.
For example, silica glass is the most soluble component of the aquifer material reacting
with groundwater to form clay minerals, including kaolinite and smectite. Precipitation
reactions serve as a sink for removing uranium from solution.

. Adsorption: Dissolved species interact with surfaces of aquifer material coated with
hydrous ferric oxide, manganese dioxide, clay minerals, or other adsorbents, often
resulting in the release of adsorbed species via replacement reactions. Hydrous ferric
oxide is an important adsorbent present in different aquifer materials beneath the Pajarito
Plateau. Other common adsorbents of metals include smectite, calcite, manganese oxide,
and solid organic carbon. Downgradient from Laboratory discharge points, adsorption
processes are considered to dominate over mineral precipitation for continual removal of
metals and radionuclides from alluvial groundwater. Adsorption processes involving
uranium(VI) appear to control dissolved concentrations of this actinide in groundwater
beneath the Pajarito Plateau.

. Redox Conditions: Under natural or baseline conditions, groundwater under the Pajarito
Plateau within alluvial, perched intermediate zones, and the regional aquifer is oxidizing.
Adsorption and precipitation reactions involving redox-sensitive contaminants are
directly influenced by oxidation and reduction reactions. Under oxidizing conditions,
species including uranium(VI), sulfate, nitrate, and perchlorate form soluble anions that
are semimobile in groundwater. Uranium(VI) partly adsorbes onto ferric oxyhydroxide
and is semimobile in groundwater between a pH range of 7 to 8.5, typically observed in
groundwaters of the Pajarito Plateau. Under reducing conditions, however, these species
either precipitate from solution (uranium and sulfide minerals), transform (perchlorate)
and/or adsorb onto aquifer materials (nitrogen-ammonium).

. Chemical Speciation: has a direct control on mineral precipitation and adsorption
processes. Formation of uranium(IV) complexes is very unlikely to occur because natural
groundwater at Los Alamos, New Mexico is oxidizing and uranium(VI) species are
stable.
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3.2 Contaminant Distributions and Transport

This section describes the sources, presence, and trends through time of chemical constituents in
groundwater originating from anthropogenic (principally LANL) sources. The movement rates
and distribution of these chemical constituents give an indication of groundwater flow paths and
flow mechanisms over time. Appendix 3-A provides a description and map of each canyon,
arranged by watershed, because this framework highlights the connection between surface liquid
discharge sources and their effects on shallow and deeper groundwater chemistries.

In this section anthropogenic chemical constituents found in groundwater are divided into two
classes: contaminants and other anthropogenic chemical constituents. Contaminants in
groundwater are chemicals found at concentrations near or exceeding either regulatory standards
or, where no standards exist, exceeding EPA screening levels of either hazard index (HI) of 1 or
excess cancer risk of 10”. For chemicals with no standards, the EPA Region VI tap water
screening levels were used (http://www.epa.gov/earth1r6/6pd/rcra_c/pdn/screen.htm). For
cancer-causing substances, the Region VI tap water screening levels are at a risk level of 107,
therefore, 10 times these values were used to screen for a risk level of 10°. A hazard index value
of 1 or less indicates that no (noncancer) adverse human health effects are expected to occur.

Anthropogenic chemical constituents other than contaminants are found at lower concentrations,
although some of these constituents may have been contaminants (that is, at higher
concentrations) in the past.

Table 3-1 summarizes the anthropogenic constituent observations in alluvial, intermediate, and
regional aquifer groundwater. Information on Table 3-1 indicates that most canyons with
anthropogenic constituents in alluvial groundwater also have anthropogenic constituents in the
intermediate (if present) and the regional aquifer. The water quality impacts of effluent releases
on alluvial groundwater extend to perched groundwater at depths of a few hundred feet beneath
these canyons. The contaminated perched groundwater bodies are separated from the regional
aquifer by hundreds of feet of dry rock, and in these wet canyons recharge from the shallow
perched groundwater occurs in a time frame of decades. Nevertheless, the magnitude of water
quality impacts on the regional aquifer are quite low.
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Hydrogeologic Synthesis Report

3.2.1 Contaminant and Constituent Sources

Table 3-1 indicates the factors that have primary influence on distribution of anthropogenic
constituents in groundwater. The first factor is the presence of upgradient sources of these
constituents. The sources affecting groundwater at the Laboratory are mainly liquid effluents
rather than solid waste disposal or other activities. Since the 1940s, liquid effluent disposal by
the Laboratory has degraded water quality in the shallow perched groundwater that underlies a
few canyons (Figure 3-12). Drainages that received significant radioactive effluent discharges
are Mortandad Canyon and Pueblo Canyon from its tributary Acid Canyon, and Los Alamos
Canyon from its tributary DP Canyon. Rogers (2001) and Emelity (1996) summarize radioactive
effluent discharge history at the Laboratory. Water Canyon, its tributary Cafion de Valle, and
Pajarito Canyon have received eftluents produced by HE processing and experimentation
(Glatzmaier 1993, Martin 1993, LANL, 1998a). Over the years, Los Alamos County has
operated three sanitary treatment plants in Pueblo Canyon (LANL, 1981). Only the Bayo plant is
currently operating. The Laboratory has also operated numerous sanitary wastewater treatment
plants, as shown in Figure 3-12.

Solid waste disposal has less potential to affect groundwater. Most solid waste disposal sites are
located on mesa tops where there is little natural or artificial percolation to carry anthropogenic
constituents to groundwater. Canyons that have little or no source of anthropogenic constituents
(Guaje, Bayo, Potrillo, Fence, Ancho, Chaquehui, and Frijoles) have no anthropogenic
constituents in groundwater (Table 3-1). Canyons that had small volume liquid sources or major
dry sources are Cafiada del Buey and Pajarito Canyon (Table 3-1).

3.2.2 Water Inputs

The second factor influencing anthropogenic constituent distribution in groundwater shown on
Table 3-1 is water input, either natural or anthropogenic. The amount of water in a canyon
system is a determining factor for transporting anthropogenic constituents. In most cases where
Laboratory anthropogenic constituents are found at depth, the setting is one of the following:

. canyons where natural water input is high (Pajarito Canyon, Water Canyon, and Cafion
de Valle);
i canyons where anthropogenic water input is high (Pueblo, Los Alamos, Sandia,

Mortandad Canyons); or

. mesa-top sites where large amounts of liquid effluent have been discharged (such as
retention ponds or outfalls) (mesa tops bounded by Cafion de Valle and Water Canyon).

The presence of water, either natural or from the discharge of effluents to canyons or mesa-top
locations in the Laboratory’s semiarid setting initiates or increases downward percolation of
water. Even under unsaturated flow conditions, this percolation may move significant volumes of
water to the regional aquifer within a few decades.
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Figure 3-12.  Major liquid release sources that have potentially affected groundwater at Los
Alamos National Laboratory. Most of these sources are now inactive.

3.2.3 Hydrogeologic Controls

The third factor that contributes to anthropogenic constituent distribution consists of
hydrogeologic controls on groundwater pathways and travel rates (Table 3-1). The controls
considered most important in influencing contaminant distribution and transport are infiltration
at the surface and transport of contaminants in alluvial groundwater, pathways in the vadose
zone and transport through intermediate perched groundwater, and flow field modification in the
regional aquifer.

The movement of groundwater contaminants is best seen through the distribution of conservative
(that is, non-reactive) chemical species. Under most conditions, compounds like RDX, tritium,
perchlorate, and nitrate move readily with the groundwater. In many settings, chemical reactions
do not retard the movement of these compounds or decrease their concentrations, although the
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activity of tritium does decrease due to radioactive decay. For some compounds or constituents
(uranium, strontium-90, barium, some HE compounds, and solvents) movement is slowed or
their concentrations are decreased by adsorption or cation exchange, precipitation or dissolution,
chemical reactions like oxidation/reduction, or radioactive decay. Other constituents (americium-
241, plutonium, and cesium-137) are nearly immobile because they are strongly adsorbed onto
sediment particles.

3.2.3.1 Infiltration Rate and Transport in Alluvial Groundwater

The first hydrogeologic control, infiltration rate, affects the movement of anthropogenic
constituents from the surface to groundwater. As described in Section 2.5.3, undisturbed
Bandelier Tuff has a very low infiltration rate. Areas that have other geologic units (particularly
basalt units) exposed in the canyon bottom have higher, or enhanced, infiltration rates.
Anthropogenic alterations can also enhance infiltration, for example sediment ponds in
Mortandad Canyon and ponds in the Cafion de Valle watershed.

The alluvial groundwater present in several canyons has a small volume relative to the annual
volume of runoff or effluents, does not extend beyond the LANL boundary, and is generally
completely refreshed by recharge on a time scale of about a year (Section 2.4.1). This rapid
turnover of groundwater volume means that, rather than increasing over time, the groundwater
concentrations of conservative compounds are controlled by concentrations in recharge sources
such as effluent. The principal compounds that accumulate or persist in alluvial groundwater are
those, such as strontium-90, that are not highly mobile. Strontium-90 has accumulated mainly in
the canyon floor sediments, from which it slowly but continually leaches into the groundwater
due to cation exchange, maintaining a nearly steady concentration. In some cases, such as RDV
in Canon de Valle, mobile contaminants also persist, possibly due to their continuing presence in
water source regions.

A study by Purtymun et al. (1977) documented this rapid turnover of groundwater and solutes in
Mortandad Canyon. Purtymun showed that the mass of various solutes in Mortandad Canyon
alluvial groundwater was a fraction of the total solute mass that had been discharged into the
canyon over the history of effluent releases. To a first approximation, the entire body of alluvial
groundwater in Mortandad Canyon is chemically well mixed, and variations in concentrations of
specific sources propagate throughout the groundwater system in times of about a year.
Concentrations are at times higher for wells nearest to the outfall, partly because of variable
mixing of effluent with ground and surface water. Concentrations appear to decrease
downstream from the outfall due to mixing and the occasional higher values in upstream wells.
While concentrations vary between wells, overall concentrations of the constituents are generally
similar throughout the alluvial groundwater body at a given time.

Rather than a contaminant plume existing within the alluvial groundwater, a relatively small
volume of groundwater (with a volume of about 20,000 cubic meters) is completely replenished
annually by recharge water (with a volume of about 90,000 to 160,000 cubic meters) which
includes the discharges from RLWTF at TA-50. Purtymun et al. (1977) attributed the losses of
water to evapotranspiration and infiltration into the underlying tuff. The composition of the
alluvial groundwater is a combination of input from the TA-50 facility and other sources such as
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runoff and other Laboratory discharges. The groundwater composition nearest the TA-50
discharge point shows short term (weekly or daily) variations related to the TA-50 outfall, but

over the longer term (annually), these variations are spread throughout the alluvial groundwater
body.

Data for conservative constituents (tritium, nitrate) in alluvial groundwater support the
conceptual model that this groundwater has a short residence time and conservative contaminants
do not accumulate in alluvial groundwater. The time trend pattern for these contaminants shows
a high level when they were being released, followed by a sharp decline in concentration to
nearly nondetectable levels when the source is eliminated. Past values of trititum and nitrate in
alluvial groundwater in DP, Los Alamos, Pueblo, and Mortandad Canyons exceeded the

20,000 pCi/L MCL (Rogers 1998). Such high values do not occur today in these locations
because of improvement in effluent quality, and also possibly because of deeper infiltration of
older effluents.

In Pueblo Canyon, tritium activity in alluvial groundwater was 15,000 pCi/L in the early 1970s,
nearly a decade after effluent discharges ceased; today it is barely detectable (Figure 3-13).
Similarly, alluvial groundwater trittum values in DP and Los Alamos Canyons exceeded
300,000 pCi/L in the late 1960s, but have been barely detectable for the past decade (Figure 3-
14). TA-21 effluent caused tritium levels in surface water and alluvial groundwater in and
downstream of DP Canyon to reach values up to 5,000,000 pCi/L, or 250 times the MCL (Figure
3-14, Figure 3-15). The tritium levels decreased greatly after discharges ceased. In Los Alamos
Canyon above the mouth of DP Canyon, the Omega West Reactor cooling line leaked water
containing tritium from 1956 to 1993. As a result of this leak, tritium activity in alluvial
groundwater remained at values around 10,000 pCi/L or half of the MCL. Once the leak was
discovered and shut off, tritium levels in Los Alamos Canyon water returned to background. In
Mortandad Canyon alluvial groundwater tritium activities often exceeded 300,000 pCi/L and
even reached 2,000,000 pCi/L, but have fallen below the MCL since the RLWTF adopted
effluent limits in 2001 (Figure 3-15, Figure 3-16). At the end of 2000, the RLWTF adopted a
voluntary goal of having tritium activity in its effluent below 20,000 pCi/L, and tritium activity
in the effluent dropped below that in 2001 and was 10,400 pCi/L in 2003. Tritium activity in
alluvial groundwater downgradient of the facility has dropped correspondingly, with a maximum
value of 8,770 pCi/L in 2003.

Nitrate levels in Pueblo Canyon surface water and groundwater follow a strong downward trend
similar to those for tritium. Nitrate has been discharged from Laboratory radioactive liquid waste
effluents and Los Alamos County sanitary wastewater effluent (Figure 3-17, Figure 3-18). The
highest values were found in surface water in the 1950s and 1960s, related to both types of
sources. With decommissioning of the radioactive outfall in 1964 and moving the sanitary
discharge downstream to the Bayo treatment plant, less water and less nitrate have been present
in the upper portion of the drainage in recent years. Nitrate in discharges into DP Canyon from
TA-21 caused surface water and alluvial groundwater concentrations to exceed 100 mg/L (nitrate
as nitrogen), or 10 times the MCL, until discharges ceased in 1986 (Figure 3-18, Figure 3-19).
Nitrate concentrations have returned to background since discharges ended. In Mortandad
Canyon nitrate (as N) concentrations in alluvial groundwater have generally mirrored the
concentration in RLWTF effluent (Figure 3-18, Figure 3-20). The nitrate concentration in the
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Figure 3-13.

Tritium histories in Pueblo Canyon surface water and alluvial and intermediate

groundwater zones. Data are annual averages of all results including nondetects;
note that detection limits have varied greatly through time.
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Figure 3-14.

Tritium histories in DP and Los Alamos Canyon surface water and alluvial

groundwater. Data are annual averages of all results including nondetects; note

that detection limits have varied greatly through time.
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Location of inferred past extent of groundwater contamination by nitrate (as
nitrogen) above the 10 mg/L EPA MCL. Only intermediate perched
groundwater in Mortandad Canyon exceeded this level in recent years. Different
colors indicate the affected groundwater zones. Along canyons, the extent of
alluvial groundwater contamination lateral to the canyon is not to scale:
contamination is confined to the alluvium within the canyon bottom and is
narrow at the map scale. The extent of intermediate groundwater and regional
aquifer contamination is based on a limited number of wells; question marks on
the maps indicate where contaminant extent is inferred, not necessarily
substantiated.
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Figure 3-19.

Nitrate histories in DP and Los Alamos Canyon surface water, alluvial
groundwater, and the regional aquifer. Data are annual averages of all results.
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Nitrate histories in Mortandad Canyon alluvial groundwater and the regional
aquifer. Data are annual averages of all results.
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effluent decreased in 1999 due to improved treatment in the RLWTF, and alluvial groundwater
concentrations have fallen below the New Mexico Groundwater Standard of 10 mg/L as a result.

The distribution of perchlorate indicates where effluent releases have occurred in canyons
(Figure 3-21). Perchlorate history in Mortandad Canyon shows the rapid decrease in perchlorate
after the source was eliminated (Figure 3-22). The perchlorate concentration in the effluent
decreased in 2002 due to improved treatment in the RLWTF, and alluvial groundwater
concentrations have fallen significantly as a result.

Data for adsorbing constituents (strontium-90, plutonium-239, -240) support the conceptual
model of contaminant adsorption onto alluvial sediments. The adsorbing contaminants decline in
concentration when the source is cut off, followed by maintenance of a fairly constant low
concentration in the groundwater due to cation exchange. The highest measured strontium-90
activity was about 500 pCi/L in Acid Canyon surface water in 1960. With no present source,
levels have dropped dramatically and strontium-90 is now seen only at low activities, below 1
pCi/L in alluvial groundwater (Figure 3-23).

In Los Alamos Canyon is strontium-90 contamination in surface water and alluvial groundwater
derived from reactor sources at TA-2 and effluent discharges from TA-21 (Figure 3-24). The
strontium-90 activity in DP Canyon surface water reached 28,600 pCi/L. There is no present
source, and activities dropped greatly after discharges ceased. However, strontium-90 persists in
alluvial groundwater at levels above the EPA MCL of 8 pCi/L due to the large inventory in
alluvial sediment, which moves to the groundwater by cation exchange (Figure 3-24). Effects of
Manhattan Project releases in upper Los Alamos Canyon cause plutonium-239, -240 activity in
alluvial groundwater to remain at about 25% of the DOE 4 mrem drinking water derived
concentration guide (DCG) of 1.2 pCi/L (Figure 3-25). Discharges from TA-21 resulted in
plutonium-239, -240 activity in surface water much above the DOE 4 mrem DCG, even
exceeding the 100 mrem DCG of 30 pCi/L in the late 1960s. Plutonium activity decreased
substantially with the end of discharges in 1986, but is still occasionally detected in surface water
and alluvial groundwater below the former outfall. In Mortandad Canyon the discharge from the
RLWTF creates a localized area of alluvial groundwater where strontium-90 persists at levels
above the 8-pCi/L EPA drinking-water MCL (Figure 3-26). The radionuclides plutonium-238;
plutonium-239, -240; and americium-241 are also present above the 4-mrem DOE DCG for
drinking water (Figure 3-27).

3.2.3.2 Vadose Zone Pathways and Transport in Intermediate Groundwater

A hydrogeologic control on movement of anthropogenic constituents through the vadose zone is
the presence of geologic units that can act as pathways. In general, these are units that are
conducive to perching groundwater and forming intermediate perched groundwater. The water
quality impacts from effluent releases extend in a few cases to intermediate perched groundwater
at depths of a few hundred feet beneath these canyons. Because the contaminated alluvial
groundwater bodies are separated from the intermediate perched groundwater by hundreds of
feet of dry rock, pathways within the vadose zone are likely present in those canyons.
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Figure 3-21.  Location of groundwater contamination by perchlorate above the 3.7 ppb EPA
Region VI risk level. Different colors indicate the affected groundwater zones.
The extent of intermediate groundwater and regional aquifer contamination is
based on a limited number of wells: question marks on the maps indicate where
contaminant extent is inferred, not necessarily substantiated.
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Figure 3-24.

Strontium-90 histories in DP and Los Alamos Canyon surface water and alluvial
groundwater. Data are annual averages of all results including nondetects; note
that detection limits have varied greatly through time.
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Plutonium-239, -240 histories in DP and Los Alamos Canyon surface water,
alluvial groundwater, and the regional aquifer. Data are annual averages of all
results including nondetects; note that detection limits have varied greatly

through time.
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Figure 3-26.  Strontium-90 histories in Mortandad Canyon alluvial groundwater and the
regional aquifer. Data are annual averages of all results including nondetects;

note that detection limits have varied greatly through time.

In Mortandad Canyon, Purtymun et al. (1977) estimated that, on average, about 15% of the
surface water and shallow alluvial groundwater was lost to evapotranspiration. Because surface
water or alluvial groundwater rarely flows beyond the Laboratory boundary, the remaining 85%
of the water that enters the canyon must be lost by infiltration into the underlying tuff. Core
profiles (Longmire 2001a) indicate a significant inventory of perchlorate and nitrate within the
400 ft of unsaturated Bandelier Tuff underlying the canyon floor.

Concentrations of contaminants such as nitrate, perchlorate, and tritium in Mortandad Canyon
intermediate perched groundwater lie between current and past values in the alluvial
groundwater. This banded range of observed concentrations suggests that the alluvial
groundwater is a significant source of recharge to the intermediate groundwater; that this
recharge requires on the order of decades; and that the solutes in the infiltrating water may be
diluted by uncontaminated water already in the vadose zone or in the intermediate perched zone.

Low-level tritium data in intermediate perched groundwater support the conceptual model that
alluvial groundwater affected by effluent discharges is a principal source of recharge and
contaminants for the intermediate perched groundwater (Figure 3-28). The highest values are
found where effluent discharges have occurred, but are much lower than values observed in
alluvial groundwater. The lower values may be due to mixing of recharge with other
groundwater sources as well as radioactive decay due to recharge time of decades. Higher-than-
background tritium values occur in
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Figure 3-27.  Location of groundwater contamination by plutonium-238; plutonium-239,
-240; and americium-241 above the 4-mrem DOE DCG for drinking water. The
2003 maximum values in Mortandad Canyon alluvial groundwater for
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times the 4-mrem limit, respectively. Different colors indicate the affected
groundwater zones.
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Figure 3-28.  Low-detection-limit tritium data from wells and springs sampling intermediate
perched groundwater. Data are mainly from 2002 to 2004 and do not include
borehole data. The highest values occur where effluent discharges have
occurred.
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i R-25 near the 260 outfall and other discharges in TA-16,
. below the former TA-45 discharge in Pueblo Canyon,

. downstream from the Omega West reactor site and TA-21 discharges in Los Alamos
Canyon, and

. below the sanitary effluent discharge site in Sandia Canyon, and the RLWTF in
Mortandad Canyon.

Tritium time-series data also support a conceptual model that groundwater in the intermediate
perched zones may have short residence times. Following cessation on effluent discharge from
TA-45 into Acid Canyon in 1964, tritium in the intermediate perched zone sampled by TW-2A
fell rapidly during the 1980s (Figure 3-13). Analysis of water samples from TW-2A show that
this perched zone continues to contain elevated activities of tritium (2,228 pCi/L). This suggests
that tritium associated with the former TA-45 treatment plant has infiltrated the canyon floor and
migrated vertically, at least to the depth of the intermediate perched zone at TW-2A. Elsewhere
in intermediate perched groundwater tritium has been detected mainly at trace levels

(Figure 3-13). Although these incomplete data sets begin 15 years after discharges ceased, they
support the conceptual model of short groundwater residence time.

In LADP-3 in Los Alamos Canyon, tritium activities fell rapidly over the decade after the Omega
West reactor cooling line leak was stopped. Tritium was initially found in LADP-3 at 5500 pCi/L
(Broxton et al. 1995) but activity has declined greatly since then, related to cessation of the
Omega West reactor cooling line leak in 1993. Tritium in the two intermediate perched zones at
R-91 was about 233 pCi/L at 180 ft and 110 pCi/L at 275 ft.

3.2.33 Flow Field Modification and Transport in Regional Aquifer Groundwater
Relatively little contamination reaches the regional aquifer from the alluvial groundwater bodies,
and water quality impacts on the regional aquifer, though present, are low. The last
hydrogeologic control, flow field modification, is considered important in controlling
anthropogenic constituent distribution in the regional aquifer. Anthropogenic constituents that
enter the regional aquifer near pumping wells are predicted to have much travel times than those
outside the influence of pumping (Section 4).

The distribution of tritium in the regional aquifer supports the conceptual model that surface
effluent discharges are the source of Laboratory contaminants at depth (Figure 3-29). The map
shows low-level tritium values from 2002-2004 and includes springs and wells.

In most cases, the highest regional aquifer tritium values are found near where effluent
discharges have occurred, but are much lower than values observed in overlying alluvial or
intermediate perched groundwater. The lower regional aquifer values may be due to dilution of
recharge by other groundwater sources as well as radioactive decay due to recharge times of
decades. The locations of the highest values in Figure 3-29 are near the recharge sources
described in Appendix 3-A, with two additional locations that have high trititum values. One is at
R-22 near MDA G, which may be due to past tritium disposal at that site. The second is at
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Figure 3-29.  Low-detection-limit tritium data from wells and springs sampling the regional
aquifer. Data are from 2002 to 2004 and do not include borehole data. The
highest values occur where effluent discharges have occurred.

Spring 4B. The values, in the range of 45 pCi/L, are similar to data from rainfall and the Rio
Grande and may be due to a component of surface water in the spring sample (LANL 2004b).

3.24 Off-Site Transport

Anthropogenic constituents that reach the regional aquifer will be transported along flow paths
that will extend either to pumping wells or to the Rio Grande, the discharge area for the regional
aquifer in the Espafola Basin (Section 2). The travel times along the natural flow paths are quite
long (tens of thousands of years), but can be shorter for flow paths leading to pumping wells
(Section 4).
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As discussed in Section 3.2.1, the most mobile contaminants would be the first to appear in any
of the regional aquifer discharge points. Appendix 3-A contains descriptions of canyons and the
constituents that have been detected in the regional aquifer. Highly mobile groundwater
contaminants including chloride, nitrate, perchlorate, and tritium have migrated into the regional
aquifer near LANL. Monitoring data suggest that these constituents may also be discharging in
some White Rock Canyon springs. Nitrate, chloride, and sulfate have increased gradually during
the past 20 years in Spring 3 and Spring 3A (Figure 3-30). Tritium values in the springs are
either in the range of regional aquifer values (less than 3 pCi/L) or up to 45 pCi/L, which could
indicate either Laboratory impact or a component of precipitation (tritium in precipitation is 30—
450 pCi/L). Perchlorate measured at low levels in some springs appears to be naturally occurring
because it is within the range of regional background levels.

Four alternative pathways have been articulated to explain the presence of anthropogenic
constituents in White Rock Canyon springs. One potential source is effluent discharged from the
county’s sewage treatment plants. McQuillan et al. (2004) noted that Los Alamos County water
supply well Otowi-1 produces water with above-background nitrate, and detectable perchlorate
and tritium, as do some of the springs. The calcium-bicarbonate groundwater at Spring 2B is
chemically similar to that in regional aquifer well TW-1 in lower Pueblo Canyon. Although the
Spring 2B major ion chemistry is consistent with the upgradient geochemical data from TW-1 in
lower Pueblo Canyon, TW-1 is located approximately 4 miles away from Spring 2B. The White
Rock Sewage Treatment Plant is very close to the springs. Both TW-1 and Spring 2B are located
near (separate) municipal sewage discharges and the common sewage signature could yield
similar water chemistries at both sites. Nitrate and chloride are common contaminants associated
with sewage effluent.

McQuillan et al. (2004) suggest rapid transport in the regional aquifer from Pueblo Canyon to
White Rock Canyon. Contaminants released in Acid Canyon, after having reached the regional
aquifer, traveled rapidly through the regional aquifer in an easterly, then southerly path line
starting at about Otowi-1 and TW-1, discharging in several springs along White Rock Canyon.
However, these flow paths are inconsistent with the gradients in the regional aquifer, based on
the latest potentiometric data. This pathway also requires rapid transport through the regional
aquifer, contrary to evidence (carbon-14 data) that suggests slow transport through the regional
aquifer (Sections 2.7.7 and 4). Water from lower Pueblo Canyon would need to travel many miles
through the regional aquifer to Spring 2B with minimal mixing or dispersion in order to account
for the observed concentrations.

One further geochemical argument, which suggests that water in Spring 2B does not originate
near O-1 and TW-1 in Pueblo Canyon, is the high uranium concentration in Spring 2B water.
Uranium concentrations in Spring 2B are sharply anomalous compared to adjacent springs.
There have been no high uranium concentrations measured in regional groundwater beneath
LANL or Pueblo Canyon (Gallaher et al. 2004) that are comparable to those in Spring 2B.
However, high natural uranium concentrations are known to exist throughout the Pojoaque
Valley, in the well field in lower LA Canyon, and in the nearby Buckman wellfield. The natural
levels have been shown to vary in response to pumping in the old LA wellfield, and delayed
impacts may appear in Springs 1 and 2.
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Figure 3-30.  Anion concentrations in Springs 3 and 3A. Solid lines are best fit smooths to the
data using loess methods (Cleveland 1979).
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A second hypothesized pathway is a local source for contaminants present in the springs. Spring
2B chemistry is consistent with effluent from the White Rock Sewage Treatment Plant (located
on the White Rock Canyon rim above Spring 2B). The decades-long increases in nitrate and
chloride concentrations in Springs 3 and 3A suggest a sustained source such as an effluent
discharge. Surface flows from the plant pass near these springs.

The third potential pathway is near-surface transport of contaminants to the White Rock Canyon
springs. LANL contaminants are hypothesized as being transported in surface water and/or
shallow groundwater along Pajarito Canyon from TA-9 to White Rock, followed by infiltration
near the springs and a relatively short transit through the vadose zone to the regional aquifer.
Such fast, shallow paths are more plausible and consistent with available information than fast
transport through the regional aquifer. The major ion chemistry in the springs near Pajarito
Canyon is generally consistent with that of groundwater along this flow path. Some fast regional
aquifer transport would still need to occur for the contaminants to reach the springs.

The fourth possible pathway is transport via alluvial groundwater and fractural basalt. This
pathway involves Laboratory contaminants reaching the springs via shallow and deep pathways
in which transport is dominated by movement through fractural basalts. Fast transport through
the basalts is more plausible than fast transport in the regional aquifer within the Puye Formation
or the Santa Fe Group. The basalt-dominated pathway would likely be fast through the vadose
zone as well. Drilling to date has not located any major contamination zones in basalt, but such
zones could be isolated and difficult to encounter.

If any of the hypothesized alternative fast pathways invoked to explain the possible presence of
LANL-derived constituents in springs exist, groundwater beneath LANL may travel more
rapidly to downstream wells or springs than previously recognized, but the overall water quality
changes would be anticipated to be relatively minor. Faster travel in the regional aquifer likely
would result in less natural attenuation (for example, adsorption, radioactive decay, mixing) of
any LANL-derived contamination. The monitoring history to date, however, has revealed minor
impacts on the regional aquifer beneath the Laboratory. Continued LANL-wide groundwater
monitoring is the most effective mechanism for identifying potential off-site transport of
contaminants. See Appendix 3-D for discussion of other alternative conceptual transport models.

3.2.5 Summary of Contaminant Distribution and Transport

The impacts to groundwater at the Laboratory have occurred mainly where effluent discharges
have increased local infiltration rates and volumes. The depth to which chemical constituents
move in the subsurface is determined partly by their chemical behavior: non-reactive constituents
move readily with groundwater, while reactive or adsorbing constituents move a shorter distance.

In most cases where effluent sources have been eliminated, groundwater concentrations of non-
reactive discharged contaminants have decreased far below past levels (e.g., RDX, nitrate,
trittum, and perchlorate) in alluvial groundwater. These mobile contaminants readily move
through the subsurface and are detected within perched intermediate zones and at the regional
water table beneath several canyons, including Pueblo Canyon, Los Alamos Canyon, Sandia
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Canyon, Mortandad Canyon, and Cafion de Valle. In the case of reactive or adsorbing chemicals,
the concentrations may remain elevated above background levels for long periods of time after
elimination of discharges or other contaminant source terms (e.g., excavation and removal of
contaminated sediments). These include constituents such as strontium-90 and the actinides
(americium-241, plutonium-238, and plutonium-239, -240).
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4.0 NUMERICAL MODELS

The conceptual models of the hydrogeologic system beneath the Pajarito Plateau, as well as the
supporting data and information, were described in Sections 2 and 3. Numerical modeling is an
analytical tool that can be used to integrate and synthesize the sometimes widely spaced point
hydrogeologic field data and that allows prediction of how the hydrologic system will behave at
different times and under different conditions in the future. However, before models can be used
for prediction, they must be shown to adequately reproduce current conditions. A caveat is that
different model representations (assumptions, boundary conditions, structural features,
dimensionality) can in many cases provide equally good fits to available data. This fact,
sometimes called equifinality in the hydrologic literature, implies that different model
representations may result in significantly different model predictions. In this section we have
selected representative model structures that are most consistent with the available information,
while acknowledging that conceptual uncertainties also exist. This section describes the site-
scale vadose zone and regional aquifer models that have been developed, including the
underlying assumptions, hydrologic processes, calibration, and predictions for flow and
transport.

4.1 Site-Wide Vadose Zone Flow and Transport Model

Hydrologic modeling of the vadose zone has been conducted to understand the key factors
influencing the transport of contaminants from the ground surface to the regional aquifer, and to
quantify uncertainties. The main goal of the site-wide vadose zone flow and transport model is to
identify regions at the Laboratory where deep migration of contaminants is most likely. These
analyses have been useful for guiding and prioritizing site characterization activities and can be
used to support risk and performance assessments.

The following summary describes the underlying assumptions and hydrologic processes, and
presents numerical modeling predictions of the travel times from the ground surface to the top of
the regional aquifer across the Pajarito Plateau. Simulation of travel time of traced water is a
necessary first step in predicting the velocities and concentrations of contaminants through the
vadose zone. For a modeling analysis that includes predictions of tritium concentrations, see the
presentation of a numerical model for Los Alamos Canyon in Section 4.1.3.2.

4.1.1 Model Development

Transport of water and dissolved chemicals through the vadose zone beneath the Pajarito Plateau
has been the subject of numerous laboratory and field investigations and numerical model
development efforts. The characterization and modeling of vadose zone systems requires
knowledge of the water supply, percolation rates and the hydrologic properties of rocks and soils
under unsaturated conditions. Such an understanding, at a basic level, has been acquired for the
Bandelier Tuff underlying much of the Pajarito Plateau. In the past, that knowledge has been
used to develop geometrically complex numerical models to investigate in detail the influence of
dipping stratigraphy, rugged topography, and manmade alterations to the natural system (see
Section 4.1.3 for examples).
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Due to the complexity and computational demands of vadose zone models, they typically cover
only a small portion of the Laboratory property, and thereby provide only a local picture of the
vadose zone system. This section describes a site-wide model for performing first-order analysis
of travel time through the vadose zone across the entire Pajarito Plateau. By foregoing some of
the complexities in favor of a simpler representation of the flow physics, this model can be
extended to include all locations of interest on the LANL property.

The following subsections present the modeling inputs, assumptions, and methodology in more
detail.

4.1.1.1 Flow and Transport Processes

Despite the potential complexities associated with vadose zone systems, many basic processes
are amenable to characterization and numerical simulation. In the Bandelier Tuff, when the
percolation rate is lower than the saturated hydraulic conductivity K, of the matrix rock, the
fluid saturation in the partially water-filled pores modulates itself in order to transmit the fluid
under unit-gradient conditions associated with gravity-driven flow. Section 2.6.3 included data
suggesting that under most conditions, water percolates through the Bandelier Tuff matrix, and
the role of fractures is minor, except for the uppermost units of the Tshirege Member, present
only in the westernmost portion of the Laboratory. In these locations, units with very low
hydraulic conductivity induce lateral flow, probably through fractures. This phenomenon leads to
shallow zones of saturation in which water travels laterally and issues at springs in Cafion de
Valle and Water Canyon, from which it flows vertically downward through the rest of the
Bandelier Tuff in matrix flow. In contrast, flow through the basaltic and dacitic rocks is assumed
to be controlled by fractures. The practical consequence of these conceptual models for travel
times will be established in the numerical modeling results. Finally, flow through the Puye
Formation is probably also matrix-dominated, although the hydrogeology is complicated and the
possibility of channelized, heterogeneous flow must be considered.

In spite of the inherently three-dimensional nature of flow in the vadose zone, an appropriate
approximation for estimating travel time is to assume one-dimensional downward percolation of
water and migration of contaminants. Intermediate perched groundwater observed in several
wells across the Plateau indicates the possibility of lateral diversion (see Section 2.7), but the
influence of such groundwater on vadose zone travel time can be assessed in a bounding manner,
as is illustrated in Section 4.1.2.3.

4.1.1.2 Infiltration Rate

As the upper fluid flow boundary condition, infiltration is one of the most important inputs for a
vadose-zone model. Infiltration is known to depend, often in a complex way, on the local surface
hydrologic conditions, topography, microclimatic conditions, evapotranspirative (ET) conditions
(including vegetation type), and the presence or absence of impermeable layers such as thin clay
layers within and at the base of the alluvium. The water that escapes ET and surface runoft is
assumed to percolate through the remainder of the vadose zone to the regional aquifer, carrying
with it any aqueous chemicals such as contaminants or dissolved minerals. The percolation rate
below the zone of evapotranspiration is the direct input to the vadose zone numerical models.
Although this rate undoubtedly changes with time due to storm transients, seasonal variations,
and climatic variability, it is assumed that such effects are buffered by the hydrologic processes
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that redistribute water in the surface water, alluvial groundwater, and unsaturated rocks of the
vadose zone, so that an equivalent constant percolation rate can be assigned. The infiltration rate
is also spatially variable at scales ranging from the width of fractured zones to the length of
individual canyons.

The methodology for estimating infiltration rates across the Pajarito Plateau is to classify
canyons or portions of canyons with a numerical designator, called the Net Infiltration Index
(NII). Then, for applying infiltration in the numerical model, each NII would have associated
with it an infiltration rate. For the mesas, a uniform infiltration rate of 1 mm/yr was assumed.
Appendix 4-A presents the development of the NII values across the Pajarito Plateau; the results
are depicted in Figure 4-A-1. Table 4-1 lists, for each NII, the descriptive characteristics of each
infiltration class, and the infiltration rates associated with each of the model runs.

4.1.1.3 Numerical Model Implementation

To predict travel time, the FEHM computer code (Zyvoloski et al. 1997) was used to simulate
the two-phase, air-water flow problem. For the vertical stratigraphy predicted by the site
geologic model, a one-dimensional grid was constructed with 10 evenly spaced numerical grid
points within each layer. Hydrologic properties of each unit were assigned based on laboratory
measurements and results of previous vadose-zone modeling efforts, and the percolation rate was
assigned based on the infiltration map (Figure 2-34). The calculation consists of two steps: first,
a steady-state one-dimensional fluid flow calculation is executed to establish the fluid water
contents and water velocities through the stratigraphic column from the surface to the water
table. Then, this steady-state flow model is used to compute a travel time using particle tracking.
After performing the calculation at numerous locations across the Plateau, a site-wide description
of vadose zone travel times is assembled in the form of travel-time maps.

To conduct these calculations, several steps of the process were automated within a GIS-based
data assembly and querying system. At a given location, the one-dimensional vertical
stratigraphy from the site-scale geologic model was used to generate a numerical grid for flow
and transport calculations. The point distribution for the one-dimensional models consisted of a
high density of points close to drainages across the Pajarito Plateau, and a coarser resolution on
the mesas. Regions corresponding to the drainages, where relatively large infiltration is applied,
were converted to a high-resolution grid (cell size of 128 ft) with each point located in the center
of the cell. On the mesas, a coarser point distribution of 512 ft was taken. This resulted in a total
of 30,577 points across the plateau at which one-dimensional transport times were calculated.
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4.1.2 Model Results

Numerical modeling results are presented for a “base-case” model for canyons and mesas, after

which uncertainty in infiltration rate and the impact of perched water conceptual uncertainty are
studied.

4.1.2.1 Base-Case Results

A full-scale map of predicted travel times of a water molecule in the vadose zone (from ground
surface to the water table of the regional aquifer) is shown in Figure 4-1. Along each canyon
with NII other than 1, travel times are predicted to be less than 1000 years. Although the results
in canyons are the main focus of this study, results for the mesas are described first. On mesas,
the predicted travel times are variable, but for the most part are greater than 1000 years, ranging

from 1000-5000 years on the eastern portions of the Laboratory to 20,000 to 30,000 years in the
western region.

D Laboratory boundary

Vadose Zone travel time (years)
0- 1000
1000 - 2000

[ 2000 - 5000

5000 - 10000
10000 - 15000

B 15000 - 20000

[ 20000 - 25000

B 25000 - 30000

B > 30000
3 X S . \ N [_] Nodata
pad \ h Y : \ ( (_..1
Yoo R T % = W~<§>E
0 2 4 6 8 Miles
Figure 4-1. Predicted vadose zone travel times (years) to the water table: Base case, full

scale of travel times.
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To a first approximation, travel times from mesa tops are controlled by the thickness of the
Bandelier Tuff. Because the Bandelier Tuff exhibits matrix percolation, the travel times on the
mesas are controlled by slow percolation at a flux of 1 mm/yr through these units. Other units
between the ground surface and the water table are the Cerros del Rio basalts, the Puye
Formation, and the Tshicoma dacites. The basalts and dacites are modeled with an extremely low
porosity (0.01) to capture the conceptual model feature of flow through these units controlled by
fast pathways such as fractures or other heterogeneities. Therefore, most of the travel time to the
water table is within the Bandelier Tuff, and the travel time map is therefore dominated by the
tuff thickness.

Identification of rapid travel times to the water table from canyon bottoms is important to
determine if they are in locations likely to have experienced Laboratory-derived groundwater
contamination. Figure 4-2a shows the base-case model result presented in Figure 4-1, except that
the travel-time scale ranges from 0 to 100 years (all points with values greater than 100 years are
shown in gray). The model predicts that regions of relatively rapid travel times are present in the
following canyons: Pajarito Canyon near White Rock, a portion of Cafion de Valle, Mortandad
Canyon at the Radioactive Liquid Waste Treatment facility, middle and lower Los Alamos
Canyon, large portions of Pueblo Canyon, and Guaje Canyon.

Two factors control these results: infiltration rate and hydrostratigraphy. Generally, travel times
less than 100 years are predicted in the portions of canyons with NII values of 4 or 5 (300 mm/yr
and 1000 mm/yr, respectively), especially in locations where the Bandelier Tuff is thin. Clearly,
canyons with high infiltration rates are locations in which travel times through the vadose zone
are likely to be relatively short. In addition, Los Alamos and Pueblo Canyons have regions in the
vicinity of their confluence in which the Bandelier Tuff is thin or non-existent. Water infiltrates
directly onto basaltic rocks or the Puye Formation, thereby yielding rapidly downward flow
through fractures or preferential flow channels. The predicted travel times are especially short (5
to 10 years) in these locations.

4.1.2.2 Uncertain Infiltration Rate

The infiltration rates associated with the NII are uncertain, and therefore must be varied to
investigate the uncertainty in the model predictions. Figure 4-3a shows the same vadose zone
travel time map as in Figure 4-2a, but for the high infiltration rate scenario (NII = 4-5). As
expected, travel times are shorter at the same location in any particular canyon at the higher
infiltration rate. As a result, greater stretches of canyons are predicted to exhibit travel times to
the regional aquifer water table of less than 100 years. Specifically, in the high flux scenario,
most of Pajarito Canyon, much longer stretches of Mortandad and Los Alamos Canyons, Cafion
de Valle/Water Canyons from the west to the central portion of the Laboratory, and all of Pueblo
Canyon in the vicinity of the Laboratory are predicted to have travel times that are less than 100
years.

This analysis highlights a key uncertainty in the model: the lack of precision in predicting the
percolation rate from canyon bottoms. Because contaminants have been introduced into the
groundwater in canyons, it is likely that the percolation rate will be one of the key uncertainties
that detailed site characterization may address, possibly in conjunction with sensitivity analyses.
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Figure 4-2. Predicted vadose zone travel times (years) to the water table, showing only
travel times of 100 years or less. Base case percolation scenario:
(a) 1-D transport to the water table; (b) alternate perched water model.
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4.1.2.3 Perched Water Conceptual Uncertainty

The one-dimensional, vertical transport model assumption is an approximation that may not be
valid, given the presence of intermediate groundwater at various locations around the
Laboratory. As presented in Section 2.7, zones of saturation have been located directly beneath
canyons, where infiltration rates are highest. There is little or no evidence that connected
groundwater pathways exist over large areal distances beneath mesas. Given the limitations of
the data, the approach taken in the present study is to bracket the range of travel times to the
water table that would be predicted assuming “end-member” conceptual models for perched
water discussed in Section 2.7:

* Low velocity, virtually stagnant fluid
* High velocity, laterally migrating fluid

For the case of stagnant fluid, the one-dimensional pathway approach presented above is an
appropriate model. For this case, the calculations already presented are representative. However,
the lateral diversion model explicitly violates the one-dimensional assumption, and therefore a
bounding approximation is required. In these analyses, it is assumed that the travel time from the
surface to the elevation of perching is the same as was modeled previously, but the travel time
from the perched water zone to the water table is minimal. This approach yields the shortest
overall possible travel time, and therefore is useful for assessing the impact of this conceptual
uncertainty. Note that this analysis assumes that lateral displacement of water and contaminants
in perched zones is relatively small compared to lateral displacement in alluvial groundwater
systems that are the source of deep percolation.

To perform these calculations, regions were identified within the canyons where intermediate
groundwater has been observed, and it was assumed that the vadose zone pathway terminates at
that location. This allows travel times to be bounded without explicitly modeling transport from
the perching horizon to the regional aquifer. Figures 4-2b and 4-3b show the results of the travel
time simulations for the alternate perched water conceptual model for each percolation scenario.
Comparing these figures to their counterparts for the one-dimensional downward flow cases
(Figures 4-2a and 4-3a), the differences in travel time are quite subtle. The regions with vadose
zone travel times of less than 100 years remain approximately the same, and the travel times at
the same location are only mildly impacted by the perched water conceptual model. For example,
for the base-case infiltration scenario, travel times are shorter by about 15-20 years for the
alternate perched water model, and for the high flux scenario, these differences are even smaller.

To understand this result, note that transport from the ground surface to the water table in the
one-dimensional model is dominated by percolation through the matrix of the Bandelier Tuff.
Therefore, terminating the transport pathway at the base of the tuff, as in the alternate perched
water scenario, eliminates a relatively small portion of the total travel time to the regional
aquifer. Of course, despite this insensitivity of travel time, the arrival location at the water table
is potentially quite different for the two cases: this factor should be considered in specific cases
of contaminant transport predictions.
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Figure 4-3. Predicted vadose zone travel times (years) to the water table, showing only

travel times of 100 years or less. High percolation flux scenario: (a)1-D to the
water table; (b) alternate perched water model.
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4.1.3 Contaminant Transport Model Predictions—Representative Canyon and
Mesa Sites

This section presents an overview of modeling studies focusing on two representative LANL
sites. The first example models contaminant transport from a relatively dry mesa top, while the
other addresses a canyon bottom.

4.1.3.1 MDA G Model

This section highlights the model developed for the Material Disposal Area G (MDA G)
performance assessment. A detailed description of the model is provided in Appendix 4-B.

A performance assessment (PA) is required to site and authorize permanent disposal facilities for
radioactive waste. The purpose of the PA is to demonstrate that performance metrics related to
protection of human health and the environment are not likely to be exceeded for a specified
period of time. Performance objectives and periods of compliance vary according to the
characteristics of the radioactive waste being disposed, but groundwater protection for U.S. sites
is always explicitly required for at least 1000 years. This study was designed to predict the
groundwater pathway dose in support of the PA of MDA G, an active, low-level, solid
radioactive waste site located at LANL, as shown in Figure 4-4 (Fig. 1 of Birdsell et al. 2000).

The three-dimensional unsaturated-zone flow and transport model captures the complex
hydrogeology and topography of the site and yields radionuclide flux estimates to the regional
aquifer. Within the unsaturated-zone model, the source release of radionuclides is computed for
38 waste disposal pits and four shaft fields, as shown in Figure 4-5 (Figure 3 of Birdsell et al.
2000), each contributing to the total inventory. The continued migration of radionuclides through
the aquifer is calculated by using a three-dimensional model designed to maintain the temporally
and spatially varying distribution of radionuclide flux from the unsaturated zone.

Due to uncertainty of model parameters, the results of these transport simulations contain
intrinsic uncertainty. The greatest uncertainties associated with predicting aquifer-related doses
from the site, according to Birdsell et al. (2000), are related to understanding of the mechanisms
that control flow and transport within the unsaturated zone and the ability to model these
mechanisms. To accommodate both parameter and conceptual model uncertainties, large
parameter ranges are used to ensure that the range of calculations captures the behavior of the
actual system. However, predicted doses using parameters from the most conservative ends of
the uncertain ranges are still well below those that would cause concern.
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Figure 4-4.

Study area for the performance assessment of MDA G, an active low-level,

solid radioactive waste site located at LANL (from Birdsell et al. 2000).
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