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Geologic Controls of Hydraulic Conductivity in
the Snake River Plain Aquifer at and near the
Idaho National Engineering and Environmental

Laboratory, Idaho

By S.R. Anderson, Mel A. Kuntz, and Linda C. Davis

Abstract

The effective hydraulic conductivity of basalt
and interbedded sediment that compose the Snake
River Plain aquifer at and near the Idaho National
Engineering and Environmental Laboratory
(INEEL) ranges from about 1.0x10 to 3.2x10*
feet per day (ft/d). This six-order-of-magnitude
range of hydraulic conductivity was estimated
from single-well aquifer tests in 114 wells, and is
attributed mainly to the physical characteristics
and distribution of basalt flows and dikes. Hydrau-
lic conductivity is greatest in thin pahoehoe flows
and near-vent volcanic deposits. Hydraulic con-
ductivity is least in flows and deposits cut by
dikes. Estimates of hydraulic conductivity at and
near the INEEL are similar to those measured in
similar volcanic settings in Hawaii.

The largest variety of rock types and the great-
est range of hydraulic conductivity are in volcanic
rift zones, which are characterized by numerous
aligned volcanic vents and fissures related to
underlying dikes. Volcanic features related to indi-
vidual dike systems within these rift zones are
approximated in the subsurface by narrow zones
referred to as vent corridors. Vent corridors at and
near the INEEL are generally perpendicular to
ground-water flow and average about 1 to 2 miles
in width and S to 15 miles in length. Forty-five
vent corridors are inferred to be beneath the
INEEL and adjacent areas. Vent corridors are
characterized locally by anoxic water and altered
basalt. In many of the vent corridors, water from
the uppermost 200 feet of the aquiferis 1 to 7
degrees Celsius warmer than the median tempera-
ture of water (13 degrees Celsius) throughout the
aquifer.

Three broad categories of hydraulic conductiv-
ity corresponding to six general types of geologic

controls can be inferred from the distribution of
wells and vent corridors. Hydraulic conductivity of
category 1 includes 73 estimates, ranges from
1.0x10? to 3.2x10* ft/d, and corresponds to (1) the
contacts, rubble zones, and cooling fractures of
thin, tube-fed pahoehoe flows; and (2) the numer-
ous voids present in shelly pahoehoe and slab
pahoehoe flows; and bedded scoria, spatter, and
ash near volcanic vents. Hydraulic conductivity of
category 2 includes 28 estimates, ranges from
1.0x10° to 1.0x10? ft/d, and corresponds to (3) rel-
atively thick, tube-fed pahoehoe flows that may be
ponded in topographic depressions; and (4) thin,
tube-fed pahoehoe flows cut by discontinuous
dikes. Hydraulic conductivity of category 3
includes 13 estimates, ranges from 1.0x102 to
1.0x10° ft/d, and corresponds to (5) localized dike
swarms; and (6) thick, tube-fed pahoehoe flows
cut by discontinuous dikes. Some overlap between
these categories and controls is likely because of
the small number of hydraulic conductivity esti-
mates and the complex geologic environment.

Hydraulic conductivity of basalt flows proba-
bly is increased by localized fissures and coarse
mixtures of interbedded sediment, scoria, and
basalt rubble. Hydraulic conductivity of basalt
flows is decreased locally by abundant alteration
minerals of probable hydrothermal origin. Hydrau-
lic conductivity varies as much as six orders of
magnitude in a single vent corridor and varies
from three to five orders of magnitude within dis-
tances of 500 to 1,000 feet. Abrupt changes in
hydraulic conductivity over short distances sug-
gest the presence of preferential pathways and
local barriers that may greatly affect the move-
ment of ground water and the dispersion of radio-
active and chemical wastes downgradient from
points of waste disposal.



INTRODUCTION

The Idaho National Engineering and Environ-
ment Laboratory (INEEL), operated by the U.S.
Department of Energy (DOE) and formerly known
as the Idaho National Engineering Laboratory,
covers about 890 mi? of the eastern Snake River
Plain in eastern Idaho (fig. 1). Facilities at the
INEEL are used in the development of peacetime
atomic-energy applications, nuclear-safety
research, defense programs, and advanced energy
concepts. Liquid radionuclide and chemical wastes
generated at these facilities have been discharged
to onsite infiltration ponds and disposal wells since
1952; use of disposal wells was discontinued in
1984. Liquid-waste disposal has resulted in detect-
able concentrations of several waste constituents
in water from the Snake River Plain aquifer under-
lying the INEEL (Bartholomay and others, 1997).

Concern about the potential for migration of

- radioactive and chemical wastes in the unsatur-
ated zone and the aquifer has resulted in numer-
ous geologic, hydrologic, and geochemical studies
of the subsurface at and near the INEEL. From
1988 to 1997, the U.S. Geological Survey (USGS),
in cooperation with the DOE, conducted a site-
wide study of the stratigraphy of basalt and sedi-
ment underlying the INEEL and adjacent areas to
determine stratigraphic relations that might affect
the movement of wastes (Anderson and Lewis,
1989; Anderson, 1991; Lanphere and others, 1993,
1994; Anderson and Bowers, 1995; Anderson and
others, 1996a; Reed and others, 1997; Anderson
and Liszewski, 1997). Stratigraphic relations were
determined from selected core data and natural-
gamma logs (Anderson and Bartholomay, 1995).
During this time, many single-well aquifer tests
also were performed to estimate the range and dis-
tribution of transmissivity and hydraulic conduc-
tivity of the basalt and sediment (Ackerman, 1991;
Bartholomay and others, 1997). Estimates of trans-
missivity and hydraulic conductivity vary almost
six orders of magnitude over distances of a few
hundreds to a few thousands of feet. This six-
order-of-magnitude range and its distribution have
been attributed, in part, to local variations in basalt
stratigraphy that affect the number of basalt-flow
contacts at any one place in the aquifer (Morin and
others, 1993; Welhan and others, 1997; Welhan

and Reed, 1997, Welhan and Wylie, 1997). These
contacts, which form the main conduits for
ground-water flow, typically have zones of irregu-
lar fractures and voids that are characterized by
hydraulic conductivities greater than those of mas-
sive flow interiors. Other factors that probably
affect the range and distribution of transmissivity
and hydraulic conductivity include the presence of
sedimentary interbeds (Geslin and others, 1997),
rock alteration (Mann, 1986; Morse and McCurry,
1997), and vents, dikes, and fissures in volcanic
rift zones (Kuntz, 1992; Kuntz and others, 1992;
Smith and others, 1996; Hughes and others, 1997).

Purpose and Scope

This report describes numerous geologic con-
trols of hydraulic conductivity in the Snake River
Plain aquifer at and near the INEEL. Specifically,
this report proposes and describes a relation, not
previously documented, between hydraulic con-
ductivity, basalt stratigraphy, and the distribution
of vents, dikes, and fissures in volcanic rift zones
at and near the INEEL. This relation is based on
the assumption that hydraulic conductivity of
basalt contacts, rubble zones, and cooling frac-
tures is increased or decreased by localized near-
vent volcanic deposits, dikes, and fissures. Areas
near volcanic vents are composed mostly of highly
permeable flows and scoria-ash deposits. Dikes are
dense, vertical sheets of basalt that impede the
movement of ground water. Fissures are highly
permeable, vertical openings in basalt. Many vents
and most dikes and fissures are concealed by surfi-
cial basalt flows and sediment; therefore, the prob-
able locations of these volcanic features and their
effects on hydraulic conductivity were inferred
from indirect data, including data from similar vol-
canic settings in Hawaii (Meyer and Souza, 1995).
The effects of sediment and rock alteration on
hydraulic conductivity also were considered,
although the amount of sediment and rock alter-
ation is not significant in most parts of the Snake
River Plain aquifer at and near the INEEL.

The relation between hydraulic conductivity,
basalt stratigraphy, and volcanic features at and
near the INEEL was evaluated using transmissiv-
ity estimates from 114 wells (Ackerman, 1991;
Bartholomay and others, 1997), stratigraphic data
from 333 wells (Anderson and others, 1996a), and
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locations of about 200 surficial and concealed vol-
canic vents (Kuntz and others, 1994; Hughes and
others, 1997; Anderson and Liszewski, 1997).
About half of the transmissivity estimates and two-
thirds of the stratigraphic data were obtained from
wells at and near the Radioactive Waste Manage-
ment Complex (RWMC), Idaho Chemical Pro-
cessing Plant (ICPP), Test Reactor Area (TRA),
Central Facilities Area (CFA), and Test Area
North (TAN) (figs. 1-3). Volcanic vents and their
associated dikes and fissures are distributed
throughout the INEEL and are inferred to underlie
each of these facilities (Anderson and Liszewski,
1997, fig. 7).

Acknowledgments

The clarity and technical content of this report
were improved by reviews from Scott S. Hughes,
Idaho State University, and Stephen B. Gingerich,
USGS, Water Resources Division. The authors
also thank Angela Schmidt, Idaho State Univer-
sity, for her assistance in preparing GIS illustra-
tions for this report.

GEOHYDROLOGIC SETTING

The INEEL is located on the west-central part
of the eastern Snake River Plain, a northeast-trend-
ing structural basin about 200 mi long and 50 to
70 mi wide (fig. 1). The INEEL is underlain by a
sequence of Tertiary and Quaternary volcanic
rocks and sedimentary interbeds that is more than
10,000 ft thick (Whitehead, 1992). The volcanic
rocks consist mainly of basalt flows in the upper
part of the sequence and rhyolitic ash-flow tuffs in
the lower part. Basalt and sediment generally
range in age from about 200 thousand to 4 million
years before present (Anderson and others, 1997)
and underlie the plain to depths ranging from
about 2,200 to 3,800 ft below land surface in the
southwestern part of the INEEL near wells INEL
#1 and NPR WO-2 (fig. 2).

The INEEL is underlain by hundreds of basalt
flows, basalt-flow groups, and sedimentary inter-
beds. Basalt makes up about 85 percent of the vol-
ume of deposits in most areas. A basalt flow is a
solidified body of rock formed by a lateral, surfi-
cial outpouring of molten lava from a vent or fis-
sure (Bates and Jackson, 1980). A basalt-flow

group consists of one or more distinct basalt flows
deposited during a single, brief eruptive event
(Kuntz and others, 1980). All basalt flows of a
group erupted from the same vent or several
nearby vents; represent the accumulation of one or
more lava fields from the same magma; and have
similar geologic ages, paleomagnetic properties,
potassium contents, and natural-gamma emissions
(Anderson and Bartholomay, 1995). The basalt
flows consist mainly of medium- to dark-gray
vesicular to dense olivine basalt. Individual flows
generally range from 10 to 50 ft thick and are
locally interbedded with scoria and thin layers of
sediment. Sedimentary interbeds are as thick as
50 ft and consist of well sorted to poorly sorted
deposits of clay, silt, sand, and gravel. In places,
the interbeds contain or consist mainly of scoria
and basalt rubble. Sedimentary interbeds accumu-
lated on the ancestral land surface for hundreds to
hundreds of thousands of years during periods of
volcanic quiescence, and are thickest between
basalt-flow groups.

The basalt and sediment underlying the INEEL,
where saturated, form the Snake River Plain aqui-
fer. Depth to water at the INEEL ranges from
about 200 ft below land surface in the northern
part to about 900 ft in the southern part (Ott and
others, 1992). The general direction of ground-
water flow is northeast to southwest at an average
hydraulic gradient of about 4 ft/mi. The effective
base of the aquifer at the INEEL dips towards the
southwest and the center of the plain, and gener-
ally coincides with the top of a thick and wide-
spread layer of clay, silt, sand, and altered basalt
that is equivalent in age to the Glenns Ferry For-
mation of southern Idaho (Mann, 1986; White-
head, 1992; Repenning and others, 1995;
Anderson and Liszewski, 1997). The top of this
layer ranges in depth from 815 to 1,710 ft below
land surface in the western half of the INEEL
(Anderson and Liszewski, 1997, table 3). The
effective saturated thickness of the aquifer ranges
from about 450 ft near the TRA to about 1,200 ft
near the ICPP and RWMC (fig. 1). Saturated
thickness in the eastern half of the INEEL may be
greater than 1,200 ft.

Hydraulic properties of the aquifer differ con-
siderably from place to place depending on the
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layering and physical characteristics of the basalt
and sediment. In places, the basalt and sediment in
the uppermost part of the aquifer yield thousands
of gpm of water to wells, with negligible draw-
down (Ackerman, 1991). Hydraulic data for
altered basalt, sediment, and rhyolitic ash-flow
tuffs underlying the aquifer are sparse, but data
from well INEL #1 (fig. 2) indicate that these
rocks are much less transmissive than those in the
aquifer (Mann, 1986). Localized zones of perched
ground water, which are attributed mainly to infil-
tration of water from unlined percolation ponds
and recharge from the Big Lost River, are present
in basalt and sediment overlying the regional aqui-
fer (Cecil and others, 1991). In places, geothermal
water likely circulates upward from deep, underly-
ing rocks into the Snake River Plain aquifer
(Mann, 1986; McLing and Smith, 1997; Morse
and McCurry, 1997). Upward circulation of this
water is suggested by increased hydraulic head
with depth in wells INEL #1 and Corehole 2-2A
(fig. 2), open fissures in volcanic rift zones that
cross the INEEL, and numerous geothermal
springs along the edges of the eastern Snake River
Plain. Geothermal water probably is greatly
diluted by the much larger volume of cold water
that recharges the aquifer.

Stratigraphy

At least 178 basalt-flow groups and 103 sedi-
mentary interbeds underlie the INEEL above the
effective base of the aquifer (Anderson and oth-
ers, 1996a; Anderson and Liszewski, 1997).
Basalt-flow groups and sedimentary interbeds are
informally referred to as A through S5. Basalt-
flow groups AB through L and related sediment
range in age from about 200 to 800 thousand years
and make up the unsaturated zone and uppermost
part of the aquifer in most areas of the INEEL.
Basalt-flow groups LM through S5 and related
sediment range in age from about 800 thousand to
1.8 million years and make up the unsaturated
zone and aquifer at and near TAN (fig. 1) and the
lowermost part of the aquifer elsewhere at the
INEEL. Most wells in the southern and eastern
parts of the INEEL are completed in basalt-flow
groups AB through I and related sediment (Ander-
son, 1991). Flow groups AB through I and related
sediment range in age from about 200 to 640 thou-

sand years and make up a stratigraphic section
characterized by horizontal to slightly inclined lay-
ers (fig. 4). Estimates of transmissivity and
hydraulic conductivity are mainly of basalt flows
of this age in the uppermost 300 ft of the aquifer.
The stratigraphy of the aquifer at and near the
ICPP is dominated by thick, massive-basalt flows
of flow group I and thin, overlying flows of flow
groups E through G (fig. 4).

Basalt Flows

Basalt flows in the Snake River Plain aquifer
consist mainly of pahoehoe lava that issued from
numerous eruptive fissures and small shield volca-
noes (fig. 5) (Kuntz, 1992; Kuntz and others,
1992). High effusion rates and low lava viscosi-
ties, both of which characterize shield-type erup-
tions, favor numerous flow units and the formation
of compound lava flows (Walker, 1970). Greater
hydraulic conductivity is favored by the large
number of rubble-covered surfaces between flow
units in compound lava flows. Large-volume,
tube-fed, shield-type lava fields are composed of
numerous flow units of large areal extent, whereas
surface-fed, fissure-type lava fields are smaller in
volume and are composed of fewer flow units.
Near-vent flows in shield-forming eruptions are
composed mainly of shelly pahoehoe and slab
pahoehoe (fig. 5). Greater hydraulic conductivity
is favored in these types of near-vent deposits by
their relatively large volumes of void spaces,
which can be as much as 75 percent of the total
volume.

The relative hydraulic conductivity associated
with different types of volcanic rocks in the Snake
River Plain aquifer can be inferred from outcrop
exposures (Kuntz and others, 1994). The inferred
relative hydraulic conductivity distribution
through a typical buried shield volcano in the
Snake River Plain aquifer (fig. 5) suggests that
conductivity of a single lava field is greatest in
near-vent volcanic deposits composed of shelly
pahoehoe and slab pahoehoe flows and bedded
scoria, spatter, and ash. These near-vent deposits
typically cover about 10 to 20 percent of a lava
field. Hydraulic conductivity of basalt flows is
least for thick, tube-fed pahoehoe flows and pon-
ded flows inside of vent craters and topographic
depressions. Hydraulic conductivity of strati-
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graphic intervals composed of thin, tube-fed flows
from many different lava fields, such as flow
groups E through G at and near the ICPP (fig. 4),
can be as great as that of stratigraphic intervals
near a single vent. Hydraulic conductivity of tube-
fed flows locally is increased by open lava tubes.
Dikes generally have the least hydraulic conduc-
tivity of volcanic rocks in the aquifer because they
represent vertical fissures that were filled by basal-
tic magma. Dikes that reached the surface to form
lava flows are referred to as feeder dikes (fig. 5).

Geologic controls of hydraulic conductivity at
and near the INEEL were evaluated using the
stratigraphic data described by Anderson and
others (19964, table 6). These data include detailed
estimates of the distribution of individual basalt
flows and basalt-flow groups in the aquifer. A
basalt flow, defined on the basis of physical and
petrographic characteristics, is a collection of
related flow units within a basalt-flow group
(fig. 4) (Kuntz and others, 1980; Lanphere and
others, 1993, 1994; Anderson and Bartholomay,
1995). In general, basalt flows less than 30 ft thick
occupy the medial and distal parts of lava fields
(fig. 5) and are characterized mainly by thin, tube-
fed flows having large hydraulic conductivity.
Basalt flows more than 30 ft thick are generally of
two types. Some of these flows are proximal to the
vents of shield volcanoes and are characterized
mainly by near-vent volcanic deposits having large
hydraulic conductivity. Other flows occupy the
medial and distal parts of lava fields and represent
thick, ponded, tube-fed flows having small
hydraulic conductivity. Most basalt flows pene-
trated by wells at and near the INEEL are less than
30 ft thick and are composed, on average, of two
flow units.

Sedimentary Interbeds

Sediment is distributed throughout the INEEL
and adjacent areas and consists mainly of loess
and deposits of fluvial, lacustrine, and playa ori-
gin (Kuntz and others, 1994; Spinazola, 1994,
Anderson and others, 1996b; Geslin and others,
1997, Gianniny and others, 1997). Because loess
blankets much of the present land surface, it may
be the dominant sediment type in the subsurface.
Fluvial deposits are distributed along and near Big
Lost River, Little Lost River, Birch Creek, and

11

Camas Creek (fig. 1). Lacustrine and playa depos-
its occur mainly in the area between Big Lost
River Sinks and Mud Lake (fig. 1).

In the subsurface, sediment is interbedded with
basalt and also occurs in many basalt fractures.
The thickness and distribution of sedimentary
interbeds in most areas have been described
(Anderson and others, 1996a), but the lithology
and hydraulic characteristics of this sediment gen-
erally are not well known. Hydraulic conductivity
of sedimentary interbeds may be greatest near riv-
ers and creeks, where coarse mixtures of sand and
gravel commonly occur. Hydraulic conductivity of
sedimentary interbeds may be least in the area
between Big Lost River Sinks and Mud Lake,
where thick, fine-grained lacustrine and playa
deposits commonly occur (Spinazola, 1994).
Basalt rubble and scoria are present between basalt
flows in many areas. Hydraulic conductivity of
rubble and scoria may be greater than that of
coarse-grained fluvial deposits in some areas.
Hydraulic conductivity of loess, which consists
mainly of silt and fine sand, is probably intermedi-
ate between that of fluvial and playa deposits.

Volcanic Rift Zones and Vent Corridors

Source vents for most basalt flows at and near
the INEEL are concentrated in volcanic rift zones
that trend perpendicular to the axis of the eastern
Snake River Plain and parallel to the adjacent
mountain ranges (Kuntz and others, 1992, Kuntz
and others, 1994). Volcanic rift zones (fig. 6) are
characterized by eruptive and noneruptive fis-
sures, dikes, monoclines, faults, graben, and volca-
noes having elongated slot-shaped vents (Rodgers
and others, 1990; Kuntz, 1992; Kuntz and others,
1992; Smith and others, 1996). The distribution of
volcanoes, dikes, and fissures is of hydrologic
importance at and near the INEEL because these
features are numerous and may greatly affect the
range and distribution of hydraulic conductivity
and the movement of ground water and wastes.
Areas proximal to volcanic vents may provide
localized, preferential pathways for ground-water
flow. Dikes may impede the movement of ground
water and diminish the hydraulic conductivity
measured in nearby wells (Meyer and Souza,
1995; Hughes and others, 1997). Noneruptive fis-
sures that parallel dikes may locally provide addi-
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Figure 6. Geologic features of a vent corridor in a volcanic rift zone at and near the Idaho National
Engineering and Environmental Laboratory (modified from Smith and others, 1996).
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tional conduits for ground-water flow. Hydraulic
conductivity of these fissures may be large
because they cut across many highly-permeable
zones in and between individual basalt layers
(Hughes and others, 1997; Welhan and Wylie,
1997).

Because fissures possibly extend upward into
the aquifer from depths of several thousands of
feet, some may provide local conduits for upward
circulation of geothermal water from deep, under-
lying rocks into the Snake River Plain aquifer.
This mechanism was suggested by Morse and
McCurry (1997) to explain the abundance of alter-
ation minerals observed in many drill cores. These
alteration minerals locally diminish the hydraulic
conductivity of basalt flows as shown by aquifer-
test data (Mann, 1986) and water-temperature gra-
dients in many deep wells that indicate conductive
rather than convective heat flow within zones of
pervasive alteration (Morse and McCurry, 1997).
Conductive heat flow indicates poor ground-water
circulation, whereas convective heat flow indi-
cates active circulation. Zones of alteration gener-
ally occur below the effective base of the aquifer
as defined by Anderson and Liszewski (1997).
However, some zones extend into the aquifer and
probably represent localized alteration in and near
relatively young fissures.

The locations of vents, dikes, and fissures must
be known or approximated to evaluate the relation
between these features and hydraulic conductivity
in wells at and near the INEEL. The locations of
surficial vents are known from outcrop exposures
(Kuntz and others, 1994; Hughes and others,
1997), and the locations of concealed vents were
approximated by Anderson and Liszewski (1997,
fig. 7) on the basis of interpreted stratigraphic rela-
tions at and near the INEEL. Most dikes and fis-
sures are concealed and have not been identified in
vertical cores; therefore, their distribution is uncer-
tain. Dikes and open fissures are most likely to
occur along and parallel to the trace of eruptive
fissures marked by one or more vents (fig. 6). On
the basis of this likelihood, 45 zones of aligned
vents, dikes, and fissures were approximated from
the known and inferred locations of volcanic vents
described by Kuntz and others (1994), Hughes and
others (1997), and Anderson and Liszewski
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(1997). These zones are herein referred to as vent
corridors (fig. 7) to distinguish them from previ-
ously described volcanic rift zones. Vent corridors
7 through 15 (fig. 7) roughly coincide with the
Circular Butte-Kettle Butte and the Lava Ridge-
Hells Half Acre volcanic rift zones mapped by
Kuntz and others (1992). Vent corridors 19
through 24 and 33 through 39 roughly coincide
with the Howe-East Butte and the Arco-Big South-
emn Butte volcanic rift zones, respectively. Vent
corridors along the eastern and southern bound-
aries of the INEEL between corridors 5 and 42
roughly coincide with the area commonly referred
to as the axial volcanic zone (Welhan and others,
1997).

Vent corridors (fig. 7) average about 1 to 2 mi
in width and 5 to 15 mi in length, dimensions that
are consistent with those predicted from geologic
models of a string of dikes (fig. 6) in the subsur-
face (Smith and others, 1996). The average orien-
tation of vent corridors is about N. 45° W,
approximately parallel to the adjacent mountain
ranges and perpendicular to the axis of the eastern
Snake River Plain. Vent corridors contain vents of
different ages, including many that are younger
than the basalt flows in the aquifer (Anderson and
Liszewski, 1997). Vent corridors 8, 23, 25, and 33
(fig. 7), which cover the TAN, TRA, ICPP, and
RWMC may contain a large number of dikes and
fissures. This assumption is based on the number
and ages of concealed vents inferred in these areas
(Anderson and Liszewski, 1997). In all areas, the
number of dikes and fissures likely increases with
depth. Individual dikes and fissures probably are
no more than a few feet wide in most places
(Smith and others, 1996). V

Very few feeder dikes for the various types of
volcanoes in the eastern Snake River Plain have
been exposed because erosion is almost nonexist-
ent. Therefore, the number and dimensions of
feeder dikes in volcanic rift zones and vent corri-
dors at and near the INEEL (figs. 6 and 7) is some-
what conjectural and must be estimated using what
is known or can be reasonably inferred about
basaltic dikes elsewhere on the eastern Snake
River Plain. These estimates can be made from
geologic maps of the Great Rift volcanic rift zone
southwest of the INEEL (Kuntz and others, 1989a,
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and Environmental Laboratory.

14



1989b, 1989c, 1992). Dikes are typically 1 to 4 ft
wide, a few hundred feet to a few miles long, and
of unknown vertical extent. In general, dikes on
the eastern Snake River Plain are widely spaced
geographically and are not concentrated within
sheeted dike zones such as are common in Hawaii
or in mid-oceanic ridges.

Dikes in volcanic rift zones in Hawaii and Ice-
land occur in swarms forming what is known as
sheeted dikes. In such localities, parallel dikes are
intruded so closely to one another that there is lit-
tle, if any, country rock lying between the dikes.
Because the dikes fill tensional fissures, sheeted
dikes demonstrate that the fissuring is concen-
trated within a relatively narrow zone.

The exception to the generalization of widely-
spaced dikes in the eastern Snake River Plain is
along the Great Rift volcanic rift zone, where sev-
eral to a few tens of dikes may be in close contact
over horizontal distances of 100 ft to several miles.
That there may be other exceptions to this general-
1zation is suggested also by the number and prox-
imity of inferred vents concealed beneath some
areas at the INEEL, such as in vent corridors 23
and 25 at and near the ICPP and TRA (fig. 7). In
these areas, the number and spacing of dikes may
be similar to those of the least concentrated dike
swarms in Hawaii and Iceland.

Hydrogeologic Anomalies

Data from wells indicating the presence of
anoxic water, rock alteration, and the highest water
temperatures in the uppermost 200 ft of the aqui-
fer, 1 to 7°C higher than the median water temper-
ature throughout the aquifer, were used to refine
estimates of the areal extent of some vent corri-
dors (fig. 7). These data, which describe condi-
tions referred to as probable rift-related hydro-
geologic anomalies because of their suspected
relation to vent corridors, provide possible evi-
dence of dikes and fissures in the Snake River
Plain aquifer (table 1, located at the end of this
report). All anomalies are consistent with possible
upward circulation of geothermal water along
open fissures into the colder water of the aquifer;
however, higher water temperatures alternatively
may indicate areas of localized water stagnation
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near dikes or upward circulation of shallow ground
water near dikes and fissures.

Temperatures of water samples collected from
129 monitoring wells in 1995 ranged from 9.5 to
20°C; the median temperature was 13°C (Bartho-
lomay and others, 1997). These temperatures are
considered accurate to £0.5°C. By comparison, the
temperature of Lidy Hot Springs, located north of
the INEEL along the edge of the plain, is 47°C
(fig. 2, table 1). Temperature logs of water in deep
wells completed in altered basalt and rhyolite
below the effective base of the Snake River Plain
aquifer indicate conductive heat flow and water
temperatures that increase with depth, an increase
consistent with regional geothermal gradients
(Brott and others, 1981; Smith and others, 1994,
Morse and McCurry, 1997). In one of these wells,
Corehole 2-2A (fig. 2), water temperatures at and
below the effective base of the aquifer, between a
depth of 1,340 and 2,600 ft below land surface,
range from 22 to 45°C (Morse and McCurry,
1997). The temperature at the bottom of this well
is nearly identical to that of Lidy Hot Springs.
Corehole 2-2A is located near well USGS 18
(fig. 2) in vent corridor 14 (fig. 7) along the trace
of the Lava Ridge-Hells Half Acre volcanic rift
zone (Kuntz and others, 1994). Well USGS 18 is
completed in the uppermost 200 ft of the aquifer.
The temperature of water in this well, 15°C (table
1), may be influenced by nearby dikes or fissures.

Anoxic water is present in Lidy Hot Springs,
Park Bell well, and Stoddart well, located in vent
corridors 2, 3, and 4, respectively (figs. 2 and 7;
table 1). Abundant authigenic and alteration min-
erals consisting of calcite, clays, and zeolites are
present in wells C-1A, Corehole 1, Corehole 2-2A,
INEL #1, and NPR WO-2, located in vent corri-
dors 33, 22, 14, 21, and 21, respectively (figs. 2
and 7). The highest water temperatures in the
uppermost 200 ft of the aquifer, 14 to 20°C, are in
well ANP #9 and wells USGS 1, §, 14, 18, 19, 22,
23, 26, 27, 31, 32, 40, 87, 119, 122, and 123,
located in vent corridors 8, 28, 19, 38, 14, 17, 29,
19,7,6,7,7,25,33, 33, 25, and 25, respectively
(table 1; fig. 7). Although other interpretations of
these hydrogeologic data are possible, the collec-
tive data strongly suggest the presence of dikes,
fissures, and areas of geothermal water within vent



corridors. The interpretation of geothermal water
within vent corridors assumes that its associated
high water temperatures and anoxic water are
greatly diluted by the large volume of cold water
that recharges the Snake River Plain aquifer. Mann
(1986) estimated that the volume of upward flow
into the aquifer could be on the order of 15,000
acre-ft/yr, a volume equal to about 12 percent of
the average annual recharge to the aquifer from
Big Lost River.

HYDRAULIC CONDUCTIVITY

Hydraulic conductivity was estimated from sin-
gle-well aquifer tests in 114 wells at and near the
INEEL to evaluate its range and distribution with
respect to geologic characteristics of the aquifer -
(table 2, located at the end of this report). The rela-
tion between hydraulic conductivity and geologic
characteristics was evaluated by comparing esti-
mates of hydraulic conductivity to the average
thickness of basalt and sediment layers coinciding
with perforated or open intervals in each well. This
approach was based on the assumption that any
given stratigraphic interval composed of thin
basalt layers has more contacts, rubble zones, and
cooling fractures, and, hence, greater hydraulic
conductivity than an interval of equal thickness
composed of thick layers (Morin and others, 1993;
Welhan and Wylie, 1997). Hydraulic conductivity
associated with contacts, rubble zones, and cool-
ing fractures of basalt layers also is assumed to be
locally increased or decreased by near-vent volca-
nic deposits, dikes, fissures, zones of alteration,
and sediment.

Hydraulic conductivity was estimated only for
wells having transmissivity estimates and strati-
graphic data (Ackerman, 1991; Anderson and oth-
ers, 1996a; Bartholomay and others, 1997).
Hydraulic conductivity was estimated by dividing
each transmissivity estimate by the total length of
all perforated or open intervals in a given well
(table 2). The resulting values mainly represent the
effective hydraulic conductivity of basalt flows,
and are referred to as values of bulk hydraulic con-
ductivity by Welhan and Reed (1997). Qualifying
assumptions used to estimate transmissivity (Ack-
erman, 1991, p. 6) also are applicable to estimates
of hydraulic conductivity. Relative uncertainties of
transmissivity estimates are reported as orders of
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magnitude (Ackerman, 1991). Because estimates
of hydraulic conductivity are derived from trans-
missivity, their relative uncertainties are assumed
to be equal in magnitude to those of each corre-
sponding transmissivity estimate (table 2). Rela-
tive uncertainties range from 0.1 to greater than
0.5 orders of magnitude, and are equal to or
greater than £0.4 orders of magnitude in 94 of the
114 wells (table 2).

The total length of perforated or open intervals
used to estimate hydraulic conductivity in each of
the 114 wells ranges from 15 to 475 ft and aver-
ages 109 ft (table 2). Perforated or open intervals
coinciding with basalt-flow group I (fig. 4) and
with areas below the effective base of the aquifer
were subtracted from total lengths in 23 wells
located mainly at and near the ICPP and CFA (fig.
3; table 2). This was done because the hydraulic
conductivity of these thick, massive rocks ranges
from 1 to S orders of magnitude less than that of
overlying stratigraphic layers (Mann, 1986; Morin
and others, 1993; Frederick and Johnson, 1996).
Adjusted estimates of hydraulic conductivity in
these wells are as much as three times greater than
unadjusted estimates, and are similar to those
obtained in other wells.

The relation between hydraulic conductivity
and average layer thickness for 114 wells indi-
cates that hydraulic conductivity ranges from
1.0x10-2 to 2.4x10* ft/d (0.01 to 24,000 ft/d) for an
average layer thickness of about 10 to 50 ft (fig. 8;
table 2). Hydraulic conductivity ranges from
1.0x10 to 2.4x10* ft/d (100 to 24,000 ft/d) in 73
of the 114 wells, from 1.0x10° to 1.0x102 ft/d (1 to
100 ft/d) in 28 wells, and from 1.0x1072 to 1.0x10°
ft/d (0.01 to 1 ft/d) in 13 wells. This range of
hydraulic conductivity, which includes only two
estimates greater than 8.8x103 ft/d, is nearly iden-
tical to that of similarly derived ranges reported by
Wylie and others (1995) and Welhan and Reed
(1997), 1.0x1072 to 7.4x103 ft/d. Average layer
thickness ranges from about 10 to 30 ft in 98 wells
and from about 30 to 50 ft in 16 wells.

Estimates of hydraulic conductivity in figure 8
are based on 114 of the 136 values of transmissiv-
ity from Ackerman (1991) and Bartholomay and
others (1997), which were estimated from single-
well aquifer tests. Estimates reported by Wylie and
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others (1995) are based on the 94 values of trans-
missivity from Ackerman (1991) and about 50
additional values estimated from slug tests, single-
well tests, and multiple-well tests in some of these
and additional wells. Estimates reported by
Welhan and Reed (1997) are based on 79 of the 94
values of transmissivity from Ackerman (1991).
Estimates of transmissivity reported by Ackerman
(1991) and Bartholomay and others (1997) are
negatively skewed on a log scale, have measures
of central tendency close to 6.0x10* ft*/d, and vary
nearly six orders of magnitude. Estimates of trans-
missivity reported by Wylie and others (1995)
have an apparent log-normal distribution centered
about 6.0x10° ft?/d, and vary nearly seven orders
of magnitude. These differences in transmissivity
may be the result of differences in some test loca-
tions, test methods, and well discharges. For
example, 30 of the 42 estimates of transmissivity
reported by Bartholomay and others (1997), which
represent locations not considered in earlier stud-
ies, are greater than 6.0x103 ft/d, the center of the
log-normal distribution reported by Wylie and
others (1995). Likewise, Wylie and others (1995)
reported 10 values of transmissivity from 4 wells
that are equal to or greater than the largest value
estimated by Ackerman (1991) and Bartholomay
and others (1997), 1.2x10° ft?/d. These values were
estimated from a multiple-well test near well
USGS 120 (fig. 2) that was conducted for 36 days
using an average well discharge of about 2,800
gpm. These values include two estimates of trans-
missivity for well USGS 120 that are about one
order of magnitude greater than that estimated by
Ackerman (1991) from a single-well test using a
well discharge of about 21 gpm (table 2).

The similar estimates of hydraulic conductivity
obtained by Wylie and others (1995), Welhan and
Reed (1997), and this study (fig. 8; table 2) sug-
gest that conductivity generally is not biased by
reported differences in transmissivity distribu-
tions. However, transmissivity and hydraulic con-
ductivity of basalt and sediment in some wells
may be underestimated, such as in well USGS 120
(table 2), for which discharge rates were low. Val-
ues of hydraulic conductivity shown in figure 8
and table 2 were estimated from the transmissivity
data published by Ackerman (1991) and Bartholo-
may and others (1997) because these data were

assembled and analyzed in the same manner.
Despite some inherent limitations (Ackerman,
1991), these data represent the largest set of inter-
nally consistent hydraulic conductivity estimates
available for the Snake River Plain aquifer.

The range, frequency distribution, and central
tendencies of hydraulic conductivity estimates are
shown in figure 9 and table 3 (located at the end of
this report). Estimates of hydraulic conductivity
span about six orders of magnitude; the distribu-
tion of estimates is negatively skewed in a manner
similar to that of transmissivity (Ackerman, 1991,
p- 31). Most measures of central tendency are
close to 1,500 ft/d. Measures of central tendency
do not consider associated uncertainties of esti-
mates, greater than and less than values, and possi-
ble sampling bias of hydraulic conductivity
classes. Associated uncertainties range from 0.1
to greater than £0.5 orders of magnitude for 102
estimates, 11 greater than values, and 1 less than
value of hydraulic conductivity (table 2). Wells
from which estimates were obtained are located
throughout the INEEL, but are concentrated at and
near the RWMC, ICPP, TRA, and TAN (figs. 2
and 3); 99 of the 114 wells are located within vent
corridors (table 2), which have the largest variety
of rock types in the aquifer.

Three broad categories of hydraulic conductiv-
ity are suggested by the number of estimates
assigned to conductivity classes 1 through 13 in
figure 9. Hydraulic conductivity of category 1
ranges from 1.0x10? to 3.2x10* ft/d and includes
73 estimates that range from 1.0x10? to 2.4x10*
ft/d. Hydraulic conductivity of category 2 ranges
from 1.0x10° to 1.0x102 ft/d and includes 28 esti-
mates that range from 1.2x10° to 7.9x10" ft/d.
Hydraulic conductivity of category 3 ranges from
1.0x10"2 to 1.0x10° ft/d and includes 13 estimates
that range from 1.0x10-2 to 8.8x10"! ft/d. One less
than value is in hydraulic conductivity class 3 (fig.

- 8 and table 2, data point 51). One greater than
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value is in class 6 (fig. 8 and table 2, data point
14). Ten greater than values are greater than
1.0x10? ft/d and are in classes 11, 12, and 13

(fig. 8 and table 2, data points 27, 35, 43, 60, 61,
62, 68, 72, 75, and 84). These greater than values
suggest that upper limits of hydraulic conductivity
could be greater than 3.2x10* ft/d. However, this is
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not likely because estimates of hydraulic conduc-
tivity obtained from comparable basalt flows on
the Columbia Plateau and in Hawaii are all less
than this value (Hansen and others, 1994; Meyer
and Souza, 1995). The frequency distribution of
hydraulic conductivity on the Columbia Plateau is
log normal and centered about 5.0x10° ft/d
(Hansen and others, 1994, p. 16), indicating that
basalt flows on the Columbia Plateau are gener-
ally less transmissive and more uniform than those
in the Snake River Plain aquifer. The frequency
distribution of hydraulic conductivity in Hawaii is
unknown; however, its range and corresponding
rock types are remarkably similar to those in the
Snake River Plain aquifer (Meyer and Souza,
1995).

GEOLOGIC CONTROLS OF
HYDRAULIC CONDUCTIVITY

The range and frequency distribution of
hydraulic conductivity (figs. 8 and 9; table 2) are
controlled by three main rock types at and near the
INEEL. These rock types are: (1) thin, tube-fed
pahoehoe flows; (2) thick, tube-fed pahoehoe
flows; and (3) near-vent volcanic deposits com-
posed of shelly pahoehoe and slab pahoehoe flows
and bedded scoria, spatter, and ash. Thin, tube-fed
flows, represented in figure 8 by fields 1, 3, and 5,
are the most abundant flows in the subsurface and
generally average less than 30 ft thick. Thick,
tube-fed flows and near-vent volcanic deposits,
represented in figure 8 by fields 2, 4, and 6, are
much less abundant than thin, tube-fed flows and
generally average more than 30 ft thick. Hydraulic
conductivity of thin, tube-fed flows ranges from
7.9x102 to 2.4x10* ft/d based on estimates from
98 wells. Hydraulic conductivity of thick, tube-fed
flows and near-vent volcanic deposits ranges from
1.0x102 to 5.0x10? ft/d based on estimates from
16 wells and straddle-packer tests from two addi-
tional wells (Morin and others, 1993). Of the 114
wells evaluated for hydraulic conductivity (table
2), 99 are located within vent corridors and 15 are
located outside of vent corridors (fig. 7). Hydrau-
lic conductivity ranges from about 1.0x102 to
2.4x10* ft/d within vent corridors and from about
1.3x10" to 5.6x10? ft/d outside of vent corridors.
These ranges suggest that hydraulic conductivity is
also greatly affected by dikes, fissures, and zones

of alteration within vent corridors. Sediment is dis-
tributed throughout many parts of the INEEL and
may locally increase or decrease hydraulic con-
ductivity in the wells where it is present.

Thin, Tube-Fed Pahoehoe Flows and Dikes

Hydraulic conductivity associated with thin,
tube-fed pahoehoe flows is equal to or greater than
1.0x102 ft/d in 63 wells, less than 1.0x10° ft/d in 9
wells, and between these values in 26 wells (figs. 8
and 9). This skewed distribution strongly suggests
that upper limits of hydraulic conductivity are con-
trolled by voids associated with the contacts, rub-
ble zones, and cooling fractures of thin, tube-fed
flows. Lower limits of hydraulic conductivity
probably are related primarily to dikes that locally
impede the flow of ground water through these
voids. Because dikes occupy narrow zones (figs. 5,
6, and 7), they probably are penetrated by the few-
est number of wells in any given area. This
assumption is consistent with the smaller number
of hydraulic conductivity estimates attributed to
their effects. The smallest values of hydraulic con-
ductivity associated with thin, tube-fed flows prob-
ably occur in wells that penetrate localized dike
zones ranging in width from a few hundred to a
few thousand feet within vent corridors.

The relation between hydraulic conductivity
and thin, tube-fed pahoehoe flows and dikes can
be evaluated on the basis of data from the 32 wells
indicated by dark fill in figure 8 (fields 1, 3, and
5). These wells are completed in the thin, tube-fed
flows of basalt-flow groups E through G at and
near the ICPP (fig. 4) mainly in vent corridor 25

_(fig. 7). Vent corridor 25 contains a string of erup-

tive fissures marked by seven concealed vents near
the southern boundaries of the ICPP and TRA that
are younger than flow groups E through G (Ander-
son and Liszewski, 1997). This string of eruptive
fissures and concealed vents is approximately cen-
tered along a northwest-trending strike between
wells USGS 79 and 115 (fig. 3). Similar eruptive
fissures and vents are also present in adjacent vent
corridors 23 and 27 (fig. 7). Hydraulic conductiv-
ity of the 32 wells ranges from 1.0x10"! to 8.8x10?
ft/d (fig. 8, table 2). Smallest and largest values are
from wells USGS 114 and CPP Disp, located in
and near a zone of probable dikes about 3,000 ft
wide, immediately south of ICPP wells USGS 42



and 122 (fig. 3). Estimates of hydraulic conductiv-
ity for eight wells in this zone, USGS 38, 45, 51,
77,111, 114, 115, and 116 (fig. 8, data points 64,
71, 74, 80, 105, 108, 109, and 110), two wells in
vent corridor 27, CFA 1 and CFA 2 (fig. 8, data
points 6 and 7), and one well in vent corridor 23,
CPP 4 (fig. 8, data point 9) range from 1.0x10"! to
7.9x10! ft/d and are within the range of categories
2 and 3 in figure 9. The proximity of these wells to
concealed eruptive fissures and vents strongly sug-
gests that this range of hydraulic conductivity is
affected by dikes.

Estimates of hydraulic conductivity for the
remaining 21 wells of this population range from
1.5x10? to 8.8x10° ft/d (fig. 8, field 1) and are
within the range of category 1 in figure 9. This
range of hydraulic conductivity probably is
affected by the contacts, rubble zones, and cool-
ing fractures of thin, tube-fed flows in areas where
dikes are not present. Changes in hydraulic con-
ductivity of three to five orders of magnitude
occur within distances of 500 to 1,000 ft in and
near the zone of probable dikes south of the ICPP.
These changes can be shown by the distribution of
hydraulic conductivity estimated for basalt-flow
groups E through G in geologic section C-C’

(fig. 4). Values of hydraulic conductivity across
this section are greater than 3.0x103, 4.0x103,
greater than 3.7x103, greater than 1.9x10°,
4.1x103, 2.5x102, 1.6x10"!, 6.7x102, 2.0x103,
8.6x10° 1.0x10!, 2.6x10"!, and 1.2x10° ft/d for
wells USGS 84, 39, 35, 34, 36, 37, 38, 112, 113,
77,114, 115, and 116, respectively (table 2).
Although dikes likely occur in other parts of vent
corridor 25, their probable effects are most appar-
ent near the southern boundary of the ICPP, where
there are many wells for which hydraulic conduc-
tivities have been estimated. The actual locations
and spacing of individual dikes in vent corridor 25
and other vent corridors are unknown.

The frequency distribution of hydraulic con-
ductivity for the 32 wells at and near the ICPP is
roughly proportional to that for all 98 wells com-
pleted in thin, tube-fed flows (figs. 8 and 9).
Hydraulic conductivity of each of these popula-
tions is greater than 1.0x10? ft/d for almost two-
thirds of samples and less than this value for the
rest. These proportional distributions strongly sug-
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gest that estimates of hydraulic conductivity and
their corresponding geologic controls in the 32
wells at and near the ICPP are representative of
those in the other 66 wells completed in thin, tube-
fed flows at and near the INEEL.

Geologic interpretations and the three catego-
ries of hydraulic conductivity shown in figure 9
suggest three general types of geologic controls
associated with thin, tube-fed flows and dikes.
Category 1 ranges from 1.0x102 to 3.2x10* ft/d
and probably includes the effects of thin, tube-fed
flows. Category 2 ranges from 1.0x10° to 1.0x10?
ft/d and probably includes the effects of thin, tube-
fed flows cut by discontinuous dikes. Category 3
ranges from 1.0x102 to 1.0x10° ft/d and probably
includes the effects of localized dike swarms.
Some overlap between these categories and con-
trols is likely because of the small number of
hydraulic conductivity estimates and the complex
geologic environment. Although somewhat con-
jectural, these categories and controls are consis-
tent with those reported for similar volcanic
settings in Hawaii (Meyer and Souza, 1995).

Thick, Tube-Fed Pahoehoe Flows, Near-
Vent Volcanic Deposits, and Dikes

The hydraulic conductivity of thick, tube-fed
pahoehoe flows and near-vent volcanic deposits is
difficult to evaluate because few estimates for
these flows and deposits are available. Hydraulic
conductivity associated with thick, tube-fed flows
and near-vent deposits is greater than 1.0x10? ft/d
in 10 wells, less than 1.0x10°ft/d in 4 wells, and
between these values in 2 wells (fig. 8, table 2).
Available estimates suggest that upper limits of
hydraulic conductivity are controlled by the
numerous voids in near-vent volcanic deposits.
Lower limits of hydraulic conductivity are most
likely controlled by thick, tube-fed flows and
dikes. Thick, tube-fed flows are characterized by
fewer contacts, rubble zones, and cooling frac-
tures and lower hydraulic conductivity than thin,
tube-fed flows. Where they have ponded in topo-
graphic depressions, thick, tube-fed flows are so
massive that their hydraulic conductivity may not
be much greater than that of a dike.

The relation between hydraulic conductivity
and thick, tube-fed pahoehoe flows, near-vent vol-



canic deposits, and dikes can be evaluated on the
basis of data from selected wells that penetrate
basalt-flow group I at and near the ICPP and TRA.
Basalt-flow group I (fig. 4) is one of the thickest
and most extensive flow groups at and near the
INEEL (Wetmore and others, 1997), and is com-
posed of tube-fed flows and near-vent deposits
having an average thickness of about 30 to 50 ft
(Anderson and others, 1996a). Hydraulic conduc-
tivity of flow group I is greatest in wells near its
vent, which is north of the TRA (Anderson and
Liszewski, 1997, fig. 7). Hydraulic conductivity of
flow group I is least in wells at and near the ICPP
(Morin and others, 1993; Frederick and Johnson,
1996), where the flows likely ponded in a topo-
graphic depression and were subsequently cut by
dikes associated with younger eruptions.

These relations can be illustrated by data from
wells MTR Test and USGS 44, 45, and 58. Wells
USGS 58 and MTR Test, located near the TRA
(fig. 3), are perforated or open only in flow group I
less than 1 mi from its vent and associated near-

vent deposits. Wells USGS 44 and 45, located near

the ICPP (fig. 3), are open in thick, tube-fed flows
of flow group I that likely ponded in a topo-
graphic depression more than 1 mi from its vent.
Hydraulic conductivity of flow group I ranges
from 7.4x10% to 1.4 x10? ft/d in wells USGS 58
and MRT Test, respectively (table 2), and proba-
bly is affected by the numerous void spaces in
near-vent volcanic deposits. Hydraulic conductiv-
ity of flow group I, estimated from straddle-packer
tests (Morin and others, 1993), is 3.0x10? ft/d or
less in well USGS 44 and 1.0x10' ft/d or less in
well USGS 45. These values of hydraulic conduc-
tivity are likely affected by the sparse void spaces
present in thick, ponded, tube-fed flows. Because
these values are maximum estimates and the corre-
sponding basalt flows have few void spaces,
hydraulic conductivity of flow group I in wells
USGS 44 and 45 and many other nearby wells
may be similar to that of thick, massive basalt
flows on the Columbia Plateau. Typical values of
hydraulic conductivity of basalt flows on the
Columbia Plateau range from about 1.0x10° to
2.6x10' ft/d (Hansen and others, 1994). Estimates
of hydraulic conductivity in wells USGS 38, 111,
114, and 115 (table 2), suggest that hydraulic con-
ductivity of basalt-flow group I may be less than
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1.0x10° ft/d where it probably is cut by dikes
south of the ICPP. A

Near-vent volcanic deposits represent only
about 10 to 20 percent of most lava fields, and
thick, ponded, tube-fed flows are rare (Wetmore
and others, 1997). Therefore, fewer estimates of
hydraulic conductivity are available for these rock
types than for other rock types at and near the
INEEL. The largest estimates of hydraulic conduc-
tivity associated with these rock types range from
1.6x102 to 5.0x103 ft/d (fig. 8, field 2) and are sim-
ilar to those of the most permeable, thin, tube-fed
flows. These estimates, which include those from
wells USGS 58 and MTR Test, are most likely
controlled by near-vent volcanic deposits, because
9 of the 10 wells in this category are located near
known or inferred volcanic vents within vent corri-
dors, where the potential for these deposits is high.
The smallest estimates of hydraulic conductivity
associated with these rock types, 1.0x10°2 to
8.8x10°! ft/d (fig. 8, field 6), are similar to those of
thin, tube-fed flows cut by dikes. These estimates
are from wells USGS 88, 89, 117, and 119, located
in a zone of probable dikes at the RWMC (fig. 2)
within vent corridor 33 (fig. 7). This area contains
a northwest-trending string of eruptive fissures
marked by four concealed vents that are younger
than the basalt flows in the aquifer (Anderson and
Liszewski, 1997, fig. 7).

Geologic interpretations and the three catego-
ries of hydraulic conductivity shown in figure 9
suggest three general types of geologic controls
associated with near-vent volcanic deposits, thick,
tube-fed pahoehoe flows, and dikes. Category 1
ranges from 1.0x102 to 3.2x10* ft/d and probably
includes the effects of shelly pahoehoe and slab
pahoehoe flows and bedded scoria, spatter, and ash
near volcanic vents. Category 2 ranges from
1.0x10° to 1.0x10? ft/d and probably includes the
effects of thick, tube-fed flows. Category 3 ranges
from 1.0x102 to 1.0x10° ft/d and probably
includes the effects of thick, tube-fed flows cut by
discontinuous dikes or dike swarms. Some over-
lap between these categories and controls is likely
because of the small number of hydraulic conduc-
tivity estimates and the complex geologic environ-
ment. Although somewhat conjectural, categories
2 and 3 and their respective controls are consistent



with those reported for thick basalt flows on the
Columbia Plateau (Hansen and others, 1994). Cat-
egory 1 is consistent with the known physical
characteristics of volcanic vents on the surface of
the eastern Snake River Plain (fig. 5).

Fissures, Alteration, and Dikes

Hydraulic conductivity of basalt flows cut by
fissures or altered by secondary mineralization is
difficult to distinguish from that of other geologic
features in wells at and near the INEEL. Hydrau-
lic conductivity of fissures may be similar in mag-
nitude to that of thin, tube-fed pahoehoe flows and
near-vent volcanic deposits having considerable
primary voids. Conversely, hydraulic conductivity
of altered basalt in which the alteration is perva-
sive and seals most voids may be similar to that of
a dike swarm. For example, the reported hydraulic
conductivity of altered basalt below the effective
base of the aquifer in well INEL #1 (fig. 2) is
3.0x102 ft/d (Mann, 1986). This value is similar to
the smallest values attributed to the zone of proba-
ble dikes south of the ICPP in vent corridor 25
(fig. 7). If alteration occurs in and near fissures,
those that are partly to completely filled by sec-
ondary minerals may have the same hydraulic
effect as a dike. Hydraulic conductivity in wells
located near fissures and dikes may range from
small to large depending on the distribution of
wells, fissures, alteration, and dikes. Some wells
near deep, open fissures may contain anoxic water
and higher water temperatures.

The relation between hydraulic conductivity
and fissures, alteration, and dikes was evaluated on
the basis of estimates from 15 shallow wells char-
acterized by water temperatures of 14°C or higher
in or near potential fissures and dikes within many
vent corridors at and near the INEEL (fig. 7, table
1). These wells were selected because the water
temperatures may have resulted from upward cir-
culation of water or water stagnation in or near
open fissures, zones of alteration, and dikes within
vent corridors. Thirteen of these wells are perfo-
rated or open in thin, tube-fed pahoehoe flows.
Well USGS 18 (fig. 8, data point 48) is perforated
or open in near-vent volcanic deposits, and well
119 (fig. 8, data point 112) in thick, tube-fed
pahoehoe flows. Estimates of hydraulic conductiv-
ity for these 15 wells range from 1.0x10 to
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2.4x10* ft/d and include the smallest and largest
known values at and near the INEEL.

Hydraulic conductivity for 10 of these wells
(fig. 8, data points 2, 35, 45, 48, 49, 52, 54, 58, 59,
and 66) ranges from 1.2x10? to 2.4x10* ft/d and
corresponds to the range of conductivity of cate-
gory 1 in figure 9. The median value of hydraulic
conductivity for the 10 wells is 3.3x103 ft/d com-
pared with a median of 1.3x103 ft/d for the entire
population of 73 wells in this category. Hydraulic
conductivity of the other 5 wells (fig. 8, data
points 38, 51, 55, 87, and 112) ranges from
1.0x102 to 1.6x10' ft/d and corresponds to the
range of conductivity of categories 2 and 3 in fig-
ure 9. The higher median value of hydraulic con-
ductivity for the 10 wells in category 1 suggests
that open fissures may be present and may
increase the conductivity of basalt flows in some
vent corridors. The lower values of hydraulic con-
ductivity for the 5 wells in categories 2 and 3 are
probably related to dikes and dike swarms,
because zones of alteration have not been identi-
fied in shallow cores.

Sedimentary Interbeds

Hydraulic conductivity of sedimentary inter-
beds is difficult to distinguish from that of volca-
nic rocks in wells at and near the INEEL.
Estimates of hydraulic conductivity in most wells
are dominated by the void spaces in basalt because
sediment generally makes up less than 15 percent
of most perforated or open intervals (table 2). At
and near Mud Lake (fig. 1), median values of
hydraulic conductivity for wells completed in
basalt and sediment are slightly larger than those
for wells completed only in basalt or only in sedi-
ment (Spinazola, 1994). This observation suggests
that sediment increases the hydraulic conductivity
of basalt in some wells. Sediment may increase the
hydraulic conductivity of basalt where it consists
of coarse mixtures of sand, gravel, scoria, and
basalt rubble. Reported median values of hydrau-
lic conductivity in wells at and near Mud Lake are
7.8x107? ft/d for those completed in sediment,
1.2x103 ft/d for those completed in basalt, and
1.5x103 ft/d for those completed in basalt and sedi-
ment (Spinazola, 1994). The median values
reported for basalt and sediment at Mud Lake are
similar to the median value attributed to thin, tube-



fed pahoehoe flows, near-vent volcanic deposits,
and their associated sedimentary interbeds in wells
at and near the INEEL, 1.3x103 ft/d (fig. 8, fields 1
and 2).

Eleven wells having abundant sediment were
used to evaluate the relative effect of sediment on
hydraulic conductivity in wells at and near the
INEEL. Estimates of hydraulic conductivity for
these wells (fig. 8, data points, 8, 27, 33, 43, 45,
52, 56,59, 78, 85, and 92) range from 2.8x10? to
6.5x103 ft/d, correspond to the range of conductiv-
ity of category 1 in figure 9, and are similar to
those for wells at and near Mud Lake. Perforated
or open intervals in these wells coincide with areas
of 20 to 50 percent sediment. Average thickness of
sediment layers in the 11 wells ranges from 5 to 29
ft; median average thickness is 12 ft (Anderson
and others, 19964, table 6). The median value of
hydraulic conductivity for these wells is 2.3x103
ft/d compared with that of 1.3x10 * ft/d for the
entire population of 73 wells in category 1 (fig. 9).
This higher median value suggests that sediment
may increase the hydraulic conductivity of basalt
in some wells. Of these 11 wells, 5 are located
near Big Lost River at and near the ICPP and TRA
where sand and gravel is abundant, 5 are located
considerably east or southeast of the river in areas
where loess, scoria, and basalt rubble probably are
abundant, and 1 is located near alluvial fans adja-
cent to the Lost River Range (figs. 2 and 3). Esti-
mates of hydraulic conductivity at and near the
INEEL generally do not reflect the small values
associated with thick layers of clay and silt
because few wells are perforated or open in these
deposits (Spinazola, 1994).

Comparison with Hawaii

The range and distribution of hydraulic conduc-
tivity at and near the INEEL can be compared with
those in Hawaii because of similarities in the geo-
hydrologic settings of these areas (Whitehead,
1992; Meyer and Souza, 1995; Smith and others,
1996). According to Meyer and Souza (1995), “the
general movement of ground water in the islands
of Hawaii is from the mountainous interior toward
the sea. This movement is largely through thin-
bedded basaltic lavas originating from one or more
elongate rift zones along the topographic crest of
volcanoes.” Basaltic aquifers in these settings are
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referred to as high-level and basal aquifers (fig.
10).

Hydraulic conductivity of high-level aquifers in
Hawaii is greatly affected by the distribution of
zones of closely-spaced, nearly vertical and nearly
parallel dikes, referred to as dike complexes.
According to Meyer and Souza (1995), “intersect-
ing dikes are common with the result that ground
water is impounded and compartmentalized
between dikes. Water levels within dike com-
plexes are typically several hundred to 1,000 ft or
more above sea level.” The number of dikes in a
dike complex ranges from about 10 to 1,000 per
mile of horizontal distance across the zone, proba-
bly averages between 100 and 200 per mile, and
declines abruptly near its edge (Meyer and Souza,
1995). The average reported width of dikes is
about 2 ft. Basal aquifers are generally free of
dikes and are dominated by tube-fed pahoehoe
flows generally less than 10 ft thick (William
Meyer, USGS, oral commun., 1997). Thus,
although hydraulic conductivity is controlled by
the void spaces of the basalt flows in each aquifer,
conductivity is also controlled by the distribution
of dikes and their boundary effects in high-level
aquifers.

Categories of hydraulic conductivity at and
near the INEEL (fig. 9) are similar to those
reported for basal aquifers, high-level aquifers,
and dike complexes in Hawaii (fig. 10). The
median hydraulic conductivity of category 1,
1.3x103 ft/d, is within the reported range of mea-
sured values for basal aquifers in Hawaii, 5.0x10?
to 5.0x10? ft/d (Meyer and Souza, 1995). The
range of category 1, 1.0x10% to 3.2x10* ft/d, is
identical to the reported range of plausible values
for basal aquifers in Hawaii. The median hydrau-
lic conductivity of category 2, 1.1x10! ft/d, is
within the reported range of measured values for
high-level aquifers in Hawaii, 6.6x10°to 2.0x10’
ft/d. The range of category 2, 1.0x10%to 1.0x10?
ft/d, is 1dentical to the reported range of plausible
values for high-level aquifers in Hawaii. The
median hydraulic conductivity of category 3,
1.7x10! ft/d, is about one order of magnitude
greater than the reported model-simulated value
for dike complexes in Hawaii, 2.5x10-2 ft/d. The
range of category 3, 1.0x102 to 1.0x10° ft/d, is



Dike complex
HIGH-LEVEL AQUIFER
(freshwater)

Figure 10. Geohydrologic setting of Hawaii (from Meyer and Souza, 1995).
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one order of magnitude less than to one order of
magnitude greater than the largest reported plausi-
ble value for dike complexes in Hawaii. These
similarities suggest that geologic controls of
hydraulic conductivity in the Snake River Plain
aquifer at and near the INEEL are similar to those
of basal aquifers, high-level aquifers, and dike
complexes in Hawaii.

HYDROLOGIC IMPLICATIONS OF VENT
CORRIDORS

The potential for migration of radioactive and
chemical wastes at and near the INEEL is depen-
dent on many complex factors including the distri-
bution of vent corridors (fig. 7). Because vent
corridors have the largest variety of rock types and
the greatest range of hydraulic conductivity in the
Snake River Plain aquifer, these areas may have a
significant effect on the movement of ground
water and wastes. The potential for rapid move-
ment of ground water and wastes is greatest in
thin, tube-fed pahoehoe flows, near-vent volcanic
deposits, and open fissures. The movement of
ground water and wastes may be greatly impeded
by dikes, thick, tube-fed pahoehoe flows, and
zones of alteration.

The main direction of ground-water flow at and
near the INEEL generally is southwestward, per-
pendicular to the orientation of vent corridors and
their associated volcanoes, dikes, and fissures.
Because of this orientation and the large variation
of hydraulic conductivity within vent corridors
(table 2), these areas probably are characterized by
complex pathways for localized ground-water
flow. Preferential pathways and local barriers
associated with volcanoes, dikes, and fissures
within vent corridors may affect the dispersion of
wastes in complex ways, as suggested by Hughes
and others (1997) and as shown by Bartholomay
(1997). These pathways and barriers may greatly
increase the overall widths of waste plumes that
extend across one or more vent corridors.

Hydraulic conductivity of dikes is sufficiently
low to restrict the movement of ground water and
increase hydraulic head in the aquifer where dikes
are numerous and closely spaced. Dikes are so
numerous and closely spaced in Hawaii (fig. 10)
that water levels within dike complexes are typi-
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'cally several hundred to 1,000 ft or more above

sea level (Meyer and Souza, 1995). Dikes in the
uppermost part of the Snake River Plain aquifer at
and near the INEEL generally do not restrict the
movement of ground water to this degree and must
be less numerous and (or) more permeable than
dikes in Hawaii. This conclusion is consistent with
geologic interpretations suggesting that dikes are
generally widely spaced geographically and not
concentrated in sheeted dike zones such as are
common in Hawaii.

Gradients of hydraulic head in the uppermost
part of the aquifer at and near the INEEL range
from about 1 to 15 ft/mi and average about 4 ft/mi
(Bartholomay and others, 1997). Abrupt changes
in hydraulic gradients within this range occur in
the northeastern and southwestern parts of the
INEEL between vent corridors 6 and 14 and
between vent corridors 29 and 33, respectively
(fig. 7), and are attributed to dikes, increased fine-
grained sediment, and (or) changes in dip of strati-
graphic layers (Anderson and Liszewski, 1997).
Hydraulic gradients are about 25 to 30 ft/mi
between vent corridor 40 (fig. 7) and the Great
Rift volcanic rift zone southwest of the INEEL
(Lindholm and others, 1987). These gradients are
consistent with the potential effects of numerous
and closely spaced dikes along and near the Great
Rift volcanic rift zone, where the spacing of dikes
may be similar to that of the least concentrated
dike complexes in Hawaii.

The number of dikes at and near the INEEL
probably increases with depth as in Hawaii (fig.
10). Therefore, hydraulic head probably increases
with depth where dikes are present and more
numerous than in the uppermost few hundred feet
of the aquifer. Hydraulic head increases with depth
in two deep wells, INEL #1 (10,365 ft) and Core-
hole 2-2A (3,000 ft) (fig. 2), located in vent corri-
dors 14 and 21 (fig. 7), respectively. Hydraulic
head in intervals deeper than about 3,500 ft below
land surface in well INEL #1 is about 100 ft higher
than the head in adjacent well WS INEL #1 (fig.
2), which is completed in the uppermost 200 ft of
the aquifer (Mann, 1986). Hydraulic head in inter-
vals deeper than about 1,900 ft below land surface
in well Corehole 2-2A is about 35 ft higher than
the head in adjacent well USGS 18 (fig. 2), which



is also completed in the uppermost 200 ft of the
aquifer (Ott and others, 1992). Although these
hydraulic heads may be the result of other factors,
they are also consistent with the potential effects
of numerous and closely spaced dikes at depth in
and below the aquifer in vent corridors 14 and 21.

Gradients of hydraulic head suggest that dikes
in the uppermost few hundred feet of the aquifer at
and near the INEEL are generally not as numer-
ous and closely spaced as in Hawaii. However, the
distribution of hydraulic conductivity and con-
cealed volcanic vents suggest that dikes may be
more numerous in some areas, such as in vent cor-
ridors 23 and 25 (fig. 7) at and near the ICPP and
TRA, than might be predicted from the known
locations of volcanic vents at the land surface
(Kuntz and others, 1994). The range and distribu-
tion of hydraulic conductivity of thin, tube-fed
pahoehoe flows at and near the ICPP (figs. 4 and
8) suggest that numerous dikes are present in this
area, but that these dikes are laterally discontinu-
ous. Laterally discontinuous dikes in this area and
other parts of the INEEL may contribute more to
the complexity of ground-water flow paths and the
dispersion of radioactive and chemical wastes than
to increased hydraulic head in the uppermost part
of the aquifer.

SUMMARY AND CONCLUSIONS

The effective hydraulic conductivity of basalt
and interbedded sediment that compose the Snake
River Plain aquifer at and near the INEEL ranges
from about 1.0x10% to 3.2x10* ft/d. This six-
order-of-magnitude range of hydraulic conductiv-
ity was estimated from single-well aquifer tests in
114 wells, and 1s attributed mainly to the physical
characteristics and distribution of basalt flows and
dikes. Hydraulic conductivity is greatest in thin
pahoehoe flows and near-vent volcanic deposits.
Hydraulic conductivity is least in flows and depos-
its cut by dikes. Estimates of hydraulic conductiv-
ity at and near the INEEL are similar to those
measured in similar volcanic settings in Hawaii.

The largest variety of rock types and the great-
est range of hydraulic conductivity are in volcanic
rift zones, which are characterized by numerous
aligned volcanic vents and fissures related to
underlying dikes. Volcanic features related to indi-

vidual dike systems within these rift zones are
approximated in the subsurface by narrow zones
referred to as vent corridors. Vent corridors at and
near the INEEL are generally perpendicular to
ground-water flow and average about 1 to 2 miles
in width and § to 15 miles in length. Forty-five
vent corridors are inferred to be beneath the
INEEL and adjacent areas. Vent corridors are
characterized locally by anoxic water and altered
basalt. In many of the vent corridors, water from
the uppermost 200 feet of the aquifer is 1 to 7°C
warmer than the median temperature of water
(13°C) measured throughout the aquifer.

Three broad categories of hydraulic conductiv-
ity corresponding to six general types of geologic
controls can be inferred from the distribution of
wells and vent corridors. Hydraulic conductivity of
category 1 includes 73 estimates, ranges from
1.0x102 to 3.2x10* ft/d, and corresponds to (1) the
contacts, rubble zones, and cooling fractures of
thin, tube-fed pahoehoe flows; and (2) the numer-
ous voids present in shelly pahoehoe and slab
pahoehoe flows and bedded scoria, spatter, and ash
near volcanic vents. Hydraulic conductivity of cat-
egory 2 includes 28 estimates, ranges from
1.0x10° to 1.0x10? ft/d, and corresponds to (3) rel-
atively thick, tube-fed pahoehoe flows that may be
ponded in topographic depressions; and (4) thin,
tube-fed pahoehoe flows cut by discontinuous
dikes. Hydraulic conductivity of category 3
includes 13 estimates, ranges from 1.0x102 to
1.0x10° ft/d, and corresponds to (5) localized dike
swarms; and (6) thick, tube-fed pahoehoe flows
cut by discontinuous dikes. Some overlap between
these categories and controls is likely because of
the small number of hydraulic conductivity esti-
mates and the complex geologic environment.

Hydraulic conductivity of basalt flows proba-
bly is increased by localized fissures and coarse
mixtures of interbedded sediment, scoria, and
basalt rubble. Hydraulic conductivity of basalt
flows is decreased locally by abundant alteration
minerals of probable hydrothermal origin. Hydrau-
lic conductivity varies as much as six orders of
magnitude in a single vent corridor and varies
from three to five orders of magnitude within dis-
tances of 500 to 1,000 ft. Abrupt changes in
hydraulic conductivity over short distances sug-



gest the presence of preferential pathways and
local barriers that may greatly affect the move-
ment of ground water and the dispersion of radio-
active and chemical wastes downgradient from
points of waste disposal.

Of all the geologic factors that control hydrau-
lic conductivity and the movement of ground
water and wastes at and near the INEEL, dikes
may be the most important and, also, the most dif-
ficult to quantify. Dikes can be inferred from geo-
logic models and indirect data, such as hydraulic
conductivity, but have not yet been identified in
vertical cores. Horizontal cores or selected geo-
physical techniques, such as borehole tomography
or detailed gravity and magnetic surveys, might
provide stronger evidence of dikes in the subsur-
face. These methods, combined with additional
aquifer tests, detailed measurements of vertical
flow and water temperatures in selected wells,
detailed evaluations of radioactive and chemical
constituents in water, and simulations of ground-
water flow likely would improve present interpre-
tations of dikes and their effects on the movement
of ground water and wastes in the Snake River
Plain aquifer at and near the INEEL.
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Table 1. Probable rift-related hydrogeologic anomalies in selected wells completed in and
below the Snake River Plain aquifer at and near the Idaho National Engineering and
Environmental Laboratory

[Locations of wells shown in figures 2 and 3. Vent corridor numbers correspond to those in figure
7. Cores listed in Davis and others (1997). Hydrologic anomalies include water temperatures
(WT) ranging from 14.0 to 20.0 degrees Celsius in the uppermost 200 ft of the aquifer (shallow
aquifer), abrupt downward increases in water-temperature gradients (WTG) in deep wells, abrupt
downward decreases in laboratory-derived values of porosity and permeability (PL), and anoxic
water (AW) of geothermal origin. Geologic anomalies include abundant authigenic and alteration
minerals identified by visual (AV) or laboratory (AL) methods; minerals include calcite, clays,
and zeolites. Laboratory data from Morse and McCurry (1997) and Welhan and Wylie (1997).
NA, indicates not applicable; --, indicates no data.]

Vent Hydrogeologic anomaly

Well identifier . Core Depth of well
corridor Hydrologic Geologic
ANP #9 8 No WT (14.0) -- Shallow aquifer
Corehole 1 22 Yes WTG AV Deep aquifer
Corehole 2-2A 14 Yes WTG AL Below aquifer
C-1A 33 Yes WTG, PL AV Deep aquifer
INEL #1 2] No WTG AV Deep aquifer
Lidy Hot Springs 2 NA WT (47.0), AW NA Limestone outcrop
NPR WO-2 21 Yes WTG AV Below aquifer
Park Bell well 3 No AW -- Unknown
Stoddart well 4 No AW -- Unknown
TCH #2 8 Yes NA AV () Deep aquifer
USGS 1 28 No WT (14.5) - Shallow aquifer
USGS 5 19 No WT (15.0) - Shallow aquifer
USGS 14 38 No WT (15.0) - Shallow aquifer
USGS 18 14 No WT (15.0) -- Shallow aquifer
: USGS 19 17 No WT (17.0) -- Shallow aquifer
USGS 22 29 No WT (20.0) -- Shallow aquifer
USGS 23 19 No WT (15.5) -- Shallow aquifer
USGS 26 7 No WT (15.0) -- Shallow aquifer
USGS 27 6 No WT (15.5) -- Shallow aquifer
USGS 31 7 No WT (15.5) -- Shallow aquifer
USGS 32 7 No WT (14.5) - Shallow aquifer
USGS 40 25 No WT (14.0) -- Shallow aquifer
USGS 87 33 No WT (14.0) -- Shallow aquifer
USGS 119 33 No WT (14.0) -~ Shallow aquifer
USGS 121 23 Yes NA AV (7)) Shallow aquifer
USGS 122 25 No WT (17.0) -- Shallow aquifer

USGS 123 25 Yes WT (14.5) NA Shallow aquifer

32




8 I 8¢'C 01x¥'C v'0 01%9'8 €1T (v € ¢ 24! 1S9 AdN 81

X4 4 9 &3 01xy'1 v'0 s01x0°C 0'1s (00)¢ LET LET 19 YIN Ll

8 € €51 101Xp°€ 10 01XxS°¢ €62 (00)s €01 601 dsiq JLdT 91

8 € 0Z'0 001%9'1 10 01x9'1 8°'8C (00) ¥ 001 L11 dsig 141 S1

6T € 75°0< 00TXE'E< $'0< 01x¢¢< 0Tt 00)s 001 AL £# Aemy31y ¥l

8 4 0T'e 01%9°1 v0 yOTXS'1 0S¢ 00) v 96 101 [-dsiq-19d €l

VN I 66'C 01%L°6 ¥0 s01%8°1 LLl (zov) 11 981 €SL AO04d 4l

VN 14 €0 o01XL'T 10 O01%€'1 At (s1)st SLYy 6Ly 14949 I

ST I v6'¢ {01x8'8 ¥0 01%9°L 0l (18)9 (98] Lyl dsiq 4dd 01

€T € 81°0 001%S'1 0 01%5°C 9°0C 008 [so1] $sT ¥ ddD 6

X4 I 43 01x€°¢ v0 01%9'1 96T Fzo ¢ [6+] 8yl 7ddd 8

LT € $0'1 OIXT'T 10 01XL'1 0'St (00)8 0SI1 60T AL L

LT € 801 01xT'1 ) O01x1C 1'1¢ (¥'6)6 L1 L1 1 viD 9

91 1 SL'E 01%9°¢ ¥'0 01%9°¢ €91 (00)L 001 LT [ 1s3] 10q1Y S

44 I 88°'C 01XS°L 0 O1XT'1 (44 e 6 6S1 9 4 11 V4V 4

8 € 9Z'1 101%8°T ¥'0 01%8'1 €8¢ (09) ¢ 001 LSY Ol# ANV £

8 I ¥S'C 01%6°¢ ¥0 yOIXL'T 092 00 ¢ LL 443 6# ANV r4

8 I £8'¢ 01%xL9 ¥'0 01X0°S 88l (00) ¥ SL 16 9# ANV I
Joput 3T A Ayureyadun P/ mm%ﬂwﬂi (uauitpas @_a%ﬂwww.v_ uado (3y) 4aynuap! 129

-100  pPRig BUERSEL JEIEXN S|
JuaA (pny) OD AnERY AyAissiusued NEIN | 10 Jaquiny 10 pajesojad  uoneujaUdg {EFNN -wnN
ANIAINPUOD dIneIpAH ageaaay 1elol

[uey) 1978013 sojesipul ‘< ‘uey) ssI] sajeoIpur ‘> ‘o[qesrjdde jou sajesrpur ‘YN ‘Aep 1ad 1295 ‘p/J (Aep 1od parenbs 3033 ‘p/ £ 23y
U1 301} 0) puodsaliod sIaquunu IOPLLIOD JUd A g 21n3Y ul asoy) 0} puodsariod sraquinu prat] "(L661) PI9Y pue Uey[da\\ Aq pauyap se
A)IAONPUOD Yq[nq a1e sanfea {(s)[earajur uado 1o pajeroyiad jo YiSuo| [)0] pue AJIAISSIWUSURI] WOIJ pajewnisa () ANAINPUOD dneIpAH

"apnjiudewr Jo SI9PIO Ul AJUrepraoun dATR[SY (8661 < UNWIWOD USILIM ‘UBULISNIY ) SN[BA PIJOALIOD © S1 6# ANV [[9M I0] Jjewl)sa

{(L661) s12yjo pue Aewojoypeq pue (166]) UBULNOY WO ANAISSIWUSURI] (B966]) SI9YI0 PUB UOSISPUY WOIJ PIIPOW (S)[eAIdul
uado 10 paje1oyiad reau pue Ul SI9AR] JUSWIPAS pue j[eseq 932[duwiod Jo ssauory) a3eIoAe pue roqun (B966| ‘SISYJO PUB UOSIOPUY)

P93919p ()] dnoid mo[j-jjeseq 23ed1Ipul S}aorIq Pajo[op IoJinbe Jo aseq 9A1}09]J9 MO]oq JUSWIPIS PUe J[eseq 9)eorpul sasayjuared
:(s)reasyur uado 10 pajerojiad [el0], "¢ pue g SINSIJ Ur UMOYS S[[oMm JO suonedo] ‘g 213y ur syutod eyep 03 puodsariod saquiny|

A103p410qDT PIUIWUOLIAUTT puD SULIIUISUTT IDUOIDA] OYDP] Y} ADIU Pub I 42fInbp U] 1241)] ayvUS Y3 Ul Pa1ajduiod
Sj1oM Pa122]as ul JuuiIpas puv psoq fo 1andonpuod d1nvipy puv ‘Aq1a1sSnusuvay ‘ssauyd1yp 424v] 23v4aav o sappuarysg 7 31qe,

33



VN I 9¢°¢< 1] B AS $0< WOIX0'L< 0SI (€e0) e 0¢ 001 11 SOSN 37
VN I e OIX1'C v'0 WOIX6'S €L (00) ¢ 8¢ 8¢ 6 SOSN V472
9¢ I ¥8'C 01%0°L ) WOIX1°C 0°0¢ 001 0¢ 9t 8SOSN 8%
01 € 8¢l 01%b'C v'0 1] e 0LT Le9s (se1) 166 L SOSN ov
91 € 99°0 01X9'f 0 OIXI'¥y 012 ins 88 L0T 9 SOSN 6€
61 S 0€°0- 1-01%0°S v'0 0TXI'1 011 (TsDe w e $SOSN 8¢
9 I 8T'°¢ 01%6'1 S0 01%0°S I'p1 (00) 61 89¢ 16T ¥ SOSN LE
VN I 9T'¢ 01x8'1 0 yOIXL'E 1) ((X1) )4 144 Ly 7sosn 9¢
8¢ I v0' < YOIXT 1< $0< 0IXE €< 081 (X)X 0g 9t 1 SOSN ¢
%4 z v6'C 01x8'8 0 W01%T°9 0S¢ (1)) (o2) 63 dsig viL 4
X4 I 09°¢ 01X0'v v0 yOIXL'8 0'1¢ (r99) (z0) L1S v# VAL X3
X4 z LS'E 0IXL'E 10 01x0'1 0ty o1 (2] 84 €# VL 43
01 S 6v°0" 01XT'€ 10 101%0°6 70T (8'cD)v1 €8T 9t¢ 1dxq NVL 1€
Y4 I €2°C 01%L'1 v0 YOIXT'E L'vT 006 l6L1] 86¢ 61 NS 0¢
61 3 €81 101%8°9 S0 HOTXP'1 902 (oLv) o1 90¢ 907 L1 3MS 6C
VN I LS'T 01XL'€ v'0 yOTXL'9 0Tt (00)8 281 1434 p1 amNg 8T
VN I 00°€< 01%0'I< §'0< s01%6°¢< 1€ (L9¢) 91 €LE 8¢ 6 NS LT
L1 € 8T'1 101%6°1 0 01%8'1 861 009 6 ZLl 9 s 9z
€€ I 9¢'C 01XET v0 01%89 062 (00t 0¢ 48 poid DINM Y ST
6€ S or't- 2.01%6°L 10 001%0°€ €1T (00) € 8¢ 8v¢ avo 174
01 € 9L’1 01%L'S ¥0 01%6°S 9 4 (00)9 €01 a8 1891, A1Sd 4
X4 I 89'C 01%8'% v'0 »01%0'8 161 (Iy) v1 L9T 149 T# ddd (44
8 4 97T 01x8'1 ¥'0 WOTXP'1 S'LE (0o 6L 201 ¢# M®d 144
8 4 0€°€ 01%0°C ¥'0 01xp'1 Lzg (00) ¢ 89 LL W MPd (174
8 (4 0L'€ 01%0°S ¥'0 01%S°T 0S¢ (00)¢ 0S L1T 1# M®d 61
1oput X 301 A fureadun (TR 1)) mwMﬂNwE (uautpas A&_«Mw“—w_ uado (393)) AYHUIPI 1q
-100  ppug Jud2.13d) s1ake]
oA (pny) O AnePy ANAISSTIUSTRL], 134¢] §0 1oquINN 10 pyjesoyaad  uonesRUI PM -unN
ANAINPUOI dNNBIPAH agesany el0],

PaNuUnRUO))--A10ip.10gDT [PIUIWUOLAUT pup SUli22uUISUT] [DPUODN] OYDPT Y} ADIU pup v 43finbp wwlg 1241y ayvUS Y3 U1 para)duiod
Sj1oM pa3aalas up Juawpas puv Jusoq Jo d31a13onpuod dSynvipAy pup ‘Aaissiusup.ay ‘ssauyd1y} 424vj aSp42av fo sappusg g dqeL,

34



35

Y4 I Ive< f01%x9°C< 133 01%6°¢< 91T (00 L [6¥1] 81¢ v SOSN 89
ST I vee< 01xXTT< So< s01X6'€< 6Ll (€2 ol [9L1] ¢4 I SOSN L9
ST I 0S¢ 01xT'¢ v'0 s0TXL'8 L'ST oo¢ C LT A 0¥ SOSN 99
Y4 I 09°¢ 01x0't v'0 s01%6°¢ 791 (€oD9 L6 L6 6€ SOSN 9
Y4 9 08°0- 01%9°'] v0 001X9'p Syl (L e [62] LST 8¢ SOSN 9
ST [ ov'e 01%5T v0 y0IX9'1 0'1¢ (00 ¢ s9 901 LE SOSN €9
ST I 19°¢ 01Xy S0 s01%6°¢ 90 00)s 6 ¥6 9¢ SOSN 29
ST I ILg< 01xL €< So< 01%6°€< 0'1¢ 0os S0l 1) SE€ SOSN 19
Y4 I 8T €< 01%6°1< §'0< 01%6°¢< 1'LT oL [102] LTT v€ SOSN 09
L I 18°¢ 01%5°9 $0 s01%x9°G L (L92)s 98 201 Z€ SOSN 65
L I 80'C 01xT1 ¥'0 JOTXL'T 154! ouvz 24 LLT 1€ SOSN 8¢
VN I SLg 01%x9°G v'0 SOTXE'Y €Sl (99)s 9L ovl VOt SOSN LS
VN I SI'¢ O1Xp'1 ¥'0 »OTXL'8 Sl Ty v 29 L 62 SOSN 9
9 € 0T'1 101%9°1 ¥'0 01x€°¢g ov1 (008) ¢ 0z 98 LT SHSN 99
L I 8y  0IXP'T S0 01’8 $'sT (00) T 43 09 97SOSnN  ¥§
8 I 0£'¢C 01%0°C ¥0 POIXP'1 0'¢C 00 ¢ oL 801 ¥Z SOSN €S
61 I ¥9°¢ OIXy'¥ S0 »01%8'8 €01 (0s2) € 0z 99 £2.SOSN 43
62 9 LLO> FOTXL 1> S0< W01%x9°Z> 0S1 (0o ¢ SI 9t T Sosn IS
ST € 060 01%6°L v'0 01%8°¢ vz 00) ¥ 34 SIT 0T SOSN 0S
L1 I €5°¢ 0Ixp'¢ 0 yOIXT'L 0'1¢ 001 144 LTl 61 SOSN 6v
vl r4 9T'¢ 01%8'1 S0 yOTXE P 0'6¢ 001 T 09 81SDSN 34
L1 € §9°0 01%$P 10 01Xy v'S1 (Ton L 86 94! L1 SOSN LY
LT I 80'¢ 0IxT'1 v0 LOTXS'8 8¢l (oons oL 62 SISHSN 9%
LE I 8L°C 01%1°9 v'0 W0IXT'T 0¢l (¢ee) € 9¢ 9¢ v1 SOSN Sy
L1 1 00C 01%x0'1 ¥'0 yOIXT'T S61 (061) 9 S0l L9€ 71SOsn 44
fopu e A Ajurepiddun AENGV mm“ﬂwﬂmﬁ (uaurpas @_«Mwwﬁv_ uado (399)) J3Ynuapl 1aq
-100  ppRiY Judd1ad) s1akeg
JuaA (M) 1 ANBY ANALSSTWISuE.L ], BEYN| 50 Joquiny 10 pajerojrad uoneIIUIg HETYN -wny
K)1AINPUOI dN[neIpAH agderaay [LATA

panunuo)--A10ip.10qv T [pIuduU0I1AUTT pUp SULI2UISUT IDUOIIDN] OYDP] dY} ADIU PUD Ip 42JInbD UID)J 1241y 2YPUS 243 Ul p22]duiod
S]1oM pa123]as U1 JuWIPas puv Jsvq Jo A3anonpuod dJynpipdy pup ‘Agarsstusunay ‘ssauyoyy 424v] 23v424av Jo sapwunsyg 7 91qeL



36

1T 1 €T¢ 01%L'] ) OIXT'1 861 0o €9 €9 66 SOSN €6
1T I 6T 01%¢'8 0 yOIX1'8 SYeT (960 v 86 LO1 86 SOSN 6
VN I 9.°C 01%8°¢ 0 LOIXT°L TSI (00)8 44 I€1 L6 SOSN 16
X3 v 0z'1 01%9'T v'0 01%6'y Lty (LL9) ¢ 1£3 1£3 06 SOSN 06
33 9 90'0- 1-01%8'8 10 101%6'Y £0¢ (00) € 9¢ 9 68 SOSN 68
€¢ 9 LLO- H0IXL'T 10 0TXE1 §9¢ (1) SL L8 88 SOSN 88
€€ 1 660 001%8°6 10 01x5'8 0L (Tv L8 L8 L8 SOSN L8
9¢ 3 18°0 001%$°9 10 01%0°¢ $1e (961) v 9 14 98 SOSN 98
LT I £5°¢ OIX'¢ v'0 s01%6°¢ el (9709 SI1 Ss1 $8SOSN S8
§T 1 8P €< 01%0'¢< $'0< yO1Xp'9< 0s1 0oz - 12 12 ¥8 SOSN ¥8
6C € 850 001%8°¢ 10 01x0'6 10T (Tspar 9¢T LST €8 SOSN €8
X4 I 00°€ 01%0'1 v'0 01xT'1 091 (09)8 (L11] LYT 78 SOSN 8
T € 871 101%6'1 v'0 01%9°C 9'8¢ 605 [og1] 62C 6L SOSN 18
ST € €6°0 001%9°'8 v0 OIXT'1 (a74 009 ovl 124! LL SOSN 08
Y4 I 80°¢ 0IXT'1 ¥'0 01%6'1 10T (so8 [191] r4Y4 9L SOSN 6L
Y4 I SH'T 01%8°C v0 01%5°6 0S1 (st 143 143 $9 SDSN 8L
Y4 z 18T 01%¥'L v0 yOTXL'E 00 (oot 0S 0S 85 SOSN LL
§T 1 81°C 01%6°1 v0 y0IX8'T 90T Loe [sg1] €LT LS SOSN 9L
X4 1 $e< 01Xg €< $0< OIXTP< . ¢Sl o) 8 [vz1l 861 75 SOsn SL
Y4 € 8¢'1 01%$°C 0 01%6'C L6l (Te)o [cz1] 0T IS SDSN L
ST I 8C'°¢ 0I%6'1 0 OIXI'Y €6l (99) 11 [z12] 167 8% SOSN €L
ST 1 ¥9°¢€< 0%y p< §0< $01x0°6< 191 (€9)L [g11] €61 9% SOSN 4
§T 3 061 10T%X6°L 0 OIXE6 881 (L9 [L11] 161 S¥ SOSN 1L
§T I 79°¢ OIXTP ) OIXI'd 70T 00)s [86] 161 v SOSN oL
Y4 1 8LC 0109 ¥0 »01%0'8 002 o9L [ect] Y44 £v SOSN 69
1opit A5 A Aurepsadun ®/) awﬂmﬁ Guaunpas @_«Mwww_ uado (23y) Ty uapy 1q
-100  pPRY JuddI3d) saake|
oA (Pny) OD aAneRA ApAIssiusue. . BEIN | 10 aquInY 10 pajeioprad  uoneaRUIJ IEANY -wnN
AJARINPUOI d[NEIPAH aderaay [ejoL

PaNUNUO)--A10I010gD T [PIUIWUOLIAUST pUD SULIZIUISUTT [PUOYDA] OYDP] Y} ADIU pUD v 12finbp U] 1241y 2yPUS 2y} ul parajduod
SJ1am pa123]as ul JUuiIPas puv }psnq Jo G1anonpuod dynvipdy puv ‘Qaisstusupay ‘ssauyoryp 424v] 28v424v o sappunssy ‘7 dlqe]



37

1T € §T0 o0IX8'T 10 01%L'€ L1z (0°0) 01 012 01¢ 1# TANI SM 121
143 I 9¢°¢ OI%XET - ¥'0 01XTT 9°L1 (s8)¢ ¥6 ¥6 071 SOSN €Il
X3 9 00°C- 01%0'1 ¥'0 00IXT'T 81¢ 89)¢ S0t S0l 611 SOSN A1
X3 9 Lo -01%6°1 10 01xp'1 01¢ (zoD) ¢ vL vL L11SOSN I
Y4 € 80°0 01XT1 10 01%$°1 A (00)9 LTl LTl 911SOSN  OII
Y4 S 860 -01%9°C 10 101xT°¢ 94 00)s €21 €Tl S1I SOsSn 601
Y4 S 00'1- 1-01%0'1 10 101%0°1 0'sT 00 v 001 001 ¥11 SOSN 801
Y4 I 0¢'€ 01%0°C ¥'0 01%6°1 S€T ()7 L6 L6 €11 SOSN L01
Y4 I €8'C 201%L9 ¥'0 YOTXP'9 0'€e (00 v 96 96 711 SOsn 901
ST S 08°0- 1-01X9°1 10 101XT'T 8'CC 009 LET LE1 111 SOSN SOl
0€ € vL'1 101XS°S v'0 HOTXT'T 0'st (00)8 00T 1a%4 011 SOSN ¥01
VN I 8L'C 01%0'9 ¥'0 OIXT'T T (6%)8 4] 431 601 SOSN €01
143 I 86'C 01%9°6 v0 01%S'T $'8¢C 009 961 91 801 SOSN 201
VN I ST 01x€°¢ ¥'0 yOIX0L $9¢ (00)8 vic 1414 LOT SDSN 101
VN 1 SLT 01%9°G v'0 sO1X0°1 L'LY (0°6) 01 LL LLT 901SOSN 001
¢ I 08'C 01%€'9 v'0 y01XS'8 (74 009 143 vel S01 SOSN 66
1£3 S €01~ -01X¥'6 10 01%$'1 0s1 (zen ol 8yl 8yl ¥01 SOSN 86
VN 4 ¥6'C 01%8'8 v0 s01%x9°1 zog 009 181 181 €01 SOSN L6
61 I 0r'e 01%5°C v'0 W01%6'T v'St (re)s LL LL 201 SOSN 96
VN € Il 101%€'1 ¥'0 01XT'1 L'81 (91D)9 S6 S6 101 SOSN $6
91 I 97T 01x8'1 0 WOIXP'1 el (19)o 6L 6L 001 SOSN v6
10put B A Ajureriadun (r/,) mmMMNWE (uaunpas @_«Mww.__.v_ wado (293)) Jaynuapl 13q
-10d  ppPY Jud21ad) s1ake|
A ®m) OD aAnePy ANAISSIISuEl |, 124e] 50 2quInN Jo pajetopidd  uopeajIUI PM -winN
£)1Andnpuod nespAH aderoay [elog,

panunuo)--A10p10gD7T PIUWUOIIAUT pUD SULIPIUISUTT IDUOIIDN] OYDP] Y] DU puD v 43f1inbp D] 1241Y 2yPUS 2y Ul Patoduiod
S]]oM pa103]as ul JuuiIpas puv 3 usnq Jo A31a1onpuod dSynvipdy puv ‘Aj1aissiusupay ‘ssauyoryy 4124vj a8v424v Jo sapwnysy 7 Qe



Table 3. Central tendencies of hydraulic conductivity estimates

[ft/d, feet per day]
Number of observations 114
Range of values 10.01-24,000 fvd
Measures of central tendancy
Arithmetic mean 1,500 ft/d
Root mean square 3,300 f/d
Geometric mean 140 ft/d
Median 520 fvd
2Mode 1,800 ft/d

lIncludes 11 observations with greater than and less than values.
2Mode is center of hydraulic conductivity class interval 11 (fig. 9).
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