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Abstract
The thick sequence of layered ﬂood-basalt ﬂows of the Columbia
River Basalt Group (CRBG) are prime sources of potable
groundwater throughout their extent in Washington, Oregon,
and Idaho. Having a realistic and accurate understanding of how
ground water enters and moves through these ﬂood-basalt ﬂows
is of fundamental importance to anyone working with CRBG
aquifer systems (e.g. resource assessments, contaminant
transport/fate, aquifer storage/recovery, regulatory assessment).
One of the most extraordinary features of the CRBG is the
physical dimensions of individual basalt ﬂow layers. A conceptual
understanding of the nature of CRBG ﬂows plays a critical role in
accurately interpreting some of the unique hydrogeologic
aspects of the CRBG. During the peak period of CRBG eruptive
activity (Grande Ronde and Wanapum Basalts) it was common
for eruptive events to rapidly (~2 to~12 weeks) emplace
individual ﬂows having volumes of 500 to >1,000 mi3 and for the
lava to cover areas >10,000 mi2 creating the largest known lava
ﬂows on the Earth. This combination of huge volume and rapid
emplacement typically produced simple sheet ﬂows 50 to >300
feet thick and not compound ﬂows commonly associated with
basaltic volcanism (e.g. Hawaii, Snake River Plain).
CRBG basalt ﬂows are typically very widespread, covering an
average area of 10,000 mi2. This, coupled with the physical
geologic characteristics of CRBG ﬂows indicates these ﬂows
formed as laterally extensive, uninterrupted sheets. This diﬀers
markedly from more typical compound basalt ﬂows which
display numerous, interﬁngering, discontinuous lobes. The net
hydrologic result of this is that the aquifers within the sheet
ﬂows typical of the CRBG occur as a series of layered, tabular,
conﬁned features whereas those in compound ﬂows (not
normally found in the CRBG) would form an interconnected,
semi-conﬁned to unconﬁned system.
Aquifer horizons within the CRBG are generally associated with
intraﬂow structures at the top (e.g., vesicular ﬂow-top, ﬂow-top
breccias) and bottom (e.g., ﬂowfoot breccias, pillow

lava/hyaloclastite complexes) of sheet ﬂows; collectively these
intraﬂow structures can comprise between 10 to >30% of the
total ﬂow thickness. Flow-top breccias and pillow
lava/hyaloclastite complexes often have excellent reservoir
properties and can be exceptional aquifers, but these intraﬂow
structures are not always present. However estimates of their
potential locations, extent, and thicknesses can often be made
with an understanding of the local (and regional)
paleoenvironmental conditions during ﬂow emplacement. The
interiors of thick sheet ﬂows (in their undisturbed state) are for
all practical purposes essentially impermeable and act as
aquitards, typically creating a series of “stacked” conﬁned
aquifers within the CRBG.

margins create veryfor a more extensive vertical connection. The
greatest potential vertical pathways within the CRBG are created
by faults. Shatter breccia produced along the fault creates a
permeable pathway. The extent, thickness, and physical
character of shatter breccias is related to the style (i.e., reverse,
normal, or strikeslip) and intensity of deformation. Fault breccias
often display some degree of secondary alternation or
mineralization which reduce (or eliminates) the vertical
permeability of these features. These conditions also allow faults
to act as horizontal barriers to ground water movement. Poorly
constructed water wells may overshadow these natural vertical
features allowing even greater hydraulic intercommunication
between aquifers.

The dominant groundwater ﬂow pathway within CRBG sheet
ﬂows is horizontal to sub-horizontal along individual, lateral
extensive, layered, interﬂow zones. Given the physical properties
of CRBG basalt, outcrop observations, and interpretations of well
hydraulics vertical groundwater movement through undisturbed
basalt ﬂow interiors is small to essentially non-existent. However,
vertical groundwater movement between layered CRBG aquifers
is possible, but occurs predominantly under speciﬁc geologic
conditions where basalt ﬂow interiors are disturbed or truncated.
Speciﬁcally, vertical to sub-vertical groundwater movement
through basalt ﬂow interiors occurs naturally where:
• Sheet ﬂows pinchout (ﬂow margins),
• Erosional windows thin and/or cut through one or more ﬂow
interiors, connecting separate interﬂow zones,
• Geologically recent faults and associated tectonic fractures
provide open fractures across multiple,impermeable, layered,
ﬂow interiors.
Additionally, uncased (pumped and unpumped) wells completed
across multiple aquifer layers act as manmade vertical
groundwater ﬂow pathways.

The Columbia Basin GWMA’s evaluation of water level trends
and ground water geochemistry provides GWMA scientists with
important clues into the nature of: (1) aquifer continuity and
extent, (2) aquifer interconnection, or the lack of that
interconnection, (3) groundwater recharge and the potential age
of ground water within the CRBG aquifer system, and (4) ground
water discharge, or the lack of that, especially from deeper
portions of the system. The results of this project also give
GWMA stakeholders insights into how to better manage the
aquifer system, including ways to evaluate recharge project
feasibility.

Flow margins, erosional channels, and faults are
features that can create potential vertical pathways for
groundwater movement in the CRBG aquifer system. Flow
limited (single ﬂow) vertical connections. Erosional channels (during
and post-CRBG time) can breach multiple ﬂows creating the potential

Columbia River Basalt beneath the GWMA
Geologic cross-sections portray a vertical proﬁle (or slice) through the upper levels
of the Earth’s interior to show the geologic structure and rock layers projected from
the Earth’s surface to deep beneath the surface. The location of the geologic crosssection
is shown on a map. Geologic cross-sections are constructed from geological
observations made at the Earth’s surface, supplemented by subsurface data such as
can be collected from drill holes, well videos, and geophysical logs.
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Columbia River Basalt beneath the GWMA
Within the Columbia Basin GWMA geologic
logs of drill holes provide us with a wealth

brought to the surface during well drilling,
in the Columbia River Basalt as dense
basalt ﬂow interiors, vesicular basalt ﬂow
tops, rubly basalt ﬂow top breccias, fault

unit they come from. Compiling these data
allow geologists to determine the depths
of speciﬁc geologic units beneath the
of each basalt ﬂow, and the thickness and
extent of impermeable, dense basalt ﬂow
interiors – the rocks that block groundwater
movement between deeper and shallower
basalt ﬂow layers.
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Columbia River Basalt beneath the GWMA
Individual CRBG basalt ﬂows typically
display very similar sets of physical
features. Typically basalt ﬂows have a
ﬂow top zone, a dense interior zone,
and a basal zone.
The characteristics of CRBG basalt
aquifers are strongly inﬂuenced by
physical properties of these ﬂow zones.
Flow tops and ﬂow bases have
signiﬁcantly higher hydraulic conductivity
(K) and eﬀective porosity than ﬂow
interiors. In fact, undisturbed CRBG ﬂow
interiors are rendered essentially
impermeable because of fractures ﬁlled
with secondary minerals (most commonly
clay and zeolite).
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This, and the next 4 pages, highlight
some of the main basalt rock types
that inﬂuence ground water occurrence
and movement in the CRBG.
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Faults
One portion of an aquifer may or may not be
isolated from another portion of the same
aquifer because of the presence of a fault. The
movement of rock along the fault plane can
fracture the rock, increasing its permeability
and connecting the aquifer on each side of the
fault. But this movement can also grind up rock
and create very low permeability along the fault
plane, isolating the aquifers on each side.
Additionally, certain types of faults vertically
oﬀset the interﬂow zones that host the aquifers
on each side of the fault. The oﬀset may be
small, as occurs in the central portions of the
Columbia Plateau, or it may be signiﬁcant where
the oldest basalt rocks are present at the ground
surface (for example, in the Frenchman Hills and
Saddle Mountains). Groundwater level data from
wells on each side of a fault can provide
signiﬁcant insights as to whether the fault limits
or allows groundwater ﬂow.

Faults

Amount of leakage depends on
physical properties of fault.
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Folds
As with faults, folds have been
identiﬁed as groundwater barriers or
impediments in basalt aquifers. Folds
often occur near or on fault planes.
Some folds are easily visible (Frenchman
Hills, Saddle Mountains), while others
may be buried (for example, a
monoclonal ﬂexure). Folds and their
associated faults can create barriers to
groundwater ﬂow and deﬁne the limit of
a groundwater sub-basin (e.g., Royal
Basin). However, they can also be
important features for groundwater
recharge, where high-permeability
interﬂow zones are exposed in upland
areas by upwards folding.
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Vertical dikes contain solidiﬁed basalt that originated from the deep magma
chambers that fed the lava ﬂows. Each dike has very high density and low
permeability and cuts through the rocks that pre-dated the dike’s formation.
Hence, many of these dikes are buried and form barriers to groundwater ﬂow
in deep basalt aquifers. Because the dikes commonly occur as a swarm
(grouping) of dikes over a larger area, groundwater ﬂow through a dike swarm
is thought to be limited. In the Columbia Plateau, geologic mapping and
signiﬁcant contrasts in well yields and water levels are common indicators of
the presence of a buried dike swarm.
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Over the many tens of miles
of any dike, it commonly will be
segmented. There could be some
movement of groundwater past the
ends of these segments.
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Cutaway looks
down on
this surface
Groundwater flow likely “dammed”
by dike. Results: water level in Well 2
higher than in Well 1.

Flow Pinchouts
Regional geologic mapping of the subsurface indicates that
the many distinct and dense layers of basalt in the
Columbia Plateau do not extend to the edges of the plateau.
Instead, many ﬂows have limited extent. Where a given
basalt ﬂow is present, groundwater on top of the ﬂow is
often separated from groundwater at the bottom of the
ﬂow. This occurs because the ﬂow is very dense and is
generally devoid of open fractures, creating highly
compartmentalized aquifers in a vertical sense. At the edge
of the ﬂow, where it pinches out laterally, groundwater
zones above and below the basalt layer can be connected,
allowing for mixing.
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Coulees (canyons)
Spring lines are commonly visible
on the canyon side walls of coulees.
Spring lines occur at the level
where a water-bearing basalt
interﬂow zone is present. Coulees in
the canyon ﬂoor have ephemeral or
perennial streams. Coulee ﬂoors are
commonly ﬁlled with alluvial
sediments left behind by the ﬂoods
that carved the coulees out of the
originally undisturbed basalt rock.
Hence, there is a complex
interaction between surface water
and groundwater in both the visible
and buried portions of the coulee.
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FLOW TOP 5 — Contains little or no groundwater unless abundant surface water is present.
FLOW TOP 4 — Discharges water to, and gets water from, gravel aquifer in coulee 2. Water level very similar to
Coulee 2 aquifer. Discharges to Coulee 1 as spring, receives little or no recharge from Coulee 1.
FLOW TOP 3 — Discharges to, and gets recharge from, both coulees. Water level in flow top 3 transitions between
Coulee 2 and Coulee 1 levels.
FLOW TOP 2 — Discharges to, and gets recharge from Coulee 2. Interconnection with Coulee 1 may be limited,
depends on depth of erosion into Flow Interior 3.
FLOW TOP 1 — May not have any connection with gravel aquifers in coulees. It is part of a larger, more extensive
groundwater flow system. Water level could be very diferent from coulees, higher or lower
depending on recharge area for Unit 1.

Basalt Unit 1

Potential Recharge Pathways
Many of the drainages in GWMA show
variable conditions along their length. In
the Lake Creek drainage, Coﬀee Pot Lake
contains water at most times, while Paciﬁc
Lake has been dry almost continually since
the mid-1980s (the only exception being
during an exceptional rainfall and snowmelt
event in early 1996). The presence or
absence of water in a given reach of a
particular drainage is partly related to
whether that reach lies on dense basalt rock
or whether a highly permeable interﬂow
zone is present on the streambed. Geologic
mapping indicates that an interﬂow zone
likely underlies the alluvial sediments that
form the bed of the now-dry Paciﬁc Lake.

DOWNSTREAM
Paciﬁc Lake

UPSTREAM
Coﬀeepot Lake

From ground surface where water is present
Flow top area of
basalt unit.
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Recharge from streams and precipitation where flow top
is at or near ground surface.
Recharge through thinned basalt flow interiors, especially
if gentle folding has opened cooling joints.
NOT through dense basalt flow interiors more than a few
hundred feet deep.
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Recharge to flow top dipping
away from surface water body.

Blue arrows depict
predominant groundwater
movement.

Potential Recharge Pathways
Lake Roosevelt is not a recharge source regionally for the
basalt aquifers. Regional geologic mapping of the
subsurface and of rock outcrops at the ground surface
indicates that Lake Roosevelt sits on granitic rocks, rather
than on basalt. The granitic rocks are very dense and yield
little water, and hence are not a source of water to the
basalt. Additionally, the pool level of Lake Roosevelt (behind
Grand Coulee Dam) is 500 feet or more below the
groundwater elevations measured in the basalt aquifers
near Odessa, south of the lake.

Lake Roosevelt
water level, about
1300 feet
north

south

Basalt (Dark Rock) Overlying Granite Basement Bedrock
(Light Rock) Along East Shore of Banks Lake Near Electric City

Water level in
wells, about
1800 feet
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Granite buried below
CRBG

Eastern Boundary Inﬂow

These highs are the grani c basement rocks that extend
above basalt, and form barriers to groundwater movement
into the basalt aquifer from the east.

aquifers in Adams County may extend east into
Whitman County. Groundwater may ﬂow into
Adams County from Whitman County. Further
north, across the Lincoln County / Spokane County
line, such groundwater inﬂow does not occur, or is
very limited, because the basalt is thin and is

EAST
Sprague

to shallow basalt in this area, in the form of runoﬀ

Land Surface

through the shallow basalt.

WEST

Water could infiltrate into basalt flow tops that
butt up against steptoes projecting through
basalt, source of water would be infiltration
from precipitation and snowmelt.

Grani c Basement Bedrock
Beneath Basalt
No Grani c Basement Bedrock Groundwater Inﬂow From The East
May Occur

Blue arrows depict
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groundwater
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Granite and
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Influence of Well Construction
Before Alteration

depth to water. The number of water-bearing zones to which it is open is also a
signiﬁcant factor. In the diagram below, four wells that are each open to diﬀerent
the aquifers shows a diﬀerent water level than the four other wells and also has

After Alteration

Steel casing
Cement seal
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it) can alter its water level because of changes in the number of aquifers which
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between aquifers.
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In this case, the well on the right connects all four
zones with di erent water levels, lowering the water
level below that in interflows A, B and C. This
exposes interflow A to air, causing water to cascade
into the well. Also, water flows from interflow C into
interflows B and D.
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A small number of co-located nonpumping
observation wells are
constructed in the basalt aquifers of the
Columbia Plateau. These wells monitor
seasonal and long-term water level
trends and provide some of the most
reliable data for interpreting the
condition of the groundwater resource.
In this example, three co-located wells
are present, tapping three diﬀerent sets
of aquifer zones. The middle zone
(purple) has shown a prominent longterm
decrease in water levels. The
deepest zone had the most modest
declines until about 2002, when the rate
of decline steepened, coincident with
wells being constructed and deepened to
depths of 2,000 feet or more.
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West of Odessa
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Well Deepening
Well owners historically have deepened wells when the pumping levels drop too
much to sustain target well yields. The depth of a pumping well is not the only
variable aﬀecting its yield and the depth to water. The charts show that well
deepening can actually further lower the water level (chart to the upper right) or
improve the water level (chart below). However, even if an improvement is
observed during deepening, it may be only temporary, as shown in the chart
to the bottom right.

Source:
USGS (Cline, 1984)

1250

300’

Pre-1995
Irrigation Well Depth

1995- Present
Irrigation Well Depth

Groundwater Elevation (feet amsl)

1200

1150

1100

Deepened From 800 ft to 1,100 ft
Effect:
•
Static WL rises 30 ft
•
Static WL 59 ft higher 2 yrs later
•
Then water levels decline again
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Groundwater Geochemistry, Age and Recharge
• Geochemical data can identify the source(s)
of groundwater
– ancient groundwater
– surface water recharge (lakes, rivers, canals)
– irrigation water recharge
• Geochemical age dating methods can be
used to determine the length of time
groundwater has been in the subsurface.
• Geochemistry also provides information on
the relative amounts of old and young
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