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Assessing Inundation Hazards to Nuclear Powerplant
Sites Using Geologically Extended Histories of Riverine
Floods, Tsunamis, and Storm Surges

By J.E. 0’'Connor, B.F. Atwater, T.A. Cohn, T.M. Cronin, M.K. Keith, C.G. Smith, and R.R. Mason

Executive Summary

Most nuclear powerplants in the United States are near
rivers, large lakes, or oceans. As evident from the Fukushima
Daiichi, Japan, disaster of 2011, these water bodies pose
inundation threats. Geologic records can extend knowledge of
rare hazards from flooding, storm surges, and tsunamis. This
knowledge can aid in assessing the safety of critical structures
such as dams and energy plants, for which even remotely
possible hazards are pertinent. Quantitative analysis of
inundation from geologic records perhaps is most developed
for and applied to riverine flood hazards, but because of
recent natural disasters, geologic investigations also are now
used widely for understanding tsunami hazards and coastal
storm surges.

Layered sedimentary deposits commonly give the most
complete geologic record of large floods, storm surges, and
tsunamis. Sedimentary layers may be preserved for hundreds
or thousands of years in suitable depositional environments,
thereby providing an archive of rare, high-magnitude events.
All inundation hazards discussed in this report—riverine
floods, tsunamis, and storm surges—have had long records
extracted from sedimentary sequences, many specifically for
hazard assessment.

Geologic records commonly are imprecise, SO most
hazard assessments benefit from evaluation of many sites
and rigorous uncertainty assessment. Despite uncertainties,
geologic records commonly can improve knowledge of the
types and magnitudes of hazards threatening specific sites or
regions. New statistical tools and approaches can efficiently
incorporate geologic information into frequency assessments.

The Crystal River plant was shut down permanently in 2013 while this
study was in progress. However, a license application for a proposed new
plant in the same general vicinity is currently under review.

These tools are most developed for riverine flood hazards,
but are to some degree transferable to other episodic natural
phenomena such as tsunamis and storm surges.

Even with these efficient statistical approaches for
examining geologic records, systematic landscape changes
may reduce the applicability of retrospective assessments.
These non-stationarity issues (such as climate change,
sea-level rise, land-use, dams and flow regulation) may all
affect the validity of using past experience—no matter how
complete the record—to assess future likelihoods. These
issues require site-specific consideration for nearly all hazard
assessments drawn from geologic evidence.

A screening of the 104 nuclear powerplants in the United
States licensed by the Nuclear Regulatory Commission (at
64 sites) indicates several sites for which paleoflood studies
likely would provide additional flood-frequency information.
Two sites—Duane Arnold, Iowa, on the Cedar River; and
Davis-Besse, Ohio, on the Toussaint River—have geologic
conditions suitable for creating and preserving stratigraphic
records of flooding and few upstream dams that may
complicate flood-frequency analysis. One site—Crystal River,
Floridal, on the Withlacoochee River and only 4 kilometers
from the coast—has high potential as a candidate for assessing
riverine and marine inundation hazards. Several sites on the
Mississippi River have high geologic potential, but upstream
dams almost certainly now regulate peak flows. Nevertheless,
studies on the Mississippi River to evaluate long-term flood
frequency may provide results applicable to a wide spectrum
of regional hazard issues. Several sites in the southeastern
United States have high geologic potential, and studies at these
sites also may be helpful in evaluating hazards from outburst
floods from landslide dams (river blockages formed by mass
movements), which may be a regional hazard. For all these
sites, closer investigation and field reconnaissance would be
needed to confirm suitable deposits and settings for a complete
paleoflood analysis. Similar screenings may help identify
high-potential sites for geologic investigations of tsunami and
storm-surge hazards.



2 Assessing Inundation Hazards to Nuclear Powerplant Sites Using Histories of Riverine Floods, Tsunamis, and Storm Surges

Introduction

As of 2013, most of the 104 operating nuclear
powerplants in the United States were located close to large
rivers or coastlines because of cooling-water requirements.
This proximity to large water bodies increases the risk of
plant flooding. In the Fukushima Daiichi, Japan, disaster of
2011, tsunami inundation was a leading cause of the release
of radioactive materials (Kurokawa and others, 2012).
Flooding of the River Geronde in 1999 disrupted power
supplies and damaged the Le Blayais nuclear power plant in
southwestern France, and a flood on the Rhone River in 2009
compromised the cooling system of the Cruas nuclear plant
in southeastern France (Autorité de Stireté Nucléaire, 2010;
Kopytko and Perkins, 20112). Worldwide, nearly two dozen
nuclear powerplants may be at risk of inundation by tsunamis,
according to a tally that includes no site in the United States
(Rodriguez-Vidal and others, 2012).

Assessing inundation risks for nuclear powerplants is
challenging, particularly when considering events of extreme
magnitude and low frequency. On most coasts, tsunamis are
infrequent hazards, and understanding their recurrence and
site-specific consequences means relying on fragmentary
records or predictive modeling. Riverine and storm-surge
hazard assessments are more common for coastline or
flood-plain management, but standard approaches relying on
historical records may be deficient when considering events
with recurrence intervals of hundreds or thousands of years.

Approaches common for consideration of rare hazards
include deterministic modeling of plausible worst-case
scenarios, such as the “probable maximum flood,” and
probabilistic empirical analysis of past events, such as
flood-frequency analysis (Prasad and others, 2011). Geologic
records are helpful in both approaches—they indicate the
types and magnitudes of processes that may pose hazards
(such as landslides and earthquakes) and they chronicle past
large events, thereby extending records useful for quantitative
site-specific hazard analysis.

Geologic records can efficiently extend observational
records, particularly where the events of interest are large and
affect landscapes. Large floods, storm surges, and tsunamis
as a consequence of entraining and depositing sediment,
commonly leave stratigraphic records. From such records, the
recurrence and magnitude of all these phenomena have been

2Although Kopytko and Perkins (2011) report that the Cruas flood damage
was in December 2003, the closure was in December 2009 (Joseph Kanney,
Nuclear Regulatory Commission, written commun., January 31, 2014).

studied for various reasons and at multiple locations. Geologic
histories of tsunamis have been inferred on many shores in the
past 30 years to help define the magnitude and frequency of
tsunamis and of the faulting, volcanic eruptions, and landslides
that trigger them (Bourgeois, 2009). Similarly, paleoflood
studies are being conducted worldwide to address local and
regional issues of flood frequency—particularly for rare and
large floods (Benito and O’Connor, 2013). Additionally,
analyzing the frequency and magnitude of coastal storm surges
is a developing field with many studies along coastlines and
areas flanking large water bodies (Donnelly and Woodruff,
2007; Liu, 2007; Woodruff and others, 2008; Hippensteel and
others, 2013).

New statistical tools and approaches can efficiently and
robustly incorporate geologic information into frequency
assessments. These approaches can accommodate generalized
and imprecise forms of flood information, permitting direct
use of interval data and complicated types of information,
such as non-exceedance of specified thresholds, which
cannot be characterized using traditional statistical methods.
The new techniques most commonly have been applied to
riverine flood-frequency assessments (for example, Stedinger
and Cohn, 1986; Stedinger and Baker, 1987; O’Connell
and others, 2002), but the concepts, and in many cases the
techniques, apply to other episodic natural phenomena such as
storm surges or tsunamis.

This report summarizes geologic approaches for
extending histories, hundreds or thousands of years into the
past, of flooding near nuclear powerplants. These approaches
are directly relevant to a key finding in the National Research
Council (2014, p. S-3) assessment of the Fukushima
nuclear accident:

“The overarching lesson learned from the
Fukushima Daiichi accident is that nuclear plant
licensees and their regulators must actively seek out
and act on new information about hazards that have
the potential to affect the safety of nuclear plants.”

In this report, the most detailed description of methods
and application is for riverine flooding. Because the geologic
approaches are similar for all inundation hazards, current
practices for identifying and interpreting ancient tsunamis
and storm surges are reviewed and described more briefly.
Primarily in reference to riverine flooding, statistical issues
in estimating the recurrence of events that are extremely rare
(annual probability of 104 or less) are addressed as well as
systematic landscape and climate factors, including sea-level
rise, which are relevant to any backward-looking analysis. By
means of a screening assessment, we identify existing nuclear
powerplants in the United States that may be suitable for
geologic analysis of susceptibility to riverine floods.
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Review of Inundation Hazards and
Approaches for Geologic Assessment

This section summarizes approaches to and examples of
developing geologic records of inundations. Riverine flooding,
tsunamis, and storm surges are each described separately,
but the many common aspects of stratigraphic records and
the approaches to interpreting them for all these inundation
processes are treated most thoroughly in section, “Riverine
Floods.” The sections, “Tsunamis™ and “Storm Surges,”
contain more focused review and discussion of methods,
approaches, and limitations specific to those hazards.

Riverine Floods

Riverine floods are a chronic, lethal, and costly
natural hazard in the United States, causing an average of
140 fatalities and $5 billion damage each year (1999 dollars;
Schildgen, 1999). Despite advances in flood science and
implementation of Federal hazard-reduction policies, damage
from flooding continues to escalate (Pielke and Downton,
2000). In the United States, about 3,800 towns and cities of
more than 2,500 inhabitants occupy flood plains (Miller and
Miller, 2000). Many of the 104 nuclear powerplants licensed
by the Nuclear Regulatory Commission have facilities on or
near flood plains.

Although nearly all streams and rivers are subject to
flooding, the potential for damage varies with climate and
physiography (Wohl, 2000; O’Connor and others, 2002).
Physiographic effects are apparent for streams running through
steep, confined channels, with high velocities and coarse
bedloads. High velocities can impart substantial forces to
inundated structures, and coarse materials can damage or bury
in-channel and flood plain structures. For low-gradient rivers,
flood damage generally results from inundation or flows
exceeding capacity of water diversion or storage facilities,
such as levee breaching or dam overtopping, although in
some cases, high sediment and debris loads impart substantial
damage. For nuclear facilities, flood inundation, clogged
water-intake structures, and flood damage to critical off-site
structures can lead to hazardous conditions (Kopytko and
Perkins, 2011).

Frequency and Magnitude
Assessment Challenges

A key component of flood hazard assessment is
determination of flood frequency and magnitude. For nearly
100 years (Dawdy and others, 2012), probabilistic approaches
typically have involved statistical analysis of observed peak
flows to estimate flood quantiles, such as the 0.01 annual
exceedance probability flow (the so-called 100-year flood),
defined as the peak flow having a discharge equaled or

exceeded with an annual probability of 0.01 (1 percent). This
approach—embodied in widespread implementation in the
United States of Bulletin 17B, Guidelines for Determining
Flood Flow Frequency (Interagency Advisory Committee on
Water Data, 1982)—provides for systematic flood-frequency
analysis of gaged flood measurements.

In addition to some general problems with the flood
frequency analysis approach specified by Bulletin 17B
(Stedinger and Griffis, 2008), additional complications
arise when assessing the hazard associated with rare and
large floods. A fundamental limitation is that instrumental
records typically are of short duration, especially in the
United States, where few streamgages have been operated
for more than 100 years. In particular, such limited records
challenge reliable determination of flood-quantile estimates
for peak flows with annual exceedance probabilities of less
than 0.01 (England and others, 2006). For critical structures
such as dam spillways, nuclear power plants, and hazardous
waste repositories, reliable estimates of rare floods may be
required, potentially including floods with annual exceedance
probabilities of 10-6. Other common challenges associated
with flood-frequency analysis, particularly for floods of low
recurrence probabilities, include (1) regionalizing or otherwise
transferring observations at a measurement location to provide
meaningful flood quantile estimates at a site of interest; and
(2) accounting for past and future non-stationarity effects such
as changes in climate, land-use, and channel conditions.

Quantitative Paleoflood Hydrology

Paleoflood hydrology (Kochel and Baker, 1982), or flood
geology, is the reconstruction of the magnitude and frequency
of past floods using geologic or botanical evidence (Baker and
others, 2002). The following synopsis of paleoflood hydrology
is derived from Benito and O’Connor (2013). Over the last
30 years, paleoflood hydrology has achieved recognition as
a new branch of geomorphology and hydrology (Baker and
others, 2002; Benito and Thorndycraft, 2005; Baker, 2008),
using principles of geology, hydrology, and fluid mechanics
to infer quantitative and qualitative aspects of unobserved or
unmeasured floods on the basis of physical flood evidence
(House and others, 2002a, Saint Laurent, 2004). Flood
evidence includes various geologic indicators (flood deposits
and geomorphic features) and flotsam deposits, as well as
physical effects on vegetation such as tree scars. Resulting
inferences can include timing, magnitude, and frequency of
individual floods at specific sites or for specific rivers, as
well as conclusions regarding the magnitude and frequency
of channel-forming floods. The benefit of paleoflood studies
is being able to obtain information on floods from times or
locations where direct measurements and observations are
sparse or absent. Findings from paleoflood studies support
flood hazard assessments and improve the understanding of
the linkages between climate, land use, flood frequency, and
channel morphology.
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Paleoflood studies typically take one of two forms:
(1) analyses focused on determining quantitative information
for specific events, such as the timing, peak discharge,
and maximum stage of an individual flood or floods; and
(2) studies investigating more general spatial and temporal
patterns of flooding, commonly to assess relations among
climate, land use, flood frequency and magnitude, and
geomorphic response (such as channel morphology or
flood plain sedimentation and erosion processes). Although
individual paleofloods most typically are studied for rivers
confined by bedrock or other resistant materials that favor
preservation of their stratigraphic and geomorphic records
(Kochel and Baker, 1982), valuable paleoflood information
also has been obtained from alluvial rivers (Knox, 1999; Knox
and Daniels, 2002). Studies relating channel form or flood
plain morphology to past flood characteristics typically are
done for alluvial river corridors, and follow from the classic
studies of Schumm (1968) and Dury (1973). Quantitative
information of specific flood levels that have been exceeded
(or not exceeded) generally is likely to be most helpful
for assessing risk to nuclear facilities; consequently, the
emphasis of this section is on studies that can provide specific
information on the timing, magnitude, and frequency of
individual floods.

Quantitative paleoflood hydrology relies on identification
of evidence of flooding, in conjunction with application
of hydrodynamic principles, to determine flow magnitude.
These two aspects of investigation typically lead to four
phases of analysis: (1) documentation and assessment of flood
evidence; (2) determination of paleoflood ages; (3) estimation
of flow magnitude, typically peak discharge, associated
with flood evidence; and (4) incorporation of paleoflood
data in flood-frequency analysis. The first phase involves
study of historical documents, landforms, stratigraphy,
and sedimentology, whereas the second phase involves
geochronology in order to identify and date physical evidence
of flooding. The third phase requires hydraulic analysis to
assign a flow magnitude to paleoflood evidence. A common
final phase incorporates paleoflood discharge and chronology
information in a flood-frequency analysis. Paleoflood studies
generally are more successful and have fewer uncertainties in
fluvial systems with resistant boundaries, such as bedrock or
semi-alluvial channels. These environments, because of stable
depositional sites, tend to have longer and clearer stratigraphic
records of past floods—sometimes exceeding several thousand
years—and have stable boundary conditions, leading to greater
confidence in using present topography to determine past
hydraulic conditions.

Most paleoflood studies have focused on semiarid
and arid regions, although recent studies have successfully
extended flood records in humid environments as well (for
example, Fanok and Wohl, 1997; Springer and Kite, 1997;
Kidson and others, 2006). Paleoflood studies that extend
flood records hundreds or thousands of years into the past can

provide compelling evidence of flood discharges exceeding
those in instrumental or written records (Enzel and others,
1993; O’Connor and others, 1994; Hosman and others, 2003;
Harden and others, 2011). These studies also can provide
evidence that large floods cluster on time scales of decades and
centuries—a clustering that can be attributed to variability in
climate (Ely and others, 1993; Knox 2000; Benito and others,
2003; Harden, 2012).

Paleoflood Records

Paleoflood records are derived from physical evidence of
paleoflood stage (fig. 1). The best high-water marks include
mud, silt, seed lines, and flotsam (such as fine organic debris,
grass, and woody debris) that closely mark peak flood stage.
This type of evidence typically only persists for weeks in
humid climates, but possibly for several years or decades, in
semiarid and arid climates (Williams and Costa, 1988). More
lasting evidence is also commonly preserved, including sand-
and silt-sized slackwater flood deposits, gravel and boulder
bars, silt lines, and erosion features (Baker, 1987; Kochel and
Baker, 1988; Webb and Jarrett, 2002), as well as botanical
evidence such as scars on riparian trees (Sigafoos, 1964; Ruiz-
Villenueva and others, 2010). Depending on the environment,
such evidence can persist for millennia.

Slackwater Flood Records

The most complete paleoflood records generally result
from analysis of stratigraphic sequences of fine-grained flood
deposits found in slackwater and eddy environments (fig. 2).
Slackwater flood deposits are fine-grained (sand and finer)
sedimentary deposits that accumulate from suspension during
floods (Baker and others, 2002). Slackwater sedimentation
areas include flooded valley margins subject to eddies, back-
flooding, flow separation, and water stagnation during high
stages. Slower streamflow velocities in these areas promote
rapid deposition of the suspended load. The resulting
slackwater flood deposits commonly contain sedimentary
structures and textures indicative of flow energy, direction,
and velocities.

Slackwater depositional environments can be any location
of relative slower flow, but commonly are present in (1) areas
of channel widening, (2) severe channel bends, (3) obstacle
hydraulic shadows where flow separation causes eddies,

(4) alcoves and caves in bedrock walls, (5) back-flooded
tributary mouths and valleys, and (6) on top of high alluvial

or bedrock surfaces that flank the channel (Kochel and others,
1982; Ely and Baker, 1985; Baker and Kochel, 1988; Benito
and others, 2003; Sheffer and others, 2003; Benito and
Thorndycraft, 2005; Thorndycraft and others, 2005a). In narrow
reaches, preservation of slackwater flood deposits is enhanced
when those deposits are deposited in caves, alcoves, or under
rock overhangs that protect the deposits from disturbances such
as precipitation and vegetation growth.
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Figure 2. (A) Deposits and (B) interpreted flood stratigraphy along valley margin, Spring Creek, South Dakota. Gray
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(A.D. 1300-1400). Information is from studies reported by Harden and others (2011).
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Paleoflood Chronology

Developing a flood chronology is vital to assessing flood
frequency, which typically requires numerical age dating of
sedimentary flood units and intervening deposits. Common
techniques include radiocarbon (34C) and optically stimulated
luminescence (OSL), although short-lived and anthropogenic
radioisotopes such as lead-210 (%9Pb) and cesium-237 (237Cs)
are useful for dating young deposits. Radiocarbon dating is the
most common absolute dating tool used in paleohydrologic
work, although OSL dating is becoming more common. These
techniques also are widely applied for developing tsunami and
storm-surge chronologies. Radiocarbon dating targets organic
materials such as wood, charcoal, seeds, and leaf fragments.
These materials are entrained by floods and commonly
are deposited with sand and silt in slackwater sequences.
Additionally, flood deposits might cover vegetation or organic
cultural materials and may, in turn, be covered by vegetation
and organic detritus. All these types of materials can be
radiocarbon dated, thereby providing information on the age
of enclosing flood deposits or bounding deposits.

Radiocarbon decay in plant remains begins with
photosynthetic uptake of carbon from the atmosphere;
therefore, it is important to minimize (or estimate) the
difference between the age of the dated organic material and
the time of the flood. The organic materials expected to most
closely date enclosing deposits are those not likely to have
persisted for a long period of time before entrainment and
deposition, such as leaves, seeds, and bark-bearing twigs.
Commonly, however, stratigraphic chronologies rely on
charcoal, which tends to persist in deposits, sometimes for
hundreds or thousands of years (Blong and Gillespie, 1978).
For all radiocarbon ages, calibration to actual calendar years
requires calibration by standard calibration curves, such as
OxCal (University of Oxford, 2014).

For most studies, it is assumed that radiocarbon
ages from detrital material within flood deposits closely
approximates the flood date, but because the deposition post-
dates the photosynthetic carbon uptake, the radiometric date
actually provides a maximum limiting age for the enclosing
deposit. This is particularly the case for radiocarbon dates
from detrital charcoal, which can persist for long periods
before being entrained and incorporated in flood deposits.
Additionally, dated materials may give ages younger than
the enclosing flood deposit when younger charcoal has
been incorporated into the deposit through bioturbation,
although potential for this error can be reduced by careful
stratigraphic analysis. Dating of in-situ organic materials,
such as charcoal from ground fires between affected surfaces
bracketed by flood deposits, or pedogenic carbon between
flood deposits, can provide robust constraints on the timing of
flood sequences. As for most geologic investigations, dating
of multiple organic materials and multiple deposits within
a stratigraphical sequence decreases uncertainty in flood
age determinations.

The 5,730-year half-life of 14C limits radiocarbon dating to
deposits less than 40,000 years. The range of calendar ages that
corresponds to a radiocarbon age expands for time intervals
when concentrations of atmospheric 14C have declined relative
to stable isotopes of carbon. The most recent such interval of
great uncertainty (A.D. 1650-1950). resulted from the burning
of fossil fuel. For this recent period, other approaches such as
dendrochronology (Sigafoos, 1964; Yanosky and Jarrett, 2002;
Jacoby and others, 2008; Ruiz-Villenueva and others, 2010),
other isotopes, historical artifacts, or OSL may provide better
age estimates.

The OSL method is a dating technique that indicates
the burial time of deposits (Aitken, 1998; Rittenour, 2008).
This approach involves the determination of when sediment,
primarily quartz and feldspar minerals, was last exposed to
light and “bleached.” For the purposes of dating sequences of
flood deposits, the general presumption is that the sediment
was last exposed to light prior to deposition. Sampling and
analysis involve several steps of collecting and analyzing
sand-sized sediment samples from a target deposit without
inadvertently exposing samples to light. Developments in
OSL instrumentation have enabled the sample size to be
decreased to individual quartz and feldspar grains (Duller and
Murray, 2000; Better-Jensen and others, 2000). Moreover, new
analytical protocols have improved the application of OSL
dating for alluvial deposits (Murray and Wintle, 2000; Wintle
and Murray, 2006; Rittenour, 2008), resulting in numerical
dating with an error range of 5-10 percent, even for deposits
less than 300 years old (Ballarini and others, 2003; Duller,
2004; Arnold and others, 2009). Research also has highlighted
the importance of selecting suitable sample locations (Rodnight
and others, 2006). The OSL technique can be hampered in
situations (1) when the proper mineral species are not present
in the deposits and (2) for floods where the transported
sediment was not bleached by exposure to light, either
because of turbidity or because the flood occurred at night.
Under appropriate conditions, however, OSL dating can be an
important tool, especially for deposits that (1) contain little or
no organic materials; (2) are older than the 40,000-year range
of radiocarbon dating (in certain settings, OSL can give ages as
much as and exceeding 300,000 years); or (3) are younger than
300 years for which radiocarbon dating cannot yield precise
results.

Radiocarbon and OSL dating can be supplemented with
analysis of modern radionuclides such as 137Cs and 21%Pb (Ely
and others, 1992; Stokes and Walling, 2003; Thorndycraft and
others, 2005b). In the 1950s, 137Cs was introduced into the
atmosphere during nuclear bomb testing and its presence in
flood deposits signifies a post-1950 age (unless bioturbation
has mixed in Cs-containing sediment into older deposits). The
relatively short half-life of 219Ph (22.2 years) limits dating to
deposits less than 150 years in age. Likewise, human artifacts,
including pottery (Benito and others, 2003), plastics, and even
beer cans (House and Baker, 2001), can provide numeric age
constraints on enclosing deposits.
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Dendrochronology has supported several paleoflood
studies because of the identifiable responses of tree growth
to damage of the bark and wood-forming tissues, buds, and
leaves, and to radial growth following partial uprooting of
the trunk (Yanosky and Jarrett, 2002; Jacoby and others,
2008). For situations when flood damage or effects can be
related to tree-ring chronologies derived from the affected
tree or from regional chronologies, flood ages commonly can
be determined to a specific year, and in some instances, to a
specific season (Sigafoos, 1964; Ruiz-Villanueva and others,
2010). Additionally, a minimum flood age can be interpreted
from tree-ring analyses if trees are rooted on the surface
of that flood deposit and can constrain ages for deposits
occurring after tree establishment (Sigafoos, 1964; Helley and
LaMarche, 1973; Speer, 2010).

Paleoflood Discharge Estimation

Hydraulic analysis forms the basis for discharge estimates
for most quantitative paleoflood hydrology studies (O’Connor
and Webb, 1988; Webb and Jarrett, 2002; Benito and
O’Connor, 2013). In most analyses, discharge estimates follow
from the assumption that the elevation of paleostage evidence
provides a minimum estimate of the maximum stage attained
by an identified flood. In some situations, deposit elevations
may closely approximate the maximum flood stage, although
this assumption is difficult to verify except for specific
investigations of height differences between flood indicators
and actual flood water depth for modern floods (Kochel, 1980;
Springer and Kite, 1997; Jarrett and England, 2002; House and
others, 2002b). Numerous formulas and models are available
to estimate flood discharge from known or estimated water
surface elevations (O’Connor and Webb, 1988; Webb and
Jarrett, 2002; Kutija, 2003; Lang and others, 2004; Benito and
O’Connor, 2013), ranging from simple hydraulic equations to
more involved, multi-dimensional hydraulic modeling. Most
paleoflood studies use one-dimensional flow models with
calculations based on (1) uniform flow equations (for example,
Manning equation), (2) critical flow conditions, (3) gradually
varied flow, and (4) one-dimensional St. Venant equations.

In complex river reaches, multi-dimensional modeling
may reduce uncertainties associated with reconstructing
flood discharge (Denlinger and others, 2002; Wohl, 2002).
As more fully described by Webb and Jarrett (2002), the
appropriate approach for a particular site depends on local
hydraulic conditions.

For paleoflood analyses, these formulas and models are
most accurate when applied to the channel geometry and
roughness conditions at the time of the flow of interest. In
many cases, this geometry may differ from present conditions.
Nevertheless, for floods of the last several thousand years in
bedrock-bound fluvial systems, the present valley geometry
commonly is assumed to adequately represent the channel

conditions at the time of flooding (for example, Ely and
Baker, 1985; O’Connor and others, 1986; Webb and others,
1988; O’Connor and others, 1994; Harden and others, 2011).
However, because channel geometry is the single most
important factor in calculating discharge for a particular
stage, assessment of this assumption is important for overall
uncertainty analysis. Hydraulic analysis of paleofloods in
river channels for which flow-boundary geometry is uncertain
requires specific consideration of plausible ranges of channel
geometry at the time of flooding. This is the case for alluvial
or bedrock-bound channels where incision, widening, or
alluviation possibly have occurred since the flood paleostage
evidence was emplaced.

Most paleoflood hydraulic analyses use gradually varied
flow models (O’Connor and Webb, 1988; Webb and Jarrett,
2002). River channels typically are irregular in shape and
surface roughness, leading to non-uniform flow conditions.
The simplest gradually varied flow analyses assume a steady
state (constant discharge) for which flow depth varies with
distance but not with time (Chow, 1959). For such situations,
calculation of water-surface profiles are based on the
resolution of the conservation of mass and energy equations
in their one-dimensional forms. The step-backwater method
(Chow, 1959; Henderson, 1966) for gradually varied water-
surface profile computation is the typical approach used
to relate paleoflood evidence to discharge (O’Connor and
Webb, 1988). Available public-domain computer routines,
such as the U.S. Army Corps of Engineers HEC-RAS
(Hydrologic Engineering Center, 2010) software, allows
for rapid calculation of water-surface profiles for specified
discharges and energy-loss coefficients. Multiple analyses can
provide synthetic stage-discharge ratings at sites of interest,
thus providing a basis for estimating paleoflood discharge
from the elevation of a deposit or other high-water evidence.
Uncertainties in flow modeling parameters (and channel
geometry) can be evaluated for their resulting influence in
paleoflood discharges by testing outcomes of plausible ranges
of Manning’s n values and possible changes in channel
geometry. Similarly, it is possible to estimate the uncertainty
in paleoflood discharge owing to uncertainty of the fidelity of
the preserved flood evidence in marking that actual maximum
flood stage.

Recent paleoflood studies have overcome some
specific problems of traditional one-dimensional hydraulic
models (Cunge and others, 1980; Bates and DeRoo, 2000)
through application of two-dimensional hydrodynamic
models (Denlinger and others, 2002). Advances in modeling
approaches, computational software, and high-resolution
topographic data acquisition make such models more
practical for applied paleoflood studies. Several such two-
dimensional models including the SRH2D model (Lai, 2008,
2009) have been used extensively for paleoflood studies by
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the Bureau of Reclamation (Bauer and Klinger, 2010). These
models typically take advantage of high-resolution digital
elevation models, such as those derived from terrestrial or
airborne laser altimetry, to produce better estimates of flow
stage and velocity associated with large flows, particularly in
environments of substantial secondary and cross-valley flow
currents (Denlinger and others, 2002). As these hydraulic
models and their interfaces advance, coupled with greater
availability of high-resolution topography, application of
multi-dimensional models to paleoflood studies will become
increasingly common.

Incorporating Paleoflood Information in Flood-Frequency
Analysis

Paleoflood data provide tangible information on the
occurrence and magnitude of large and infrequent floods.
Although paleoflood information may not be as precise
as information from gaged or observed records and is not
continuous in the manner of many measurement programs,
understanding of the timing and magnitude of the largest
floods can reduce uncertainties in flood quantile estimates
when considered in a statistically appropriate manner
(Blainey and others, 2002). Several statistical methods have
been applied to estimate distribution function parameters
for paleoflood datasets (Ouarda and others, 1998; Francés,
2004). The most efficient methods for incorporating imprecise
and categorical data are (1) maximum-likelihood estimators
(Leese, 1973; Cohn and Stedinger, 1987), (2) Expected
Moments Algorithm (EMA; Cohn and others, 1997; England
and others, 2003b), and (3) Bayesian methods (Kuczera,
1999; O’Connell and others, 2002; O’Connell, 2005; Reis
and Stedinger, 2005). Examples of these techniques in
flood-frequency analysis using both gaged and paleoflood
records include O’Connor and others (1994), Bureau of
Reclamation (2002), Hosman and others (2003), Levish and
others (2003), England and others (2003a), Thorndycraft
and others (2005a), England and others (2010), and Harden
and others (2011). As shown by the two case studies in
section, “Examples of Paleoflood Studies,” the addition of
paleoflood information improves estimates of low-probability
floods, with markedly narrower confidence limits about flood
quantile estimates. More discussion of statistical approaches
and considerations is provided in sections, “Statistical
Approaches for Incorporating Non-Standard Data in Flood
Risk Estimation” and “Statistical I1ssues Related to Use of
Paleoflood Information.”

Examples of Paleoflood Studies

Two contrasting case studies show the usefulness of
paleoflood studies. The first study was helpful in assessing
spillway suitability for a hydroelectric project on the
Deschutes River of central Oregon. The second study focused
on smaller and steeper stream systems of the western Black
Hills, South Dakota. The Black Hills study investigated the
frequency of the exceptionally large and lethal flood in 1972
that far exceeded any other flood in the gaged record.

Deschutes River, Oregon

The Deschutes River flows north with an average
flow of 125 m3/s, draining 26,860 km?2 of central Oregon
before entering the Columbia River about 160 km east of
Portland, Oregon. Hosman and others (2003) conducted a
paleoflood analysis along the river aimed at assessing the
existing spillway design capacity for the Pelton-Round
Butte hydroelectric project, a set of three hydropower
dams and river-regulating structures operated by Portland
General Electric and the Confederated Tribes of Warm
Springs 160180 km upstream of the river mouth. The
river downstream of the dam complex is mostly alluvial but
includes short bedrock reaches. The channel is flanked by
alluvial surfaces for most of its length within a narrow valley
incised in Tertiary and Quaternary volcanic and sedimentary
rocks. Systematic records of peak flows for the Deschutes
River are provided by two U.S. Geological Survey (USGS)
streamgages downstream of the hydropower operations.
Records have been collected at the streamgage near the river
mouth since 1898 (fig. 3), and at a streamgage operated just
downstream of the dam complex since 1923.

Records from these streamgages were augmented by
stratigraphic records of flooding at four sites between the dam
complex and the river mouth. As described more completely
in Hosman and others (2003), these paleoflood records
were interpreted from the alluvial stratigraphy exposed in
cutbanks flanking the channel (fig. 4) and flood plain trenches.
Chronology was established on the basis of 41 radiocarbon
ages among the four sites. Although the records at each of the
sites were different, together they provided a flood chronology
extending back 5,000 years, including strong evidence for
an exceptionally large flood about 4,600 years ago. This
flood, labeled the “Outhouse flood” on figures 4 and 5, was
2-3 times as great as the largest historical flood of 1861 (for
which discharge also was estimated from the stratigraphic
evidence) and the largest measured floods of 1964 and 1996.
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The stratigraphic record of flooding was combined
with the gaged record using the Bureau of Reclamation
flood-frequency program FLDFRQ3 (O’Connell and
others, 2002). This program is designed specifically
to incorporate paleoflood data in flood-frequency
analysis to assess dam safety (Levish, 2002), using
a Bayesian approach with the maximum-likelihood
methods of Stedinger and Cohn (1986). FLDFRQ3
allows specification of the uncertainty in the magnitude
and timing of the paleoflood information as well as the
uncertainty in the gaged measurements. (Discharges
for measured peak flows, especially large ones, have
uncertainty that typically is not incorporated in flood-
frequency analyses.) As is the case for many such studies,
adjustments were required to account for differences
among the sites, different site and streamgage locations
relative to the site of interest, and flow regulation since
1964. In this case, inclusion of the paleoflood data—
specifically data for (1) the Outhouse flood, (2) a flood of
the last 300 years that likely corresponds to the historical
but ungaged 1861 flood, and (3) a similarly sized flood
that occurred about 1,300 years ago—increased the flood
quantile estimates by 20-45 percent for discharges of
0.01-0.0001 annual exceedance probability. Perhaps more
importantly, the analyses reduced the uncertainty of these
quantile estimates by nearly 50 percent compared to an
analysis of the gaged record alone (fig. 5).

Eastern Black Hills, South Dakota

A recent paleoflood study (Harden and others, 2011)
in the eastern Black Hills, South Dakota, was motivated
by challenging conditions for assessing flood frequency in
the region. In particular, substantial flooding in June 1972
killed at least 238 people, demonstrating the significant
local flood hazard. Despite gaged and historical flood
records of 60 years for most of the large streams in the
Black Hills, the 1972 flood is an outlier for which the
streamgage record does not serve as a reliable basis for
estimating the frequency of such floods (fig. 6).

The analysis by Harden and others (2011) focused
on four streams draining the eastern flank of the Black
Hills. These streams were much smaller, steeper, and more
confined than the Deschutes River—drainage areas ranged
from 104 to 970 kmZ. Nevertheless, this analysis followed
the same approach as that of the Deschutes River study.
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Figure 6. Annual peak discharge at U.S. Geological Survey streamgage Rapid Creek above
Canyon Lake near Rapid City, South Dakota (06412500). June 9, 1972 peak of 884 cubic meters
per second (31,200 cubic feet per second) is a significant outlier for which recurrence is
difficult to judge from measured flow records.

Multiple paleoflood sites were analyzed for each stream. In
this instance, determining suitable sites was aided by tracing
the effects and deposits of the 1972 flood. Stratigraphic
records of long duration, commonly extending back 2,000
years or more, were preserved in the numerous caves and
alcoves formed in the Paleozoic carbonate rocks flanking
many of the canyon reaches.

The stratigraphic record, supported by 99 radiocarbon
and 11 OSL age determinations, indicates a minimum of
29 paleofloods during the last 2,000 years (Harden and others,
2011). For some reaches, some of these floods were larger than
the 1972 flood, as indicated by deposit elevation, thickness,
and grain size. For each of six separate study reaches on
the four drainages (study reach locations shown in Harden
and others [2011]), this paleoflood information, including

bounds on peak discharge and timing, were analyzed with
flood frequency models FLDFRQ3 (O’Connell and others,
2002) and PeakfqSA (Cohn and others, 1997, 2001; Griffis and
others, 2004). Both models efficiently incorporate paleoflood
and historical information. For four of the six study reaches,
incorporating the paleoflood information increased flood
quantile estimates for peak discharges of annual exceedance
probabilities between 0.01 and 0.002. In all cases, however,
uncertainties were reduced substantially; for instance,

the 95-percent confidence interval about the 0.01 annual
exceedance probability flow was reduced by 7899 percent for
the six study reaches. In all reaches, the paleoflood analysis
indicates that the 1972 peak flow had an annual exceedance
probability ranging from about 0.01 to 0.002 (fig. 7).
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Statistical Approaches for Incorporating
Non-Standard Data in Flood Risk Estimation

Paleoflood analyses have gained credibility in the
engineering community because of advances in statistical
techniques for taking advantage of non-standard observations
of flood magnitude and timing. Non-standard data are those
not typically part of gaged or systematic records, including
isolated historical observations, interval data (estimates
of flood peaks within specified ranges of magnitude and
time), paleoflood records, and inferences and observations
of discharges that have not occurred over specific time
intervals (sometimes called paleohydrologic bounds).
Analysis approaches evolved from using maximum-likelihood
estimators in conjunction with historical and paleoflood data
(Stedinger and Cohn, 1986; Stedinger and Baker, 1987; Cohn
and others, 1997). Since their origins, the likelihood functions
of Stedinger and Cohn (1986) have been incorporated in a
Bayesian approach explicitly accounting for paleohydrologic
bounds as well as measurement uncertainties (O’Connell
and others, 2002). This approach is the basis of FLDFRQ3,

a Bureau of Reclamation flood-frequency analysis program
commonly used in Bureau of Reclamation dam safety
assessments (Swain and others, 2004).

An alternative to maximum-likelihood estimators for
incorporating non-standard data in a flood-frequency analysis
is the Expected Moments Algorithm (EMA) (Cohn and others,
1997). This approach is nearly as efficient as maximum-
likelihood estimation but more widely applicable, including
any distribution type amenable to method-of-moments
parameter estimation (Cohn and others, 1997). Additionally,
EMA is mathematically tractable and the variance of the
estimator can be derived in closed form (Cohn and others,
2001), enabling computation of accurate confidence intervals
on quantile estimates. The EMA is now implemented in
the USGS program, PeakFQ (Veilleux and others, 2014),
which enables incorporation of paleo- and historical data,
including interval data and paleohydrologic bounds, in
flood-frequency analysis.

For all these approaches, incorporating information on
paleohydrologic bounds—flood magnitudes not exceeded—
has significantly improved quantile estimates of rare
floods. Although the lack of flood evidence is not always
unequivocal evidence of the absence of flooding, identifying
such bounds can greatly constrain the right-hand tail of
the flood distribution. Until the last few decades, however,
it was not clear how to incorporate such information in a
flood-frequency study.

These types of analyses improve flood-frequency
estimates because they incorporate more and different types
of information, typically encompassing much longer time
periods than typical gaged records. Additionally, paleoflood
records preferentially provide information on the largest
floods, precisely the information necessary to constrain the

tail of the frequency distribution, no matter what distribution
is selected. This benefit can be quantified in terms of the
equivalent information gain with respect to a record of annual
peak flows (fig. 8). For example, a typical paleoflood record of
1,000 years (which is common), with evidence of only a single
flood, provides the equivalent gain of 170-200 years of annual
peak flows in estimating the flood discharge associated with
the annual exceedance probabilities ranging between 0.01 and
106, This represents a gain of 0.17-0.2 for each year of length
for the paleoflood record. A 1,000-year record containing
evidence of 10 floods (which also is common) provides the
equivalent of 500 years of annual flow peaks in estimating

the 0.01 flood quantile—a gain of 0.5. Considering the rarity
and expense of long-duration annual records, paleoflood
studies can be a highly efficient means of improving
flood-frequency estimates, particularly of rare flows. Use

of these approaches requires care, however. Results are
sensitive to the values of the measured peaks and the assigned
values of the paleohydrologic bounds (O’Connell and others,
2002). Consequently, defining and characterizing perception
thresholds have been emphasized increasingly in recent
paleoflood studies (for example, Harden and others, 2011).

Statistical Issues Related to Use of
Paleoflood Information

The validity of the statistical methods described here
depends on important assumptions about the nature of flood
processes. Each sample is assumed to contain independent and
identically distributed data. The sampled population of floods,
which may go back thousands of years, also is assumed to be
the same as or similar to the population of future events to be
characterized. In recent years “nonstationarity” has become
a prominent issue, recognizing the possibility that future
populations of events such as floods will differ markedly from
the past populations (Milly and others, 2008). Specifically, if
flood-generating processes are substantially different in the
future, records of past floods may characterize a population
that no longer is relevant. Nonstationarity is a well-established
issue in urbanized watersheds where the transition from rural
to urban land use can double the magnitude of annual flood
peaks (Villarini and others, 2009). However, other types of
nonstationarity, such as that related to climate change, are less
understood (Milly and others, 2008).

Even when long paleoflood records are available—
1,000 years or more—the uncertainty in estimates of the
magnitudes of extreme quantiles still can be large. For the
best of circumstances, confidence intervals for flood-quantile
estimates corresponding to rare events—those not likely to
have occurred during the extended period of record—tend to
be wide. Additionally, residual and difficult-to-quantify risk
is associated with exceptionally rare events not even seen in
paleoflood records of long duration.
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Figure 8. Gain in flood-frequency information from a paleoflood
stratigraphic record of 1,000 years, as measured in years of annual
peak flow records (record length) for specific flood quantiles
(ranging from 0.01 to 10 annual exceedance probability) and
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The shaded box bounds the common range of scenarios in

which 1,000-year stratigraphic records contain information on

Key to translating riverine paleoflood records
to meaningful planning and policy implementation
is the ability to derive better flood-frequency and
magnitude estimates. New approaches, such as
those incorporated in FLDFRQ3 (O’Connell and
others, 2002) and PeakfgSA (Cohn and others,
1997, 2001; Griffis and others, 2004), efficiently
incorporate paleoflood and historical data and
observations, providing more confident estimates
of rare floods with annual exceedance probabilities
of 0.01 to 106, depending on the length of the
geologic record and the abundance and character
of flood evidence.

As for the application of all geologic
techniques, results regarding event likelihoods
indicate conditions during the period encompassed
by the geologic record. For example, episodes
of more frequent large floods in the Black Hills
possibly reflect specific climate or land-cover
characteristics distinct from the present (Harden
and others, 2011). Some of these conditions may
not be applicable at present or for the future.
Therefore, calculated likelihoods of floods
derived from paleoflood records may not be
totally appropriate for assessing future conditions.
Nevertheless, geologic evidence provides valuable

1-10 paleofloods.

Summary Points and Special Considerations—
Riverine Floods

Geologic records of riverine flooding_can substantially
extend knowledge of peak flows beyond historical records or
observations. Similarly, such records can provide site-specific
information at sites lacking direct observations. The longest
records typically are obtained from stratigraphic records of
sedimentary slackwater deposits left by large floods at sites
of persistent sediment accumulation. Such records can extend
back several thousand years in protected environments.
Shorter but sometimes more precise records can be inferred
from dendrochronological evidence where trees or long-lived
shrubs have been affected by floods. Erosional trim lines
and coarse-grained deposits also can provide evidence of
maximum floods of the last several thousand years. In many
locations, stratigraphic records of floods can lead to inferences
of flood timing and magnitude on the basis of standard
techniques of stratigraphic interpretation, geochronology,
and hydraulic modeling. These inferences are most secure
in confined channel systems, such as narrow bedrock-bound
valleys, where substantial channel change is unlikely over
the time periods represented by the stratigraphic record.
Nevertheless, successful paleoflood studies have been
accomplished in a wide variety of physiographic settings.

insight into the magnitude and frequency of
past events, which, however used, can provide
information on likely future scenarios or events.

Tsunamis

Millions of people viewed tsunamis for the first time in
video footage from Indonesia and Thailand on December 26,
2004, and from northeast Japan on March 11, 2011. What they
saw looked nothing like Hokusai’s “Great wave off Kanagawa,”
the towering menace commonly mistaken for a tsunami (Cox,
2001; Cartwright and Nakamura, 2009). Instead, these real
tsunamis resembled rivers in flood. The flow velocities in 2004
were 2-5 m/s for water 1-4 m deep in Banda Aceh, Indonesia
(Fritz and others, 2006). Velocities in 2011 measured 4-8 m/s
about 1 km inland on the Sendai Plain (Goto and others, 2012;
Koshimura and Hayashi, 2012), and 11 m/s after passage of a
crest 9 m deep in Kesennuma (Fritz and others, 2006; Fritz and
others, 2012).

The 2004 and 2011 tsunamis epitomize historically
infrequent hazards. The 2004 tsunami at first seemed
without precedent on the shores that it devastated. Only later
did geologists begin to identify traces of its predecessors
(fig. 9), the most recent of which dates to a medieval period
between A.D. 1300 and 1450 (Rajendran and others, 2006;
Jankaew and others, 2008; Monecke and others, 2008; Malik
and others, 2011). The 2011 tsunami in Japan might have been
anticipated on the basis of written evidence of an A.D. 869
tsunami that geologists began corroborating about 2 decades
ago (Abe and others, 1990; Minoura and others, 2001).
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Figure 9. Evidence of recurrent tsunamis at Phra Thong Island, Thailand. Details are provided in Jankaew and others
(2008). (A) Marshy swale with soils covered in layers of periodic tsunami deposits. (B) Pit dug midway across the marshy
swale showing tsunami deposit layers. Photographs taken by B.F. Atwater, U.S. Geological Survey, February 2007.
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The present extent of sandy deposits of the A.D. 869 tsunami
has been reproduced with a model that uses an earthquake
source far smaller than the magnitude-9 earthquake that
produced the 2011 disaster (Sawai and others, 2012;
Sugawara and others, 2012). However, the inundation in
A.D. 869 probably exceeded the inland limit of sandy
deposits if, as happened in 2011, sandy deposits greater than
0.5 cm thick extended only one-half to three-quarters of the
inundation distance (Abe and others, 2012).

Most tsunamis, including the unusually large events in
2004 and 2011, are caused by sudden slip on an undersea
fault. The slip generates an earthquake while also shifting the
ocean floor. At a subduction zone, where one tectonic plate
overrides another on a thrust fault, the sudden slip produces
an upwarp over the fault-rupture area and a downwarp over
deeper parts of the fault (Plafker, 1969; Plafker and Savage,
1970). The paired upwarp and downwarp displaces the ocean
bottom, producing an initial tsunami waveform. Crest-to-
trough, the initial 2004 wave was only meters high, but with
an enormous length—2100 km or more (Geist and others,
2007). The wavelength decreases as the tsunami’s leading
edge shoals and consequently slows. However, the remaining
wavelength—and a huge volume of water—following the
leading edge can yield the relentlessly waxing flows that
entrained entire Japanese neighborhoods in 2011.

Unusually large tsunamis like those in 2004 and 2011,
can threaten shores far from and near the epicenters of
the triggering earthquakes. The 2004 tsunami, although
generated on the east side of the Bay of Bengal, caused
erosion and sedimentation 1,000 km to the west at Kalpakkam
(Srinivasalu and others, 2007), near a pair of operating
nuclear-power reactors. The 2004 tsunami also took an
estimated 35,000 lives in Sri Lanka, a great distance from
its origin. Sandy onshore deposits of a modern far-travelling
tsunami were first described well in Japan; in this instance,
from the Pacific Ocean tsunami that originated during the
giant 1960 Chilean earthquake (Kon’no and others, 1961).
Deposits attributable to historical tsunamis originating in
the Aleutian Trench recently were recognized in Hawaii
(Chague-Goff and others, 2012).

The tsunami hazard typically is greatest, however, on
shorelines adjacent to the tsunami source. In such near-field
wave settings, damage may begin with the associated
earthquake, and the ensuing tsunami may arrive before
official warnings and before waves have dissipated. Near-field
tsunamis accounted for most tsunami deaths worldwide even
before the Japanese fatalities in March 2011 (Yulianto and
others, 2010). Near-field tsunamis similarly account for most
of the examples of tsunami geology.

The west coast of North America faces a mix of near-
field and far-field tsunami hazards (Gonzalez and others,
2007; Dunbar and Weaver, 2008; Committee on the Review
of the Tsunami Warning and Forecast System and Overview
of the Nation’s Tsunami Preparedness, 2011). Possible
tsunami locations along the Pacific Ocean and source features
are described here and shown in figure 10.

A subduction zone slants beneath Alaska from Prince
William Sound westward to the end of the Aleutian

Island chain. Most of this zone broke in a series of great
earthquakes in the 20th century (Carver and Plafker,

2008). The largest of these earthquakes, in 1964, set off
local tsunamis from delta-front slides as well as a tectonic,
oceanwide tsunami that took lives in Oregon and California.
Landslides and volcanism at Alaskan volcanoes also cause
local tsunamis (Beget and others, 2008)

The most recent large tsunami from the Cascadia
subduction zone, in January 1700, caused unknown
numbers of fatalities among the region’s native peoples
(Thrush and Ludwin, 2007). The 1700 tsunami is known
from sand sheets in its near-field of Washington, Oregon,
and northern California and from written records of far-field
waves in Japan (Atwater and others, 2005). Additional
tsunamis in the region have resulted from faulting and
landsliding at Puget Sound (Gonzalez, 2003) and from
landsliding into the Columbia River valley (Jones and
others, 1961).

Tsunamis from faults within the Caribbean plate caused
loss of life in 1867 (presently the U.S. Virgin Islands) and
1918 (in Puerto Rico) (Reid and Taber, 1919, 1920). The
Antilles subduction zone produced a tsunami disaster in
the Dominican Republic in 1946 (Dolan and Wald, 1998).
A thrust earthquake of magnitude 9 farther east along the
Puerto Rico Trench would pose a tsunami threat to the
Atlantic seaboard of the United States (Geist and Parsons,
2009). The potential for such a tsunami is being evaluated
by means of geodesy and tsunami geology (Atwater and
others, 2012b; ten Brink and Lépez-Venegas, 2012).

Submarine slides in the Caribbean provide additional
tsunami sources (ten Brink and others, 2006).

Hawaii’s tsunami history includes far-field waves from the
Pacific Rim, notably in 1837, 1946, and 1960 (Shepard and
others, 1950; Eaton and others, 1961). Near-field tsunamis
from island-margin faulting were observed in 1868 and
1975 (Goff and others, 2006). Larger near-field waves from
the Pleistocene (11,700 to about 2.5 million years ago)
have been inferred from onshore boulders and linked to
submarine landslides involving the island chain (McMurtry
and others, 2004).

Submarine slides off the Atlantic and Gulf Coasts of the
United States also pose tsunami hazards. These are difficult
to assess because slides appear to have been inactive during
the past 5,000 years or more (ten Brink and others, 2007).
The Atlantic Coast of the United States is within range for
possible tsunamis from the Puerto Rico Trench (Geist and
Parsons, 2009); from the source region of the 1755 Lisbon
tsunami, which itself failed to register in Atlantic seaports
(Barkan and others, 2009); and possibly from volcano
collapse in the Canary Islands (Mader, 2001; Ward and Day,
2001; Abadie and others, 2012).
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Tsunami Geology

Stratigraphy and geomorphology provide the main
strategies for extending tsunami history thousands of years
into the past, much as they do for riverine flooding and storm
surge. A tsunami writes its own history, most commonly
by laying down a sedimentary deposit, less widely by
means of erosion. This report refers to any of this tsunami
evidence as “tsunami geology,” and in a parallel way it uses
“earthquake geology” as a term for what is also referred to as
“paleoseismology.” Many of the approaches to stratigraphy,
depositional environments, and dating are akin to those for
extending flood histories.

Identifying a tsunami requires accessible settings where
tsunami evidence can form and endure. Additionally, it is
important that competing explanations be convincingly
discounted, or at least that the geologic evidence resemble the
traces of modern tsunamis elsewhere. Over time, biological,
sedimentary, and hydrologic processes destroy tsunami traces,
and, especially in storm-prone areas, it may be difficult to
distinguish tsunami-generated deposits from those formed by
other processes, especially storm waves and storm surges.

Publications on tsunami geology number in the hundreds,
nearly all since about the mid-1980s (Bourgeois, 2009). The
tsunamis inferred from these studies extend more than 1
billion years into the past, but are overwhelmingly from the
past 5,000 years. Most are evidenced by sandy sediments
deposited in tidal marshes or beach-ridge plains, or on
the bottoms of coastal lakes. The inferences increasingly
are anchored in the documented geologic evidence left by
tsunamis from the past two decades, including the 2004
Indonesian (Lavigne and others, 2009; Paris and others, 2010)
and 2011 Japanese tsunamis (Goto and others, 2012).

These modern tsunamis have helped guide interpretation
of tsunami deposits, but geologic inferences about tsunami
recurrence still require finding the right spot with all the
elements for forming and preserving an interpretable record—
tsunami “needles” in geologic haystacks. Depositional
evidence of past tsunamis varies depending on the sediments
in the path of the tsunami, the vegetation the tsunami enters,
the eventual burial of tsunami deposits by other sediments or
soil, and the mixing of those deposits by plants and burrowing
animals. Areas of tsunami evidence also may be subject to
overwash by storms, and the tsunami may have occurred in a
landscape much different from the landscape today.

Distinguishing Between Tsunami and Storm Deposits

Many shores subject to tsunamis are also subject to
storms, and the geologic traces of tsunamis and storms may
resemble each other. Places where this ambiguity has been
examined include New Zealand (Goff and others, 2004),
Australia (Switzer and Burston, 2010), Spain (Lario and
others, 2010), the Netherlands Antilles (Morton and others,
2006; Engel and others, 2012), Mexico (Ramirez Herrera and
others, 2012), and the British Virgin Islands (Atwater and
others, 2012a).

Coastal boulders, evidently moved by waves, may signify
tsunamis or storms. In Hawaii, boulders atop historical lava
flows can be assigned in some cases to the tsunamis of 1868
and 1975, and in other cases, to recent storms (Richmond and
others, 2011). In Ireland, an absence of tsunamis in recent
centuries leaves only storms to account for boulders that have
moved across 19th-century walls (Cox and others, 2012).

In Japan, an 18th-century tsunami moved coral-reef blocks
farther landward than did subsequent storms (Goto and others,
2010). In the British Virgin Islands, models of flow velocities
at inland boulder fields led to discounting the possibility of
transport by storms and supported tsunami transport (Buckley
and others, 2012). Progress has been reported in computing
the forces needed to lift the boulders to the tops of seacliffs,
and in relating repetitive storm waves to shore-parallel ridges
of shingled boulders (Weiss, 2012).

The geologic distinction between tsunami and storm can
be difficult in coastal plain settings where storms have built
washover fans by breaching or crossing over sandy coastal
ridges. Such storm effects are common on the Atlantic and
Gulf Coasts of the United States, where tropical cyclone
activity is common (see section, “Storm surges”) in the
paths of hurricanes or northeasters (Tuttle and others, 2004;
Morton and others, 2007; Morton and Barras, 2011). In these
passive margin environments, far from convergent tectonic
plate boundaries, thick sand units extending to a limited
inland extent can be attributed to beach overwash or barrier
breaching during storms, although such sand units might
instead be attributed to a tsunami of distant origin or a tsunami
from a submarine landslide nearby (Morton and others, 2007;
Switzer and Jones, 2008). By contrast, near the equator, large
storms are not common in most of the areas overrun by the
2004 Indian Ocean tsunami. This contextual clue, applied to
pre-2004 sand sheets that extend many hundreds of meters
inland, helped eliminate catastrophic storms as explanations
for such sand sheets in Sumatra and southwestern Thailand
(Jankaew and others, 2008; Monecke and others, 2008).

Geologic context provides a simple means of
distinguishing between tsunami and storm in estuarine
deposits along the Pacific Coast at the Cascadia subduction
zone (Atwater and others, 1995); (Atwater and Hemphill-
Haley, 1997). Great Cascadia earthquakes are evidenced most
clearly by buried marsh and forest soils that are abruptly
overlain by tidal-flat mud—the same sequence produced near
Anchorage by abrupt tectonic subsidence that accompanied the
1964 Alaska earthquake (Ovenshine and others, 1976; Atwater
and others, 2001). At many Cascadia bays and river mouths,
the buried soils are coated locally with sand that tapers
landward, contains marine fossils, and is coarser grained than
the tidal-flat deposits (fig. 11). Such sand provides evidence
for landward-directed flows of salt water that shortly followed
coseismic subsidence. Such near-coincidence with land-level
change is expected of a near-field tsunami, but not of a storm.
The tsunami-storm ambiguity persists, however, in a Cascadia
flood plain that lacks evidence for coseismic subsidence
(Witter and others, 2001).
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Figure 11.  Simple contextual way of distinguishing between tsunami deposits and storm deposits, as indicated by
evidence of the January 1700 Cascadia tsunami at Willapa Bay, Washington. (Oyster locality of Atwater and Hemphill-

Haley [1997]. Photographs taken by B.F. Atwater, U.S. Geological Survey.)
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Prospects for Confirming that Submarine Slides Produced
Atlantic Coast Tsunamis

Submarine landslides trigger tsunamis (Geist and
Parsons, 2009). Such slides have formed along the continental
margin, and may be a near-field source of tsunamis along the
Atlantic seaboard of the United States. A historical example is
Newfoundland’s 1929 tsunami, which was generated offshore
by earthquake-induced slides (Tuttle and others, 2004; Moore
and others, 2007). Sea-level rise since the last glaciation adds
to the challenge of using tsunami geology along the Atlantic
seaboard to estimate the tsunami hazard from submarine
slides, especially because submarine slides here consistently
date to glacial or early post-glacial periods (Lee, 2009), when
sea levels were much lower and tsunami-affected shorelines
are now deep under water.

An example of the challenge would be a search for
coastal tsunami deposits along the outer continental shelf
and upper slope in hopes of learning whether the Currituck
slide produced a large tsunami. This exceptionally large slide
involved a volume of 165 km3 and traveled about 180 km
(Locat and others, 2009) from its source on the continental
slope offshore of Virginia. It possibly caused a large near-field
tsunami (Geist and others, 2009). However, the slide happened
between about 25,000 and 50,000 years BP (Prior and others,
1986), when global sea level fluctuated between 50 and
13 m lower than the present sea level. If the slide produced
a tsunami that overran coastal lowlands, the traces of those
former lowlands now would lie tens of meters below present
sea level, and they probably must be searched for on the
continental shelf.

Deposits of the Storegga tsunami on shores of the North
Sea seemingly indicate the potential for finding onshore
evidence of tsunamis from periods of low sea level. These
deposits date from about 8,000 to 8,500 years ago, when sea
level on most shores was a few tens of meters lower than it
is today. The deposits have been extensively documented in
Great Britain (Dawson and others, 1988; Smith and others,
2004) and in Norway (Bondevik and others, 1997; Bondevik
and others, 2003; Bondevik and others, 2005a, 2005b), where
post-glacial uplift has kept the deposits above sea level. Areas
of post-glacial uplift along the northeastern Atlantic Coast may
offer similar opportunities for finding older deposits.

Geologic Estimates of Tsunami
Frequency and Size

Clues From Earthquake Geology

Paradoxically, the most common geologic approach
to quantifying tsunami hazards makes little use of tsunami
geology. It relies instead on earthquake geology to help
geophysicists estimate the parameters of vertical coseismic

displacement that tsunami modelers use as the initial condition
of a tsunami. This contrasts with the situation for riverine
floods where sedimentary deposits have long served as

guides to flow stage and discharge. This approach focusing

on rupture likelihood risks discounting or missing other
earthquake-related processes, such as coseismic landslides,
that also may generate tsunamis.

A hybrid of geology, geophysics, and hydrodynamics
has been providing tsunami-inundation maps at the Cascadia
subduction zone since the late 1990s. It is represented
today by the third generation of tsunami-inundation maps
in Oregon (Priest and others, 2010). These maps are based
partly on a 10,000-year history of submarine mass movements
that have been interpreted as proxy records of earthquake
shaking (Goldfinger and others, 2012). Although the inferred
earthquake history is debatable in its estimates of earthquake
magnitude and recurrence (Atwater and Griggs, 2012; Atwater
and others, 2014), it provides a convenient basis for deducing
tsunami frequency and sizes, and tsunami geology has
provided a test for models of tsunami inundation at Cascadia
(Peterson and others, 2008, 2011; Gonzalez and others, 2009;
Witter and others, 2012a; Witter and others, 2013).

Earthquake geology also underpins the only
tsunami-hazard assessment that covers all United States shores
(Dunbar and Weaver, 2008). This preliminary assessment
places tsunami history on a suitably long timescale by using
national seismic hazard maps (Petersen and others, 2008,
2014) as guides to tsunami potential. The national seismic
maps, which are updated every 6 years, have long used of
geology of the past 10,000 years or more to provide estimates
of earthquake size and earthquake recurrence (Petersen and
others, 2008, 2014). The underlying assessments do not
profess to be comprehensive: “The understanding of possible
tsunami sources is clearly incomplete, as is the severity of
tsunamis expected from underwater landslides or island
sector collapse” (Dunbar and Weaver, 2008, p. 4-7). A more
complete national assessment of tsunami risk is among the
primary recommendations from a review of United States
tsunami programs (Committee on the Review of the Tsunami
Warning and Forecast System and Overview of the Nation’s
Tsunami Preparedness, 2011).

Interplay of Earthquake and Tsunami Geology

Conversely, tsunami geology can aid in identifying
and defining earthquake hazards, as indicated at Cascadia,
Hokkaido, and Kamchatka. This is an important attribute
of geologic investigations—they commonly reveal
unknown hazards.

Tsunami geology in the 1980s helped identify the
Cascadia subduction zone as a source of great earthquakes
(Thompson, 2011). Today, tsunami geology provides some of
Cascadia’s longest onshore records of repeated earthquakes,
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including a 4,500-year sequence of sand sheets beneath
Bradley Lake, Oregon, set behind coastal sand dunes (Kelsey
and others, 2005). Allowing for changes in dune height and
width, the tsunami history of this lake is providing constraints
on deep-sea estimates of earthquake magnitudes and rates
(Witter and others, 2012b).

Since the early 2000s, tsunami geology in Japan began
providing evidence that subduction of the Pacific plate
beneath Hokkaido produces earthquakes larger than those in
the written history of that island. The evidence consists of
sand sheets that extend a few kilometers inland on coastal
plains where historical tsunamis, generated during nearby
earthquakes of magnitude 8, left hardly any geologic traces
(Nanayama and others, 2003). Today, sand sheets provide
a proxy history of great Hokkaido earthquakes of the past
5,500 years (Sawai and others, 2009).

The subduction slip that generated the 1952 earthquake
on the eastern coast of Russia’s Kamchatka Peninsula, the
third-largest earthquake worldwide in the 20th century, also
generated a Pacific Ocean tsunami that was documented
minimally in its near field. Geologic field work 5 decades
later uncovered 1952 tsunami deposits on plains and hillsides.
The inland limits of these deposits, interpreted as closely
approximating inland limits of tsunami inundation, were
used in tsunami simulations to compute the distribution of
seismic slip in the estimated fault-rupture area (Maclnnes and
others, 2010).

Hydrodynamic Reconstructions From Tsunami Geology

Using sandy tsunami deposits to estimate flow depths and
velocities is a frontier area in tsunami geology (Huntington
and others, 2007). Recent tsunamis have afforded model
development and calibration studies of onshore flow, sediment
transport, and vertical and lateral trends in grain size.
Tsunamis studied include the 1929 Grand Banks (Soulsby
and others, 2007), 1998 Papua New Guinea (Jaffe and
Gelfenbaum, 2007), 2004 Indian Ocean (Apotsos and others,
2011a), 2006 Java (Spiske and others, 2010; Moore and
others, 2011), 2009 Samoa (Apotsos and others, 2011b), and
2011 Tohoku (Jaffe and others, 2012).

Summary Points and Special Considerations—
Tsunamis

Tsunamis pose hazards to most coastlines of the United
States. The magnitude of the hazard imposed by sometimes
huge and far travelled surges of ocean water varies depending
on the location and type of source mechanisms, which
chiefly are earthquakes and landslides. Great subduction zone
earthquakes historically and prehistorically have affected
Alaska, Hawaii, and western United States coastlines. The
Atlantic seaboard is within range of tsunamis generated from
great earthquakes in the Caribbean. All coastlines could be

affected by large submarine landslides, but these events are
even rarer than great earthquakes.

As for river flooding, stratigraphic studies can support
inferences of the magnitude and frequency of tsunamis.
Some records along the west coast of the United States and
globally are as old as 5,000 years. The well-studied deposits
of the 2004 Indonesian and 2011 Japanese tsunamis have
provided strong modern analogies. The primary challenges in
developing these records are finding sites recording multiple
deposits and clearly distinguishing tsunami deposits from
other types of coastal inundation such as storm surges.

Knowledge of tsunami frequency comes from
understanding source mechanisms such as earthquakes and
landslides, as well as from geologic records of tsunamis
themselves. Together, these approaches have been important
in identifying the types of hazards possibly affecting a specific
location and the magnitude and frequency of such hazards.

Storm Surges

Storm surges refer to episodes of elevated wave and
water levels caused by storm conditions such as wind and
low pressure. They are associated mostly with tropical and
extratropical storms. The Atlantic, Gulf of Mexico, and Pacific
coastlines of the United States all experience storm surges.
Storm surges are most frequent, however, along the Middle
Atlantic and Gulf Coast States, in the path of summer cyclones
moving north and west from their origins in the tropical
Atlantic Ocean.

The physics and controls on storm-surge development
are fairly well known. Prevailing winds and associated
ocean currents (as well as pressure gradients, waves, and
tides) increase water levels along the coastal zone, causing
storm surges. The duration and intensity of storm surges are
governed by various factors related to the storm, including the
duration of the storm, atmospheric pressure, wind speed and
direction, angle of storm approach, direct landfall location,
and astronomical tidal range.

The effects of storm surges are well documented
from recent storms where imagery, high-resolution Global
Positioning System and elevation data, sediment cores, and
other information allow assessment of changes before, during,
and after storm events. In addition to the surge of water into
supratidal regions, other hazards and consequences from storm
surges include:

e enhanced wave impact and erosion,
» shoreline erosion and displacement,
e cross-shore sediment transport,

»  salt-water intrusion, and

» shifts in estuarine and bay salinity regimes.
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As for riverine flooding and tsunamis, prehistoric storm
surges can be studied using geologic records. Such records
rely on the growing understanding of sediment transport and
erosional processes during storm surges on coastal margins, as
well as ecological and water chemistry changes from salinity
shifts. Most of this knowledge is collected from analysis of
recent storms. As with the section “Tsunamis,” many geologic
techniques are similar to those for deciphering chronologies of
river flooding, so the emphasis in this section is on conditions
and approaches specific to storm-surge inundation.

General Approaches and Techniques for
Assessing Storm Frequency

During the mid-20th century, studies of paleostorms
involved identifying and assessing the importance of
washover sedimentation (fig. 12) on barrier island evolution
(Ingram, 1968) and atolls (McKee, 1959; Ingram, 1968;
Baines and McLean, 1976; Davis and others, 1989).

More recently, paleostorm research, commonly referred

to as “paleotempestology” has greatly increased (Liu and
Fearn, 1993; Liu and Fearn, 2000; Donnelly and others,

2001; Donnelly and others, 2004; Liu, 2004; Donnelly,

2005; Cheung and others, 2007; Woodruff and others,

2008; McCloskey and Liu, 2012). In this discussion,
paleotempestology is the study of prehistoric coastal (extra)
tropical cyclones, their frequency, and their spatial distribution
and effects, as well as linkages to climate change (Nott, 2004).

Geologic Proxies for Storm Surges

Like riverine floods and tsunami deposits, storm deposits
are distinguished by contrasting sedimentary characteristics
relative to those left by other depositional processes (fig. 13).
Distinctive lithologic attributes typically include grain
size, sand or mud content, organic matter content, and
shell material content. Additionally, storm-surge deposits
commonly contain biological remains transported from
offshore. Most studies investigate such records by coring
into appropriate depositional environments. Sedimentary
contrasts generally are most evident and best preserved in
protected coastal settings, where the relatively constant
accumulation of fine-grained (sand and finer) sediment and
(or) autochthonous organic matter during periods of stable
or slowly rising sea level may be interrupted by inorganic
sediment layers (commonly sandy), transported and deposited
by energetic flow during storm surges. Such lithological
changes commonly are detectable in the visible stratigraphy,
but sometimes are subtle and are identified more clearly
by changes in organic content, geochemistry, and the bulk
sediment density.

A well-known paleotempestology study as was done
by Liu and Fearn (1993) along the Gulf of Mexico coastline.

They used sedimentology to identify paleostorms and to
assess the frequency of major (category 4 and 5) storms.

The stratigraphic record of Lake Shelby, Alabama, contained
numerous clastic sediment layers of low organic-material
content within a matrix of organic-rich lake sediment and
estuarine clay. These clastic layers were interpreted as storm
deposits, leading Liu and Fearn (1993) to conclude that
there had been an increase in the frequency of catastrophic
hurricanes between 1,000 and 3,300 years ago, with an
average recurrence interval of about 600 years.

Otvos (2002) noted, however, that non-storm related
processes such as inlet evolution, eolian transport, and
moderate winter storms also can result in lithologic changes
in core sediment similar to changes expected from storms.
Such complications hinder interpretation of geologic records,
particular if the geomorphic context is not fully known.
Given these complications, more quantitative sedimentologic
measurements (for example, detailed grain size analysis;
Woodruff and others 2008; Wallace and Anderson, 2010;
Lane and others, 2011) are commonly used to complement
the basic physical parameters presented by Liu and Fearn
(1993). Confidence in results increases, consequently, when
numerous and complementary geologic proxies support
storm-surge inferences.

In addition to estimating frequency, storm-surge deposits
also have been used to estimate the magnitude of prehistoric
storms for barrier coastal systems (Woodruff and others
2008; Wallace and Anderson, 2010). These efforts originated
from work on the Grand Banks tsunami sand sheets, where
the texture of sand layers was related to the distance from
the shoreline and flow energy. Woodruff and others (2008)
simplified the approach to a simple expression dependent on
the settling velocity of the coarsest fraction (95th-percentile)
of sediment in the deposit and the distance from barrier crest
from which the sediment was carried. This approach worked
well when compared with observations from a large 1928
event in Playa Laguna Grande, Puerto Rico, particularly for
distal parts of the washover fans more than 200 m from the
source barriers. One shortcoming of this approach is that
it requires knowledge of the geometry of the barrier beach
system at the time of the storm, which can be challenging in
these dynamic systems.

Micropaleontological criteria also support storm-surge
inferences from stratigraphic records. Biological techniques
to identify paleostorm events involve the study of microfossil
assemblages preserved in sediment (for example, Collins
and others, 1999; Hippensteel and Martin, 1999; Scott and
others, 2003; Lane and others, 2011). Diatoms, benthic
foraminifera, and ostracodes are among the most widely
used microfossil groups because most species have well-
defined habitat preferences, particularly with respect to
salinity (Scott and others, 2003; Ruiz and others, 2009).
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Figure 12. Examples of modern overwash and associated effects of Hurricane Isabel storm surge along the Outer Banks of North
Carolina, 2003. Panels (A) and (B) show overtopping and breaching of the artificial barrier foredunes within the Pea Island National
Wildlife Refuge. Panels (C) and (D) show sediment stored in the barrier foredunes was entrained and redeposited, building large
washover fans extending several hundred meters into the interior part of the island. Panel (E) shows the washover fans have
characteristic rippled bedforms and heavy mineral deposits (dark material), even at the edge of the fan, signifying high flow velocities.
Such deposits preserved in sedimentary records provide evidence of paleostorms, potentially indicating the intensity of the storm
causing the surge. In addition to transport oriented from the ocean to the estuary (overwash), panel (F) shows characteristic erosion
and incision often present in the estuarine side of barriers. These geomorphic features can be the start of breaches and develop into
tidal inlets, similar to the Hurricane Isabel inlet formed near Hatteras Village, North Carolina. Photographs taken by C.G. Smith, U.S.
Geological Survey, September 27, 2003.
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Figure 13.  (A) Sediment core with two depositional sequences commonly associated with storm surge on barrier
islands collected from back-barrier marshes in the Pea Island National Wildlife Refuge, Outer Banks, North Carolina,
and (B) representative foraminiferal assemblages for each sedimentary environment. Lower marsh peat is overlain by

a mud-dominated, estuarine overwash deposit emplaced when wind duration, fetch, and intensity raise water levels in
the back-barrier sound environment (Pamlico Sound). Mud grades back to organic-rich sediment as the marsh recovers,
accumulating fibrous peat again. Large sand body overlies the upper peat.
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Therefore, microfossil assemblages can be used to identify
sediment provenance when key species are transported from
inner sublittoral environments shoreward onto barrier island
washover deposits. Similarly, cysts of marine dinoflagellate
species from shallow marine habitats, present in freshwater
environments, can be used to infer transport from offshore,
thereby indicating storm surges or other marine incursions.
Some long-lived and fossil mollusks and corals also have
potential to identify extreme hydrologic events using
geochemical proxies in their shells and skeletons (Prouty
and others, 2009; Richey and others, 2009; Schone and
others, 2011; Wanamaker and others, 2012). As for lithologic
characteristics, Hippensteel and others (2013) note that
micropaleontological approaches of paleotempestology

are being actively developed; complications associated

with taphonomic loss, seasonal variability in microfossil
assemblages, and ambiguity in source and sink regions (for
example, overlapping taxonomy in estuarine and estuarine
wetlands species) make microfossil proxies less precise in
certain environments. Most studies, however, use multiple
proxies that complement and reinforce the microfossil record
(Lane and others, 2011; Pilarczyk and others, 2011).

Sedimentary geochemical proxies also can identify
paleostorm deposits (Dezileau and others, 2011). For example,
Lambert and others (2008) used organic geochemical proxies,
such as sedimentary organic carbon, total nitrogen, and their
respective stable isotopic signatures, to infer paleostorm
deposits in a core from Lake Shelby, Alabama. They suggested
that geochemical signatures are useful in the absence of
lithologic changes.

As for studies of riverine floods and tsunamis, multiple
sites and multiple lines of evidence are likely to produce
the most complete records. Particularly along the Atlantic
seaboard, where the coastline is dynamic and the geomorphic
effects of storm surges vary over short distances, individual
geologic records are likely to be incomplete (Hippensteel and
others, 2013). At Onslow Bay, North Carolina, Hippensteel
and others (2013) noted the incomplete storm stratigraphic
record of prehistoric and historical storm surges, including
Hurricane Irene in 2011. When taken together, however, the
multiple cores show evidence of several large storm incursions
during the last 1,500 years.

Coastal deposits in bays, estuaries, and marine basins in
some circumstances also can record freshwater flooding from
influent rivers. Studies applying various geochemical and
microfaunal methods have documented extremes in regional
precipitation and riverine discharge with far-reaching influence
on salinity in receiving coastal bays and estuaries (Cronin
and Walker, 2006; Willard and Cronin, 2007; Saenger and
others, 2008; Bianchi and Allison, 2009; Osterman and Smith,
2012). The stable-isotope and trace-element geochemistry
of the shells of microfossils, mollusks, or corals that live in
sediments can be especially useful for such analyses and have

been applied in case studies of major coastal systems such as
San Francisco, Florida, and Chesapeake Bays (Cronin and
others, 2000; Cronin and others, 2003; Cronin and Vann, 2003;
Cronin and others, 2005; Saenger and others, 2006; Cronin
and others, 2010).

Suitable Environments

Because coastal zones are dynamic and energetic,
preserved geologic records of storm surges are limited
to specific suitable environments. Most storm-surge
records have been from coastal zones where sufficient
accommodation space allows for preservation of deposits,
and where sedimentation rates are high relative to the depth
and rate of sediment mixing processes. As with the search
for tsunami records, tidal marshes, back-barrier swales and
wetlands, estuaries, and river inlets commonly are good
targets. Accordingly, most previous studies have focused on
back barrier lagoons and coastal ponds, lakes located along
Atlantic and Gulf of Mexico coastal zone, coastal mangrove
wetlands in southern Florida, and tidal marshes along the
Atlantic and Gulf Coasts, as well as shallow estuaries and
bays along Pacific, Atlantic and Gulf Coasts (Swart and
others, 1996a; Swart and others, 1996b; Brewster-Wingard
and Ishman, 1999; Halley and Roulier, 1999; Thomas and
others, 2000; Gaiser and others, 2006; Lambert and others,
2008; Lane and others, 2011; Smith and others, 2013). These
environments mostly have high sedimentation rates, thereby
increasing the likelihood that deposits of short-duration events
such as storms are preserved.

Geochronology

As for tsunamis and riverine flooding, establishing the
chronology of a sediment record is key for any study of storm
frequency. The approaches are similar to those for dating river
floods and tsunamis, mostly relying on radiocarbon and other
short-lived isotopes such as 219Ph. In some environments,
other types of “event horizons”—such as volcanic ashes,
heavy metal concentrations, and biological changes (such
as pollen stratigraphy tied to land-use changes) —can help
establish timing.

Local chronologies, in conjunction with stratigraphic
relations, can assist in assessing local geomorphic changes,
such as inlet or barrier-island formation, which may affect
the completeness of the stratigraphic record. Regional
chronologies developed from widely spaced records may
identify more persistent and widespread changes in storm
frequency that owe to broad changes in climate, oceanic
circulation, and storm generation (fig. 14). After such
chronologies are developed they can assist in interpreting
specific sites, as is commonly the case for regional flood and
tsunami studies.
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Figure 14.

(A) Individual records of hurricane landfalls based on analysis of overwash deposits along

the western north Atlantic Ocean margin, A.D. 500-2000 (composite data of Mann and others, 2009, which
describes sources of original data). Identification of hurricane landfalls relies on various sedimentological
criteria, but mostly lithologic (grain size, bulk density, or mud content); micropaleontological (foraminifera tests,
diatom frustules, or pollen); and biological (for example, extant oyster reefs) measurements. (B) A composite
record of the individual datasets presented in graph (A), smoothed to a multi-decadal time-scale (greater than
40 years). Various statistical treatments were used in the composite including Monte Carlo simulations using
jack-knife datasets for each region. Results of the statistical treatments are provided in Mann and others
(2009); however, only the mean is shown in (B).

Geologic Assessment of Storm-Surge
Frequency—Challenges, Limitations and
Opportunities

Paleotempestology is a developing science. Significant
efforts and progress have been made over the past few
decades, particularly on the Gulf and Atlantic Coasts where
recent damaging hurricanes such as Rita, Katrina, Ike,
Irene, and Sandy have focused attention. Several challenges
and limitations emerge from recent studies of these and
other events.

For most United States shorelines, collecting paleostorm
records from existing lagoons, tidal wetlands, and estuaries
is possible for the last 7,000 years. This is the period since
the global sea level rose to its approximate modern position
and during which it has remained relatively stable, although
regional differences are present in relative sea-level history

because of various processes affecting land subsidence and
uplift along various coasts. Most of the modern coastal
geomorphology has developed during this period.

Because of the dynamic nature of various processes
affecting coastlines, accurate interpretation of stratigraphic
records requires understanding of the geomorphic context and
history of a site. Changes in the local environment, such as
barrier island formation or changes in estuary circulation and
morphology, may strongly affect local stratigraphic records of
storm surges.

Interpreting ancient deposits also requires understanding
of storm-surge processes. As Hippensteel and others (2013)
note, observations and geologic records of recent hurricanes
show a need for improved knowledge of sediment transport
and deposition dynamics to better understand how and
where stratigraphic records are formed and preserved.
Post-depositional processes also can obscure records.
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Additionally, as described in the section, “Tsunamis,”
storm-surge deposits may be difficult to distinguish from
tsunami deposits. This is especially the case for far-field
tsunamis, where coseismic subsidence is unlikely at the
depositional site. For some situations, it may not be possible
to distinguish tsunami sources from and storm-surge sources.
Nevertheless, stratigraphic records still can be useful in
assessing the frequency of marine inundation, regardless
of cause.

Despite these challenges, the diversity of processes and
depositional environments along coastlines provide abundant
opportunities for reconstructing past storm surges, particularly
large ones that leave widespread and diverse evidence. Studies
involving multiple approaches are likely to be most successful
in developing complete records. With the recent attention
generated by Hurricanes Katrina, Irene, and Sandy, new
techniques are likely to be developed, improving our ability
to derive long-term storm-surge records. These records, in
turn, may enhance our understanding of the linkages between
climate, oceanic conditions, and storm frequency, and may
improve our knowledge of how storms may affect coastlines
for various sea-level change scenarios.

Relevance of Sea Level

In addition to the sedimentological, geomorphic, and
chronological challenges for assessing storm-surge frequency
from stratigraphic records, local sea-level history also can
influence the stratigraphic record and its interpretation for
hazard assessment. Sea-level change is relevant for the study
of coastal storm surges because (1) it affects interpretation
of geologic records of past storm surges, and (2) it changes
areas possibly affected by future storm surges. In these ways,
sea-level change is similar to the non-stationarity issue that
challenges paleoflood hydrology. Sea-level stabilized about
7,000 years ago, after rising about 130 m above its low
point at the peak of the last ice age 22,000 years ago (when
continental ice sheets contained a substantial volume of
water). Nevertheless, fluctuations (sometimes more than 30 cm
over centennial timescales) have affected sea level during
the last few thousand years, notably during the Medieval
Climate Anomaly (A.D. 800-1400) and Little Ice Age
(A.D. 1400-1900) (Gonzalez and Toérnqvist, 2009; Kemp and
others, 2011; Cronin, 2012; Gehrels and Woodworth, 2013;
Kemp and others, 2013). Recent measurements of sea-level
rise from satellite altimetry indicate average global sea-level
rise of about 3 mm/yr since 1990 (Nicholls and Cazenave,
2010). This rate continues a pattern of rising sea-level over
the last century, totaling about 21 cm since 1880 (Church and
White, 2011). Depending on the greenhouse-gas emission
scenario, the International Panel on Climate Change predicts
continued sea-level rise at similar or even faster rates for the
rest of this century, resulting in a global sea level 26-98 cm
higher during 2081-2100 than during 1986-2005 (Church

and others, 2013). Such changes, regardless of the effects of
atmospheric and oceanic warming on storm generation and
intensity, will increase the area of coastal zone affected by
storm surges.

Local sea-level variation may be higher or lower than
global changes. In particular, subsidence along the Louisiana
and Mississippi Gulf Coast has resulted in recent relative sea-
level rise exceeding 9 mm/yr, and several areas of the Virginia,
Delaware, and New Jersey coastline have had sea-level rises
of 3.5-4.5 mm/yr. By contrast, most of the far northeastern
U.S. coastline and U.S. Pacific Coast have rates of sea-level
rise of less than 3 mm/yr (National Oceanic and Atmospheric
Administration, 2014).

Sea-level variations affect geologic interpretation because
the elevation of a storm-surge deposit above sea level is an
indicator of storm magnitude. To assess magnitude from
deposits in the stratigraphic record, the elevation of sea level
relative to the deposits at the time of deposition must be
estimated. Another factor affecting future storm effects is that
sea-level change influences patterns of coastal sedimentation.
In environments of changing sea level, separating its effects
on sedimentation from those of individual storm surges as well
as other coastal processes is a key component of storm-surge
reconstructions. An example is provided by studies of coastal
tidal marshes in Long Island Sound (van de Plassche and
others, 2006). At this location, early studies suggested that sea-
level fluctuations during the last 2 millennia were responsible
for changes in sedimentation rate and marsh accumulation in
coastal tidal marshes. However, restudy of these sequences by
van de Plassche and others (2006) showed that abrupt changes
in sedimentation, especially infilling by tidal mud and marsh
peats, may have been caused by major hurricanes.

Summary Points and Special Considerations—
Storm Surges

Holocene sediment records, especially records from tidal
marshes, have been investigated in many coastal regions.
In some cases, these studies provide detailed records of
environmental changes caused by many processes, including
storm surges. In some regions, large storms of the last few
centuries known from historical records (mainly hurricanes)
already have been identified by their characteristic patterns
of sediment deposition and erosion. Using similar methods,
prehistoric paleostorms also have been identified in several
well-studied regions of the Gulf and Atlantic Coasts.

As for floods and tsunamis, geology-based understanding
of paleostorm history generally requires integrated
analysis of carefully selected coastal sediment sequences.
The underpinnings of such integrated analyses are an
understanding of modern coastal processes, physical and
chemical sedimentology, geochronology, paleoenvironmental
proxies, and the regional climatic and sea-level history.



Geologic Approaches—Overall Considerations

This review of extending records of riverine flooding,
tsunamis, and storm surges by geologic studies shows that
strong studies likely include the following aspects:

1. Geologic and geomorphic environments that generate
and preserve stratigraphic records. This depends partly on
the inundation process and the depositional environment,
but also depends strongly on the availability of material
for transport and deposition. This material commonly is
sand, but some deposits also contain other allochthonous
materials, helpful for determining source and chronology.

2. Sites that sensitively archive complete stratigraphic
records for long periods of time. Finding such sites
requires field exploration, but also requires knowledge of
inundation and deposition processes; post-depositional
obscuring processes; the geomorphology, dynamics, and
geologic history of depositional environments; and local
anthropogenic environmental changes.

3. Multiple sites to confirm record completeness and
magnitude estimates. Geologic records can be capricious.
Analysis of multiple sites increases the likelihood
of developing an accurate inundation record for a
location, particularly for very large events. Multiple
site records may help in interpreting source processes,
such as tsunami-generating mechanisms and type of
riverine flooding.

4. Assessment of landscape changes affecting interpretation
of the stratigraphic records. Factors such as sea-level
rise, river morphology changes, and changing coastal
dynamics can all confound interpretation of geologic
records, particularly relating deposits to event magnitudes
or depositional processes.

5. Assessment of non-stationarity. In other words, is the
geologic record relevant to future hazards? Factors
such as climate change, sea-level rise, flow regulation,
land use, and local channel and coastline changes
and modifications can all affect future frequency and
magnitude of inundation. In some cases, geologic records
hint at what those changes might be, but in other cases,
the geologic record is an incomplete guide to future
hazards under changed conditions.

Screening of Potential Riverine
Paleoflood Study Sites

On the basis of general physiographic and geologic
information, we assess the potential for successful paleoflood
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investigations for 104 nuclear powerplant facilities in the
United States (table 1). This screening identifies powerplant
locations for which paleoflood studies are most likely to
provide extended records of riverine flooding to improve
flood-hazard assessments. The screening is a “desktop”
analysis using available hydrologic, geographic, and geologic
information. It accounts for the closeness of the powerplant
to rivers that may flood and the geologic and physiographic
conditions of the watershed and river corridor relevant to
forming and preserving paleoflood deposits. Site visits
necessary for confirming suitable and specific paleoflood
study sites were not conducted. This analysis only applies to
hazards from riverine flooding, although similar screenings
could readily assess suitability for geologic investigations of
storm-surge or tsunami hazards.

For this screening, we evaluated sites rather than the
104 specific nuclear powerplants. A “site” is referred to in
this report as a general location hosting one or more licensed
nuclear power plants. Because many sites have more than
one plant—for example, the three separately licensed
Browns Ferry 1, 2, and 3 plants operated by the Tennessee
Valley Authority—the total number of assessed sites is 64.
In addition to the co-located plants, the Nine Mile Point
(plants 1 and 2) and James A. Fitzpatrick plants in New York
are all within 1 km of each other and are treated as a single site

(fig. 15, table 1).

Coarse Assessment of Riverine Flood Hazard

Each nuclear powerplant site was evaluated to determine
if it possibly had a riverine flood hazard. For each of these
64 sites (fig. 15, table 1), we assessed how close they are to
rivers and existing flood-hazard zones. Each site location,
as specified in table 1, was buffered by 10 km within the
geographical information system ArcGIS™. Buffers were
intersected with National Hydrography Dataset water-body
and stream network datasets (table 2) to identify rivers, lakes,
or oceans that are within this buffer. Sites within 10 km
of streams or rivers draining greater than 500 km? were
determined to be possibly close enough to have hazards from
riverine floods. This analysis also identified sites within 10 km
of oceans and lakes greater than 100 km2—information useful
for screening storm-surge or tsunami hazards.

All 64 sites were within 10 km of at least 1 major water
body (the types of water bodies are indicated by the “yes” in
the column, “Water sources within 10 kilometers of site” in
table 3). Sixteen sites were near a lake, 14 were near an ocean,
and 54 were near a river. Of these sites, only Crystal River
Nuclear Generating Plant was within 10 km of all three types
of major water features. Eighteen sites included 2 of the water
feature groups within 10 km.
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Table 1.

Nuclear powerplants in the United States analyzed for this study.

[Multiple plants analyzed as one site are grouped together either by shaded gray or white backgrounds. Abbreviations: No., number; Inc., Incorporated; Co.,
Company; LLC, limited liability company; UE, Union Electric; TXU, Texas Utilities; PSEG, Public Service Enterprise Group; FPL, Florida Power and Light;
STP, South Texas Project; PPL, Pennsylvania Power and Light; PWR, pressurized water reactor; BWR, boiling water reactor; MWe, megawatt electric]

Plant Docket Owner/operator Reactor  Output State Latitude and longitude

name No. type (MWe) (decimal degrees)
Arkansas Nuclear 1 5000313 Entergy Nuclear Operations, Inc. PWR 843  Arkansas 35.31027, -93.23138
Arkansas Nuclear 2 5000368 Entergy Nuclear Operations, Inc. PWR 995  Arkansas 35.31027, -93.23138
Beaver Valley 1 5000334 FirstEnergy Nuclear Operating Co. PWR 892  Pennsylvania  40.62333, -80.43055
Beaver Valley 2 5000412 FirstEnergy Nuclear Operating Co. PWR 846  Pennsylvania  40.62333, -80.43055
Braidwood 1 5000456 Exelon Generation Co., LLC PWR 1,178 Illinois 41.24361, -88.22916
Braidwood 2 5000457 Exelon Generation Co., LLC PWR 1,152 lllinois 41.24361, -88.22916
Browns Ferry 1 5000259 Tennessee Valley Authority BWR 1,065 Alabama 34.703889, -87.118611
Browns Ferry 2 5000260 Tennessee Valley Authority BWR 1,104 Alabama 34.703889, -87.118611
Browns Ferry 3 5000296 Tennessee Valley Authority BWR 1,115 Alabama 34.703889, -87.118611
Brunswick 1 5000325 Progress Energy BWR 938  North Carolina 33.958333, -78.010278
Brunswick 2 5000324 Progress Energy BWR 937  North Carolina 33.958333, -78.010278
Byron 1 5000454 Exelon Generation Co., LLC PWR 1,164  lllinois 42.074167, -89.281944
Byron 2 5000455 Exelon Generation Co., LLC PWR 1,136  Illinois 42.074167, -89.281944
Callaway 5000483 Ameren UE PWR 1,236  Missouri 38.761667, -91.78
Calvert Cliffs 1 5000317 Constellation Energy PWR 873  Maryland 38.431944, -76.442222
Calvert Cliffs 2 5000318 Constellation Energy PWR 862 Maryland 38.431944, -76.442222
Catawba 1 5000413 Duke Energy Power Company, LLC PWR 1,129  South Carolina 35.051667, -81.07
Catawba 2 5000414 Duke Energy Power Company, LLC ~ PWR 1,129  South Carolina 35.051667, -81.07
Clinton 5000461 Exelon Generation Co., LLC BWR 1,065 Illinois 40.172222, -88.835
Columbia Generating 5000397 Energy Northwest BWR 1,190 Washington 46.471111, -119.333889

Station

Comanche Peak 1 5000445 TXU Generating Company LP PWR 1,200 Texas 32.298333, -97.785
Comanche Peak 2 5000446 TXU Generating Company LP PWR 1,150  Texas 32.298333, -97.785
Cooper 5000298 Nebraska Public Power District BWR 830 Nebraska 40.361944, -95.641389
Crystal River 3 5000302 Progress Energy PWR 838  Florida 28.9575, -82.698333
D.C. Cook 1 5000315 Indiana/Michigan Power Co. PWR 1,009 Michigan 41.975391, -86.565914
D.C. Cook 2 5000316 Indiana/Michigan Power Co. PWR 1,060 Michigan 41.975391, -86.565914
Davis-Besse 5000346 FirstEnergy Nuclear Operating Co. PWR 893  Ohio 41.596667, -83.086389
Diablo Canyon 1 5000275 Pacific Gas and Electric Co. PWR 1,151 California 35.210861, -120.856175
Diablo Canyon 2 5000323 Pacific Gas and Electric Co. PWR 1,149 California 35.210861, -120.856175
Dresden 2 5000237 Exelon Generation Co., LLC BWR 867 Illinois 41.389722, -88.268056
Dresden 3 5000249 Exelon Generation Co., LLC BWR 867 Illinois 41.389722, -88.268056
Duane Arnold 5000331 NextEra Energy Duane Arnold, LLC BWR 640 lowa 42.100556, -91.777222
Farley 1 5000348 Southern Nuclear Operating Co. PWR 851  Alabama 31.223056, -85.111667
Farley 2 5000364 Southern Nuclear Operating Co. PWR 860  Alabama 31.223056, -85.111667
Fermi 2 5000341 Detroit Edison Co. BWR 1,122  Michigan 41.962778, -83.2575
Fort Calhoun 5000285 Omaha Public Power District PWR 500 Nebraska 41.520278, -96.077222
Ginna 5000244 Constellation Energy PWR 498 New York 43.277778, -77.31
Grand Gulf 1 5000416 Entergy Nuclear Operations, Inc. BWR 1,297  Mississippi 32.006667, -91.048333
Hatch 1 5000321 Southern Nuclear Operating Co., Inc. BWR 876  Georgia 31.934167, -82.343889
Hatch 2 5000366 Southern Nuclear Operating Co., Inc. BWR 883  Georgia 31.934167, -82.343889
Hope Creek 1 5000354 PSEG Nuclear BWR 1,061  New Jersey 39.467778, -75.538056
Indian Point 2 5000247 Entergy Nuclear Operations, Inc. PWR 1,020 New York 41.269722, -73.952222
Indian Point 3 5000286 Entergy Nuclear Operations, Inc. PWR 1,025 New York 41.269722, -73.952222
Kewaunee 5000305 Dominion Generation PWR 556  Wisconsin 44.342222, -87.536111
La Salle 1 5000373 Exelon Generation Co., LLC BWR 1,118 Illinois 41.245556, -88.669167
La Salle 2 5000374 Exelon Generation Co., LLC BWR 1,120 Illinois 41.245556, -88.669167
Limerick 1 5000352 Exelon Generation Co., LLC BWR 1,134  Pennsylvania  40.226667, -75.587222
Limerick 2 5000353 Exelon Generation Co., LLC BWR 1,134  Pennsylvania  40.226667, -75.587222
McGuire 1 5000369 Duke Energy Power Company, LLC PWR 1,100 North Carolina 35.4325, -80.948333
McGuire 2 5000370 Duke Energy Power Company, LLC PWR 1,100 North Carolina 35.4325, -80.948333
Millstone 2 5000336 Dominion Generation PWR 884  Connecticut 41.311944, -72.168611
Millstone 3 5000423 Dominion Generation PWR 1,227  Connecticut 41.311944, -72.168612



Table 1.

Screening of Potential Riverine Paleoflood Study Sites

Nuclear powerplants in the United States analyzed for this study.—Continued

[Multiple plants analyzed as one site are grouped together either by shaded gray or white backgrounds. Abbreviations: No., number; Inc., Incorporated; Co.,
Company; LLC, limited liability company; UE, Union Electric; TXU, Texas Utilities; PSEG, Public Service Enterprise Group; FPL, Florida Power and Light;
STP, South Texas Project; PPL, Pennsylvania Power and Light; PWR, pressurized water reactor; BWR, boiling water reactor; MWe, megawatt electric]

Plant Docket Owner/operator Reactor  Output State Latitude and longitude

name No. type (MWe) (decimal degrees)
Monticello 5000263 Nuclear Management Co. BWR 579 Minnesota 45.333611, -93.849167
Nine Mile Point 1 5000220 Constellation Energy BWR 621  New York 43.520833, -76.406944
Nine Mile Point 2 5000410 Constellation Energy BWR 1,140 New York 43.520833, -76.406944
FitzPatrick 5000333 Entergy Nuclear Operations, Inc. BWR 852  New York 43.523333, -76.398333
North Anna 1 5000338 Dominion Generation PWR 980 Virginia 38.060556, -77.789444
North Anna 2 5000339 Dominion Generation PWR 973  Virginia 38.060556, -77.789444
Oconee 1 5000269 Duke Energy Power Company, LLC PWR 846  South Carolina 34.793889, -82.898056
Oconee 2 5000270 Duke Energy Power Company, LLC PWR 846  South Carolina 34.793889, -82.898056
Oconee 3 5000287 Duke Energy Power Company, LLC PWR 846  South Carolina 34.793889, -82.898056
Oyster Creek 5000219 Exelon Generation Co., LLC BWR 619  New Jersey 39.814722, -74.205
Palisades 5000255 Entergy Nuclear Operations, Inc. PWR 778  Michigan 42.322778, -86.314444
Palo Verde 1 5000528 Arizona Public Service Co. PWR 1,335 Arizona 33.389167, -112.865
Palo Verde 2 5000529 Arizona Public Service Co. PWR 1,335 Arizona 33.389167, -112.865
Palo Verde 3 5000530 Arizona Public Service Co. PWR 1,335 Arizona 33.389167, -112.865
Peach Bottom 2 5000277 Exelon Generation Co., LLC BWR 1,112  Pennsylvania  39.758333, -76.268056
Peach Bottom 3 5000278 Exelon Generation Co., LLC BWR 1,112  Pennsylvania  39.758333, -76.268056
Perry 1 5000440 FirstEnergy Nuclear Operating Co. BWR 1,261 Ohio 41.800833, -81.143333
Pilgrim 1 5000293 Entergy Nuclear Operations, Inc. BWR 685  Massachusetts 41.945, -70.578333
Point Beach 1 5000266 FPL Energy Point Beach, LLC PWR 512  Wisconsin 44.281111, -87.536667
Point Beach 2 5000301 FPL Energy Point Beach, LLC PWR 514  Wisconsin 44.281111, -87.536667
Prairie Island 1 5000282 Nuclear Management Co. PWR 511  Minnesota 44.621667, -92.633056
Prairie Island 2 5000306 Nuclear Management Co. PWR 545  Minnesota 44.621667, -92.633056
Quad Cities 1 5000254 Exelon Generation Co., LLC BWR 867 Illinois 41.726389, -90.31
Quad Cities 2 5000265 Exelon Generation Co., LLC BWR 869 Illinois 41.726389, -90.31
River Bend 1 5000458 Entergy Nuclear Operations, Inc. BWR 989  Louisiana 30.756667, -91.333333
Robinson 2 5000261 Progress Energy PWR 710  South Carolina 34.402778, -80.158333
Saint Lucie 1 5000335 Florida Power and Light Co. PWR 839  Florida 27.348611, -80.246389
Saint Lucie 2 5000389 Florida Power and Light Co. PWR 839  Florida 27.348611, -80.246389
Salem 1 5000272 PSEG Nuclear PWR 1,174 New Jersey 39.462778, -75.535556
Salem 2 5000311 PSEG Nuclear PWR 1,130 New Jersey 39.462778, -75.535556
San Onofre 2 5000361 Southern California Edison Co. PWR 1,070 California 33.368889, -117.555
San Onofre 3 5000362 Southern California Edison Co. PWR 1,080 California 33.368889, -117.555
Seabrook 1 5000443 Florida Power and Light Co. PWR 1,295 New Hampshire 42.898889, -70.850833
Sequoyah 1 5000327 Tennessee Valley Authority PWR 1,148  Tennessee 35.226389, -85.091667
Sequoyah 2 5000328 Tennessee Valley Authority PWR 1,126  Tennessee 35.226389, -85.091667
Shearon Harris 1 5000400 Progress Energy PWR 900 North Carolina 35.633333, -78.955
South Texas 1 5000498 STP Nuclear Operating Co. PWR 1,410 Texas 28.795556, -96.048889
South Texas 2 5000499 STP Nuclear Operating Co. PWR 1,410 Texas 28.795556, -96.048889
Summer 5000395 South Carolina Electric and Gas Co. PWR 966  South Carolina 34.298611, -81.314722
Surry 1 5000280 Dominion Generation PWR 799  Virginia 37.165556, -76.697778
Surry 2 5000281 Dominion Generation PWR 799  Virginia 37.165556, -76.697778
Susquehanna 1 5000387 PPL Susquehanna, LLC BWR 1,149 Pennsylvania 41.088889, -76.148889
Susquehanna 2 5000388 PPL Susquehanna, LLC BWR 1,140 Pennsylvania  41.088889, -76.148889
Three Mile Island 1 5000289 Exelon Generation Co., LLC PWR 786  Pennsylvania  40.153889, -76.724722
Turkey Point 3 5000250 Florida Power and Light Co. PWR 720 Florida 25.434167, -80.330556
Turkey Point 4 5000251 Florida Power and Light Co. PWR 720 Florida 25.434167, -80.330556
Vermont Yankee 5000271 Entergy Nuclear Operations, Inc. BWR 510  Vermont 42.778889, -72.513056
\Vogtle 1 5000424 Southern Nuclear Operating Co. PWR 1,109 Georgia 33.143333, -81.760556
Vogtle 2 5000425 Southern Nuclear Operating Co. PWR 1,127  Georgia 33.143333, -81.760556
Waterford 3 5000382 Entergy Nuclear Operations, Inc. PWR 1,250 Louisiana 29.995278, -90.471111
Watts Bar 1 5000390 Tennessee Valley Authority PWR 1,123  Tennessee 35.602778, -84.789444
Wolf Creek 1 5000482 Wolf Creek Nuclear Operating PWR 1,166  Kansas 38.238889, -95.688889

Corporation
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Figure 15. Nuclear powerplant sites in the United States screened for paleoflood study suitability. The
screening tentatively identified 14 sites that either are not adjacent to large rivers or are physically isolated
from nearby rivers. These sites were excluded from the geologic and physiographic screening analysis and are
indicated by the open squares. The 50 sites that were fully assessed are indicated by the shaded squares.



We also assessed whether sites were within or near
mapped flood zones, as shown on digital Federal Emergency
Management Agency (FEMA) floodplain maps. Digital
floodplain maps were downloaded from the FEMA National
Flood Hazard Layer (table 2) database where available, and
from these maps, we determined how close plant sites are to
regulatory flood zones. The distance between the plant sites
and the FEMA flood zones (particularly the areas predicted
to be inundated by the 0.01 and 0.002 annual exceedance
probability floods) was determined with ArcGIS™. For 14 sites
that did not have digitally available floodplains maps available
as Geographic Information System files, scanned copies of

Table 2. Information sources for paleoflood suitability screening.

[ESRI, Environmental Systems Research Institute, Inc.]
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paper flood maps were examined online with the FEMA Map
Service Center viewer (table 2). Four sites lacked digitally
available FEMA flood zone information of any type and were
not assessed. These are indicated by the “no mapping available

online” entries in table 3.

Most power plant sites are in or near mapped flood
zones (table 3). All but 5 of the 60 analyzed sites (excluding
the 4 sites near rivers with no digitally available flood plain
information) were within 2 km of the 0.01 annual exceedance
probability (100-year) flood zone. Ten sites are within areas
mapped as within the 0.002 annual exceedance probability
(500-year) flood zone.

Item Resolution Coverage Source Data repository
Geology 1:500,000 United States U.S. Geological Survey http://www.nationalatlas.gov/atlasftp.html
Geology 1:250,000 British Columbia,  British Columbia http://www.empr.gov.bc.ca/
Canada Geological Survey, MINING/GEOSCIENCE/
Ministry of Energy PUBLICATIONSCATALOGUE/
and Mines DIGITALGEOLOGYMAPS/Pages/default.
aspx
Digital elevation models  10-meter United States U.S. Geological Survey http://nationalmap.gov/viewer.html
Hydrography (streams, 30-meter United States; U.S. Geological Survey  http://www.horizon-systems.com/NHDPIlus/
water bodies, flow parts of Canada
directions, and flow-
accumulation rasters)
Aerial photography Varies World ESRI map service http://www.arcgis.com/home/item.html?id=10
df2279f9684e4a9f6a7f08febac2ad
Landslides 1:500,000 United States U.S. Geological Survey  http://www.nationalatlas.gov/atlasftp.html
Dams Based on National United States U.S. Army Corps of http://www.nationalatlas.gov/atlasftp.html
Inventory of Engineers
Dams criteria
Flood plains Varies Parts of the Federal Emergency https://hazards.fema.gov/femaportal/NFHL/

United States

Management Agency

and https://msc.fema.gov/webapp/wcs/
stores/servlet/FemaWelcomeView?store
1d=10001&catalogld=10001&langld=-
1&userType=G



http://www.nationalatlas.gov/atlasftp.html
http://www.empr.gov.bc.ca/MINING/GEOSCIENCE/PUBLICATIONSCATALOGUE/DIGITALGEOLOGYMAPS/Pages/default.aspx
http://www.empr.gov.bc.ca/MINING/GEOSCIENCE/PUBLICATIONSCATALOGUE/DIGITALGEOLOGYMAPS/Pages/default.aspx
http://www.empr.gov.bc.ca/MINING/GEOSCIENCE/PUBLICATIONSCATALOGUE/DIGITALGEOLOGYMAPS/Pages/default.aspx
http://www.empr.gov.bc.ca/MINING/GEOSCIENCE/PUBLICATIONSCATALOGUE/DIGITALGEOLOGYMAPS/Pages/default.aspx
http://www.empr.gov.bc.ca/MINING/GEOSCIENCE/PUBLICATIONSCATALOGUE/DIGITALGEOLOGYMAPS/Pages/default.aspx
http://nationalmap.gov/viewer.html
http://www.horizon-systems.com/NHDPlus/
http://www.arcgis.com/home/item.html?id=10df2279f9684e4a9f6a7f08febac2a9
http://www.arcgis.com/home/item.html?id=10df2279f9684e4a9f6a7f08febac2a9
http://www.nationalatlas.gov/atlasftp.html
http://www.nationalatlas.gov/atlasftp.html 
https://hazards.fema.gov/femaportal/NFHL/                      and https://msc.fema.gov/webapp/wcs/stores/servlet/FemaWelcomeView?storeId=10001&catalogId=10001&langId=-1&userType=G
https://hazards.fema.gov/femaportal/NFHL/                      and https://msc.fema.gov/webapp/wcs/stores/servlet/FemaWelcomeView?storeId=10001&catalogId=10001&langId=-1&userType=G
https://hazards.fema.gov/femaportal/NFHL/                      and https://msc.fema.gov/webapp/wcs/stores/servlet/FemaWelcomeView?storeId=10001&catalogId=10001&langId=-1&userType=G
https://hazards.fema.gov/femaportal/NFHL/                      and https://msc.fema.gov/webapp/wcs/stores/servlet/FemaWelcomeView?storeId=10001&catalogId=10001&langId=-1&userType=G
https://hazards.fema.gov/femaportal/NFHL/                      and https://msc.fema.gov/webapp/wcs/stores/servlet/FemaWelcomeView?storeId=10001&catalogId=10001&langId=-1&userType=G
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Paleoflood Suitability Assessment

Some environments are more conducive to paleoflood
studies than others. As described in the section, “Riverine
Floods,” key factors include sufficient sediment loads to
produce deposits, depositional environments that preserve and
protect deposits, and stable valley morphology (Benito and
O’Connor, 2013). We broadly assessed these factors within
a geographical information system for each plant site by
considering watershed geology and valley physiography.

Spatial Analysis Domains

The analysis entailed defining several analysis domains
that are the basis for separate assessments of sediment
production potential, geologically suitable depositional
environments, and valley confinement. These domains
narrowed the specific suitability assessments to parts of the
watershed appropriate for assessing the flood hazard at the

95°

plant site. For each plant site adjacent to a stream or river,

we determined the watershed area corresponding to the plant
site location by editing the specified location of the plant

sites (table 1) so that each site was represented by a point

on the stream network of the National Hydrography Dataset
(table 2; appendix table Al). The contributing drainage area

at each site then was delineated in ArcGIS™ using the Spatial
Analyst hydrology toolset. This area was the basis for three
watershed analysis domains (fig. 16; appendix table Al): (1) a
headwaters domain consisting of the upstream-most 50 percent
of watershed area, as measured at the plant site; (2) a mid-
watershed domain consisting of the remaining 50 percent of
the watershed contributing to the stream or channel at the
plant site; and (3) a domain downstream of the plant site
enclosing the length of channel with a contributing drainage
area equivalent to the area upstream of the plant (thus, the
downstream end of this reach has a total drainage area twice
as large as that at the plant site). We refer to these as watershed
domains 1, 2, and 3, respectively (appendix table Al).
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Figure 16. Example of watershed analysis domains enabling targeted paleoflood suitability assessments. The Quad Cities
nuclear powerplant is located on the left bank of the Mississippi River in lllinois. The contributing area at this site includes
analysis domains 1 and 2 on the map. Analysis domain 1is 115,757 square kilometers (km2), about one-half the 228,375-km?
basin area at the nuclear powerplant site. Analysis domain 3 is the area downstream of the plant site, with a total drainage
area about twice the basin area at the plant site (446,996 km2). The shaded area along the Mississippi River in analysis
domains 2 and 3 is the near-channel analysis corridor. The corridor is defined as 10 times the channel width at the plant
site; here, the channel width is 63.3 meters (m), resulting in a near-channel analysis corridor width of 633 m, encompassing
12,423 km? of analysis domains 2 and 3.



Because the network of tributaries and contributing areas
commonly prevents identification of specific points along the
channel with drainage areas of exactly one-half and twice the
area at the plant, we chose locations as close as possible to
the target values. Additionally, several plants were near the
downstream ends of rivers, either the ocean or a confluence
with a larger river. In these cases, watershed domain 3 was
smaller than the target value. For a few plants where the total
contributing area at the plant was small, upstream domain 1
was not delineated and the entire upstream watershed area
was combined for all analysis components. For several plant
sites along coasts or lakeshores, multiple small drainages
possibly affected the plant site. In these cases, the upstream
contributing watersheds were merged for analysis.

A near-channel analysis corridor was defined in which
the potential for paleoflood deposit sites was assessed (fig. 16;
appendix table Al). The near-channel corridor extends
for the entire length of the main channel within watershed
analysis domains 2 and 3 and has a width equivalent to
10 times the width of the river or stream channel at the plant
site, applied as a buffer about the National Hydrography
Data line representing the watercourse. The channel width
was measured from aerial photography (table 2) for each
site. In cases where the plant was located adjacent to a
reservoir, channel width was measured at a nearby location
more representative of the natural channel width. This width
measurement provides a means of scaling the buffer width
relative to the river size.

By this process of defining the near-channel analysis
corridor, we identified 14 coastal and lakeside plant sites
unlikely to be affected by large-river floods. These include
6 of the 10 sites previously identified as distant from a
large river, as well as 8 other sites for which nearby large
rivers are physically isolated from the plant site such that
they pose no hazard. Nearby streams, if present, are small.
Paleoflood studies for most of these sites are unlikely to
improve the understanding of flood hazards at these facilities.
Nevertheless, storm-surge and tsunami studies may be useful
for many of them. The paleoflood screening was applied to the
50 remaining plant sites (fig. 15, table 3).

Watershed Sediment Production Potential

The quantity and size of transported sediment—
particularly sand—is important in judging potential for a
river to create flood deposits, a necessary component of
most paleoflood records. We assessed likely sediment supply
conditions from the geology of watershed analysis domains
1 and 2, which together compose the entire contributing
area upstream of the plant sites. Our focus was on sediment
originating upstream because sediment supplied to the river
downstream of the plant site is less likely to contribute to
paleoflood records relevant to the plant site.

For each assessed plant site, we obtained digital geologic
datasets from the U.S. Geological Survey and the British
Columbia Geological Survey (table 2) for the watershed
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analysis domains 1, 2, and 3. A total of 178 different lithologic
types are identified in these datasets for the United States
and southern British Columbia. We classified each of these
types as high, medium, or low based on our determination
of their tendency to produce sand-sized sediment well
suited for creating paleoflood deposits (appendix table A2).
Rock types likely producing abundant sand and ranked
high include sandstone, intrusive (coarse-grained) igneous
rocks, and coarse-grained metamorphic rocks. Rocks least
likely to produce sands and ranked low are siltstone and
shale, carbonate rocks, fine-grained metamorphic rocks, and
extrusive volcanic rocks such as basalt and rhyolite. Mixed
categories and other rock types were ranked mostly medium.
For watershed domains 1 and 2 of each plant site,
we calculated the percentage area underlain by rock
types determined to be high sand producers (fig. 17). The
percentage area ranged from 0 to 100 percent, leading to
four categorization levels (ranks):1-4 (table 4). The highest
rank, 4, includes the 7 sites that had more than 75 percent of
watershed analysis domains 1 and 2 underlain by high sand
producers (“Sand production” columns in table 3). All these
sites are in the southeastern United States. Thirty-one sites
ranked between 2 and 3, and 12 sites had 25 percent or less of
their contributing areas determined to be high sand suppliers
and ranked 1.

Depositional Site Geology

Certain geologic and physiographic conditions can
favor formation and preservation of slackwater deposits. In
particular, rock shelters and caves in resistant rock formations
along valley edges provide stable and protected areas for
accumulation of long stratigraphic records of flooding (for
example, Harden and others, 2011). To assess the likelihood
of such environments, we categorized the rock types within
the near-channel corridor—the strip 10 channel widths wide
flanking the river—in watershed domains 2 and 3. This
corridor encompasses the near-channel area, with drainage
areas ranging from 50 to 200 percent of the drainage area
at the plant site—a range of watershed areas for which
paleoflood records likely are relevant to the long-term flood
history at the plant site.

The data sources (table 2), classification (appendix
table A2), and ranking criteria (table 4) are similar to those
for assessing sand production, but the rock type classification
emphasizes different lithologic characteristics (fig. 17;
appendix table A2). Rock types that form caves, rock shelters,
or overhanging ledges are ranked high. These include layered
sedimentary and metamorphic rocks such as sandstone and
quartzite, which commonly outcrop with sheltering ledges;
and carbonate rocks such as limestones and marbles, which
commonly have caves and alcoves. Unconsolidated rock
types, such as Quaternary river and wind deposits, are
ranked low. Most other rock types and mixed categories are
ranked medium.
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Figure 17. Example of site assessment for Quad Cities nuclear powerplant site, lllinois. (A) Forty-five different lithologies mapped
in analysis domains 1, 2, and 3 of Quad Cities powerplant site. Types were reduced to high, medium, and low categories, based

on the potential to produce sand-sized sediment. Percentage of high sand producers in domains 1 and 2 was used to determine a
sediment production ranking. More than 39 percent of the area contributing to Quad Cities powerplant site was categorized as high,
giving a rank of 2 on a scale of 1-4. (B) Lithologies in the near-channel corridor were also categorized as high, medium, and low,
based on the potential to provide a stable depositional environment preserving slackwater deposits. More than 60 percent of the
near-channel corridor in domains 2 and 3 was mapped as high, giving rank of 3 on a scale of 1-4. (C) For the near-channel corridor
within watershed domains 2 and 3, the total area of slopes greater than 40 degrees is about 18,530,154 square meters (m2). Dividing
the area of steep slopes by the buffer area (12,423 square kilometers [km?]), produces a slope environment index of 1,491 m2/km?
and, thus, a slope ranking of 4 on a scale of 1-4.
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Table 4. Ranking criteria for paleoflood suitability screening.

[Abbreviations: m?/km?, meter squared per kilometer squared; >, greater than]

Item Metric Value Rank

Sand production Percentage of watershed domains 1 and 2 underlain 0 to 25 percent 1
by rock types producing abundant sand >25 to 50 percent 2

>50 to 75 percent 3

>75 percent 4

Geologic environment  Percentage of near-channel area in watershed 0 to 25 percent 1
domains 2 and 3 underlain by rock types likely >25 to 50 percent 2

to form ledges, caves, and overhangs facilitating ~ >50 to 75 percent 3

preservation of stratigraphic records >75 percent 4

Streamside slope Ratio of near-channel area in watershed domains 2 0 to 10 m¥km? 1
and 3 where slopes exceed 40 degrees, indexed >10 to to 100 m%/km? 2

as square meter of steep slope per square >100 to 1,000 m%/km? 3

kilometer of near-channel area >1,000 m%/km? 4

Four sites (Crystal River, Florida; Davis-Besse,
Ohio; Duane Arnold Energy Center, lowa; and Kewaunee,
Wisconsin) were ranked 4, with more than 75 percent of
their near-channel areas composed of rock types possibly
forming stable and protecting depositional sites (“Geologic
environment” columns in table 3). Seventeen sites with
between 25 and 75 percent of the near-channel area composed
of appropriate rock types were ranked 2 or 3. Twenty-nine
sites with less than 25 percent of their near-channel area in
appropriate lithologies were ranked 1 (table 3).

Valley Confinement and Stability

Site physiography and stability are related to the geologic
environment of potential depositional sites. Valley bottoms
confined vertically and laterally by resistant rock are more
likely to preserve deposits, to have greater changes in flow
stage with discharge, and to have stable channel geometry for
hundreds to thousands of years. As described in the section,
“Quantitative Paleoflood Hydrology,” these qualities preserve
longer records and produce better discharge estimates for a
deposit sequence.

We assessed valley stability and confinement in
potential study reaches from the distribution of terrain slope
values in the near-channel corridors of watershed domains
2 and 3—the same area evaluated for depositional site
geology. In particular, we assessed the area of slopes greater
than 40 degrees (0.84 m/m). Areas this steep are likely to be

resistant rock types, confining the channel and providing stable
areas for slackwater sediment deposition and preservation.

To define these areas, we downloaded 10-m resolution
digital elevation models from the National Map (table 2) for
areas covering watershed analysis domains 2 and 3 for all
plants (table 2). We mosaicked contiguous rasters of these
data and used Spatial Analyst in ArcGIS™ to create slope
rasters (in degrees). These slope rasters were reclassified to
create polygons with slopes greater than 40 degrees. The slope
polygons were intersected with the near-channel corridors to
give locations and total area of slopes greater than 40 degrees
(fig. 17). The area of slopes greater than 40 degrees then was
divided by the total near-channel analysis corridors to produce
an index ratio (in square meter per square kilometer) of the
steep terrain within the near-channel corridor. The index
values were categorized and ranked 1-4, as was done for the
other assessment measurements (table 4).

Five sites have more than 1,000 m? of steep slopes
per square kilometer of analysis area, and are ranked 4
(“Streamside slope” columns in table 3). These sites are
Beaver Valley and Susquehanna, Pennsylvania; Diablo
Canyon, California; Prairie Island, Minnesota; and Quad
Cities, Illinois (fig. 17). Eighteen sites have less than
10 m? of steep slopes per square kilometer of analysis area
(0.001 percent), and are ranked 1. The remaining 27 sites have
10-1,000 m? of steep slopes per square kilometer and are
ranked 2 and 3 (table 3).
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Summary Ranking

Watershed sand production, river corridor geologic
environment, and river corridor slope are the major physical
factors (categories) that were considered together to assess
the suitability of a river reach for paleoflood studies.

Our summary ranking is based on simple addition of the
1-4 ratings for each of these three categories. All categories
are weighted equally. For the 50 assessed sites—excluding
the 14 with no major streams to produce riverine flood
hazard—the totals range from 3 to 9 out of a possible total of
12 (fig. 18; table 5). The average total is 5.7, and the median
and modal values are 6, which is the total for 20 sites. Two
sites— Prairie Island, Minnesota, and Quad Cities, lllinois,
on the Mississippi River—have the overall highest value

of 9. The Davis-Besse site on the Toussaint River has a
value of 8. Twelve sites have totals of 7, including 2 sites
each on the Tennessee and Catawaba Rivers. In the absence
of additional information, the 15 sites with totals of 7 and
greater probably are the strongest candidates for successful
paleoflood assessments.

Although this broad-scale analysis indicates overall
site conditions and the likelihood of successful paleoflood
investigations, it is only a first step toward prioritizing
more detailed investigations. Local conditions are critically
important and can only be evaluated by a more detailed map,
photograph, and field analysis. Moreover, this assessment does
not necessarily account for all factors affecting the formation
and preservation of stratigraphic records. Therefore, a low
ranking here does not preclude the possibility of informative
paleoflood records.

Other Factors

The coarse screening focuses on the potential for
stratigraphic records to give better flood-frequency
information for determining hazards of riverine inundation.
Implicit in this assessment is that the stratigraphic record
is relevant to current conditions, and that it accounts for
all factors producing extreme riverine floods. Two relevant
factors not accounted for in this analysis are (1) modern
impoundments regulating flood flows at nuclear powerplant
sites as well as posing a hazard from dam-failure floods; and
(2) landslide dams that form and breach upstream, causing
downstream floods, or form downstream, inundating sites
upstream with impounded water. Each of these factors
has been analyzed using broad-scale digitally available
information. Although these two factors are not inputs to
our quantitative screening analysis, they may be relevant in
choosing sites or regions for detailed study and are noted
in table 5.

Constructed Dams

By storing water, constructed dams affect river flow.
A main purpose of such dams commonly is to reduce
flood peaks. For rivers with many or large flood-control
structures, the frequency and duration of flooding is changed
substantially. In these situations, paleoflood studies, which
almost always give records of flooding prior to substantial
flow regulation, may not provide insight into current flood
frequency. However, with reduced frequency of peak floods
under a flow-management regime, frequency and duration data
still could be informative for downstream hazards from high
flows passing over the top of or through the spillway of dams.
Constructed dams also pose a hazard to downstream sites.
Failures are rare, but produce exceptional floods (O’Connor
and others, 2013).

To examine this factor, we determined the number
of large dams in watershed domain 2 for each nuclear
powerplant site (the 50 percent of the drainage basin
immediately upstream). We determined that dams in this
area are most likely to affect flood frequency at the plant site.
Dam failures in this area also pose the greatest risk for large
outburst floods because outburst floods commonly attenuate
rapidly downstream.

The U.S. Army Corps of Engineers National Inventory
of Dams (table 2) catalogs nearly 80,000 dams in the United
States. Within this inventory are 8,121 “major dams”—dams
more than 15.24 m (50 ft) high, with a normal storage capacity
exceeding 6.2 million m3 (5,000 acre-ft), or a maximum
storage capacity of more than 31 million m3 (25,000 acre-ft).
The locations of these major dams, as given in the database,
were intersected with watershed area 2 of each plant site.

The number of major dams in analysis domain 2 of
the plant sites ranges from 0 for several sites to 951 for the
Waterford site on the Mississippi River in Louisiana. For
the plant sites ranking high (scores of 7 and above) in the
paleoflood suitability analysis, the number of major dams
ranges from 0 (Diablo Canyon, California, and Davis-Besse,
Ohio) to 127 (Quad Cities, Illinois) (table 3). For the sites with
few major dams, successful paleoflood studies are more likely
to provide flood-frequency information relevant to the current
riverine flood hazard. For sites with many large upstream
dams, the relevance of paleoflood studies is ambiguous
without additional investigation of how flow regulation affects
the site. In situations of many upstream dams, however,
paleoflood studies might be valuable in assessing dam safety,
which is pertinent to the potential of dam-failure outburst
floods or the potential for floods to overtop the dam.
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Table 5. Summary of geologic and slope environment rankings of paleoflood sites analyzed for suitability as paleoflood study sites.

[Comments in boldface type indicate key factors in flood hazard assessment and paleoflood site suitability. See table 1 for powerplant location. Abbreviations:
NHD, National Hydrography Dataset; FEMA, Federal Emergency Management Agency; GNIS, Geographic Names Information System]

Site Closest NHD stream Summary Summary comments regarding
(or water hody) rank paleoflood site suitability

Arkansas Nuclear Arkansas River 6 Potential; many dams, some upstream landslide potential

Beaver Valley Ohio River 7 High potential; in 0.01 FEMA floodplain; many
upstream dams

Braidwood Mazon and West Fork Mazon Rivers 3 Low potential geologic setting

Browns Ferry Tennessee River 5 Low potential geologic setting; high landslide potential

Brunswick Cape Fear River 4 Low potential geologic setting

Byron Rock River 6 Potential, few dams, some downstream landslide potential

Callaway Missouri River 6 Potential; many upstream dams, some landslide potential

Catawba Catawba and Wateree Rivers 7 High potential, some upstream dams, high upstream
landslide potential, relevant to McGuire site

Clinton Salt Creek 4 Low potential geologic setting

Columbia Generating Station Columbia River 4 Low potential geologic setting, many upstream dams,
some downstream landslide potential

Comanche Peak Squaw Creek 7 High potential, small drainage, few upstream dams

Cooper Missouri River 6 Potential; many dams, some upstream landslide potential

Crystal River Withlacoochee River 7 High potential, in 0.01 FEMA floodplain, few
upstream dams

Davis-Besse Toussaint River 8 High potential, no upstream major dams

Diablo Canyon No GNIS name (Diablo Canyon) 7 Not on major river, but high potential geologic setting
and high landslide potential, within FEMA “V”
floodplain

Dresden Illinois and Des Plaines Rivers 6 Potential; few dams, some downstream landslide potential

Duane Arnold Cedar River 7 High potential, few upstream dams

Farley Chattahoochee River 6 Potential, some upstream dams

Fermi 2 Swan Creek 5 Low potential geologic setting

Fort Calhoun Missouri River 6 Potential; in 0.01 FEMA floodplain; many upstream dams

Ginna Mill and Deer Creeks 3 No or little likely potential or utility

Grand Gulf Mississippi River 6 Potential; many upstream dams, some landslide potential

Hatch Oconee and Altamaha Rivers 6 Potential; some upstream dams, some upstream
landslide hazard

Hope Creek Delaware River 6 Potential, in 0.002 FEMA floodplain, many upstream
dams, relevant to Salem site

Indian Point Hudson River 5 Low potential geologic setting

Kewaunee 2 small unnamed 6 No or little likely utility
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Table 5. Summary of geologic and slope environment rankings of paleoflood sites analyzed for suitability as paleoflood study
sites.—Continued

[Comments in boldface type indicate key factors in flood hazard assessment and paleoflood site suitability. See table 1 for powerplant location. Abbreviations:
NHD, National Hydrography Dataset; FEMA, Federal Emergency Management Agency; GNIS, Geographic Names Information System]

Site Closest NHD stream Summary Summary comments regarding
(or water body) rank paleoflood site suitability

La Salle Illinois and Des Plaines Rivers 6 Potential, some upstream dams, some downstream
landslide potential

Limerick SchuylKkill River 6 Potential, some upstream dams

McGuire Catawba River 7 High potential, some upstream dams, high upstream
landslide potential, relevant to Catawba site

Monticello Mississippi River 6 Potential, many upstream dams

North Anna North Anna River and Pamunkey Creek 4 Low potential geologic setting, some landslide potential

Oconee Seneca River 6 Potential; some upstream dams, high landslide potential

Oyster Creek Oyster Creek 3 No or little likely utility

Palisades Brandywine Creek 3 Very low potential geologic setting

Prairie Island Mississippi River 9 High potential; in 0.002 FEMA floodplain

Quad Cities Mississippi River 9 High potential, many upstream dams, relevant to five
other Mississippi plant sites, near FEMA floodplain

River Bend Mississippi River 6 Potential; many upstream dams, some landslide potential

Robinson Black Creek 3 Very low potential geologic setting

Salem Delaware River 6 Potential; many dams, relevant to Hope Creek site

Sequoyah Tennessee River 7 High potential, many upstream dams, high upstream
landslide potential

Shearon Harris White Oak, Thomas, and Creeks 3 Low potential geologic setting

Summer Saluda and Conagree Rivers 7 High potential, some upstream dams, high landslide
potential

Surry James River 5 Low potential geologic setting

Susquehanna Susquehanna River 7 High potential, many upstream dams, high downstream
landslide potential, relevant to Three Mile Island site

Three Mile Island Susquehanna River 6 Potential; may upstream dams; high landslide potential,
relevant to Susquehanna site

Vermont Yankee Connecticut River 6 Potential; many dams, some upstream and downstream
landslide potential

\ogtle Savannah River 7 High potential, some upstream dams

Waterford Mississippi River 6 Potential, in FEMA 0.01 floodplain, many upstream dams,
some upstream and downstreamlandslide potential

Watts Bar Tennessee River 7 High potential, many upstream dams, high landslide
potential, relevant to Browns Ferry site

Wolf Creek Wolf Creek 3 Low geologic potential
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Landslides

Natural dams also pose riverine flood hazards to critical
facilities. Downstream impoundments can drown sites,
and upstream impoundments may breach catastrophically,
producing outburst floods (Costa and Schuster, 1988;
O’Connor and others, 2013). Although the risk for most
locations likely is small, landslide dams are the most likely
natural dams to affect rivers near U.S. nuclear power plants.
Few if any power-plant sites are on rivers subject other
types of hazardous natural dams, such as glacier or volcanic
dams. Landslides have blocked U.S. rivers over the last
several centuries, exemplified by at least two landslide
dams impounding the Columbia River in the last 600 years,
including the historical short-lived blockage in 1872 (Madole
and others, 1995). The Bonneville landslide, blocking
the Columbia 90 m high in about A.D. 1450, breached
catastrophically, probably producing the largest flood of the
last 2,000 years on the lower Columbia River (O’Connor and
Burns, 2009).

Specific assessment of hazards from landslide dams
requires site investigation, but we broadly assessed the
possibility of landslide dams from the USGS national map
of landslide incidence and susceptibility (Radbruch-Hall and
others, 1982; table 2). The separately delineated areas of high
landslide incidence and high susceptibility shown in this map
were combined into an overall high landslide-hazard category.
This combined area was intersected with analysis domains
2 and 3 for each powerplant site to determine the percentage
area of high landslide hazard (table 4). This designation
of “high hazard,” however, is relative to the moderate and
low classifications and, according to the original mapping
(Radbruch-Hall and others, 1982), indicates that 15 percent or
more of the high-hazard area shows evidence of involvement
in landslides or is deemed susceptible to landsliding.
Quantifying the risk of landslide dams affecting plant sites is
not possible with this information alone, but paleoflood studies
in areas deemed susceptible may provide evidence of past
blockages and outburst floods (for example, O’Connor and
others, 2003).

Most plant sites have minimal areas of high landslide
hazard in either analysis domain 2 or 3. Of the 64 sites,

47 sites have less than 10 percent of analysis domain 2
classified as having a high landslide hazard. Similarly, 34 of
the 46 sites with substantial downstream watersheds have
less than 10 percent of analysis domain 3 classified as having
a high landslide hazard. Nevertheless, a few plant sites may
have substantial hazards from landslides, both upstream

and downstream. The Oconee site in South Carolina has all
of analysis domains 2 and 3 categorized as having a high
landslide hazard. Diablo Canyon, California, and Beaver
Valley, Pennsylvania, both have high landslide hazard in

70 percent of area 2. Three Mile Island, Sequoyah, McGuire,
Watts Bar, and Seabrook all have a high landslide hazard

in about 60 percent of their upstream areas. In addition to
the Oconee site, Beaver Valley and Susquehanna, also in

Pennsylvania, are the only plant sites for which more than

50 percent of analysis domain 3, downstream of the plant site,
is categorized as a high landslide area. Nearly all of these sites
rank high in the paleoflood suitability screening; only Oconee,
Three Mile Island, and Seabrook (which has no riverine hazard)
have summed suitability scores of less than 7.

Overall Screening Results

The paleoflood suitability assessment, combined with our
assessment of other factors, helps target plant sites for which
paleoflood studies are likely to be successful and relevant to
riverine flood hazards. Nevertheless, complicating factors,
such as upstream flow regulation, challenge simple ranking
of sites likely to yield pertinent assessments of the magnitude
and frequency of rare floods. Taking all information into
consideration, we conclude from the screening that:

» Three sites have high geologic potential and no
or few upstream dams that might complicate
flood-frequency analysis: (1) Crystal River, Florida,
on the Withlacoochee River; (2) Duane Arnold, lowa,
on the Cedar River; and (3) Davis-Besse, Ohio, on the
Toussaint River.

* A Mississippi River paleoflood analysis would be
applicable to multiple plant sites. Both the Quad Cities
and Prairie Island sites have very suitable geologic
conditions. Analyses on the Mississippi River are
complicated by the extensive flow regulation of the
river system. Nevertheless, paleoflood analyses on
the Mississippi River would be applicable to a broad
spectrum of flood hazards in addition to those specific to
nuclear plant operations.

 Other high-suitability sites applicable to multiple plants
include Susquehanna, Susquehanna River, Pennsylvania;
Watts Bar, Tennessee River, Tennessee; and Catawba,
Catawba and Wateree Rivers, South Carolina. The
Cooper and Callaway sites, both on the Missouri River,
also have potential for successful paleoflood analyses.

« Some high-potential sites also may be subject to
backwater inundation or outburst floods from landslide
dams. Paleoflood analyses and geologic investigations
in these areas could assess the potential and past history
of landslide dams. These high-potential sites include the
Susquehanna River sites, the Tennessee River sites, the
Catawba River sites, and the Summer site on the Saluda
and Conagree Rivers, South Carolina.

« Although the Diablo Canyon site is not threatened by
a large river, the overall paleoflood suitability appears
high. The small unnamed drainage within Diablo
Canyon has high landslide potential and possibly could
pose meteorological flood hazards from small flash
floods in the steep basin.



Future Studies

This review and screening provides background
information on geologic approaches for assessing inundation
hazards, and provides a screening aimed at assisting
prioritization of more detailed studies of riverine flood
hazards. Two future directions may be useful: (1) Doing a
similar screening—perhaps combined—for storm-surge and
tsunami hazards; and (2) conducting targeted, in-depth scoping
and feasibility analyses for paleoflood studies on the basis of
the screening results presented here.

Coarse Screening for Tsunami and Storm Surge

A screening for tsunami and storm-surge studies, similar
to the screening reported here for riverine flooding, could
identify sites for which tsunami and storm-surge studies
could be useful. Moore and Jaffe (2007) have addressed some
components of such a study for tsunamis in a report to the
Nuclear Regulatory Commission. Because the issues and
locations overlap substantially, it would probably be efficient
to conduct a single screening for both types of hazards.

A coastal-hazard screening on the Atlantic and Gulf
Coasts might involve several tasks:

 Review regional evidence for Holocene and modern
inundation by tsunamis and storm surges.

» Assess geologic potential for retaining sediment
deposits near nuclear power plants.

 Review non-stationarity factors that may affect storm-
surge hazards, including the effects of climate change
and sea-level rise.

e Compare the site-specific sources of potential
inundation, including riverine floods as well as
tsunamis and storm surges.

* Identify approaches and locations for field studies.

Paleoflood Scoping and Feasibility Analysis

The screening for paleoflood suitability indicates several
nuclear powerplant sites for which paleoflood analyses may
increase knowledge of riverine inundation hazards. However,
without closer investigation of site-specific conditions, this
screening probably is not a reasonable basis for launching
comprehensive studies. A phased approach may be most
efficient. As in past USGS paleoflood studies in South
Dakota (Harden and others, 2011), this approach could
entail a scoping and feasibility analysis, possibly justifying a
comprehensive study.

A scoping and feasibility analysis could include the
following activities:
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 Evaluate previous flood hazard assessments, including
local or regional paleoflood studies.

* Assess possible issues affecting the relevance of a
paleoflood study, such as existing flood control, land-
use changes, and potential for climate change to affect
flood frequency.

 Assess local site and river conditions, including
field evaluation of stratigraphic records and channel
and valley conditions. This activity could include
preliminary stratigraphic analysis and geochronology
to assess available geologic records.

» Determine other information needs (and their costs)
for a full paleoflood analysis, including estimating the
number of sites for analysis, the number and type of
geochronology samples, site access, archeological and
historical resource considerations for compliance with
the National Historic Preservation Act, and hydraulic
modeling needs (type and scope) and required and
available supporting topographic data.

If done thoroughly, these activities should yield
sufficient information to develop an accurate cost estimate
for a comprehensive paleoflood study, as well as a basis for
determining if such a study was likely to significantly increase
knowledge of the magnitude and frequency of rare floods.

A first-phase analysis could be conducted for individual
plant sites—strong candidate sites emerging from the
screening analysis are Crystal River, Florida; Duane Arnold,
Iowa; and Davis-Besse, Ohio. However, the screening analysis
also indicates regional analyses may be an efficient means for
assessing hazards for multiple sites. In particular, the upper
Mississippi River Basin and the Appalachian region of the
Southeastern United States are both areas for which geologic
and physiographic conditions may lead to informative
paleoflood analyses pertinent to multiple nuclear power plants
as well as other critical structures.

Summary

Geologic records can extend knowledge of rare
hazards. This knowledge can aid in assessing the safety of
critical structures such as dams and energy plants, for which
even remotely possible hazards are pertinent. Quantitative
analysis of inundation from geologic records perhaps is
most developed for and applied to riverine flood hazards, but
because of recent natural disasters, geologic investigations
also are now used widely for understanding tsunami hazards
and coastal storm surges.

Layered sedimentary deposits commonly give the most
complete geologic record of large floods, storm surges, and
tsunamis. Sedimentary layers may be preserved for hundreds
or thousands of years in suitable depositional environments,
thereby providing an archive of rare, high-magnitude events.
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All inundation hazards discussed in this report—riverine
floods, tsunamis, and storm surges—have had long records
extracted from sedimentary sequences in many different
environments, many specifically for hazard assessment.

Stratigraphy provides evidence of the occurrence of past
floods, tsunamis, and storm surges, but other techniques are
required to establish the timing and magnitude—information
critical to quantitatively assessing risk. Common approaches
for determining the age of past events include radiocarbon
and optically stimulated luminescence dating. In places, event
horizons such as tephra falls or other distinct layers, flora or
fauna remains, or geochemical conditions of known age also
can provide age information. Determining event magnitude
commonly requires determining the elevation of deposits
relative to an estimate of channel or sea-level conditions at
the time of the event. One- and two-dimensional hydraulic
modeling commonly is applied to determine approximate
discharges of past riverine floods.

Geologic records commonly are imprecise, SO most
hazard assessments benefit from evaluation of many sites
and rigorous uncertainty assessment. Despite uncertainties,
geologic records commonly can improve knowledge of the
types and magnitudes of hazards threatening specific sites
or regions. New statistical tools and approaches, such as the
Expected Moments Algorithm, PeakFQ, and FLDFRQ3, can
efficiently incorporate geologic information into frequency
assessments. These tools are most developed for riverine flood
hazards, but are to some degree transferable to other episodic
natural phenomena such as tsunamis and storm surges.

Even with these efficient statistical approaches for
examining geologic records, systematic landscape changes
may reduce the applicability of retrospective assessments. All
these non-stationarity issues (such as climate change, sea-
level rise, land use, dams, and flow regulation) may affect the
validity of using past experience—no matter how complete
the record—to assess future likelihoods. These issues require
site-specific consideration for nearly all hazard assessments
drawn from geologic evidence.

A screening of the 104 nuclear powerplants in the United
States licensed by the Nuclear Regulatory Commission (at
64 sites) indicates several sites for which paleoflood studies
likely would provide additional flood-frequency information.
Two sites—Duane Arnold, Iowa, on the Cedar River; and
Davis-Besse, Ohio, on the Toussaint River—have geologic
conditions suitable for creating and preserving stratigraphic
records of flooding and few upstream dams that may
complicate flood-frequency analysis. One site—Crystal River,
Florida, on the Withlacoochee River and only 4 kilometers
from the coast—has high potential as a candidate for assessing
riverine and marine inundation hazards. Several sites on the
Mississippi River have high geologic potential, but upstream
dams almost certainly now regulate peak flows. Nevertheless,
studies on the Mississippi River to evaluate long-term flood
frequency may provide results applicable to a wide spectrum
of regional hazard issues. Several sites in the southeastern

United States have high geologic potential, and studies at these
sites also may be helpful in evaluating hazards from outburst
floods from landslide dams (river blockages formed by mass
movements), which may be a regional hazard. For all these
sites, closer investigation and field reconnaissance would be
needed to confirm suitable deposits and settings for a complete
paleoflood analysis. Similar screenings may help identify sites
for geologic investigations and would improve assessment of
tsunami and storm-surge hazards.
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Table A2. Reclassification of geologic rock types in high, medium, and low categories for producing and preserving paleoflood

deposits.

Assessing Inundation Hazards to Nuclear Powerplant Sites Using Histories of Riverine Floods, Tsunamis, and Storm Surges

[Geologic rock type from the lithology description from U.S. Geological Survey and British Columbia Geological Survey digital maps (table 2). Abbreviations:
Med, medium; U.S., United States; BC, British Columbia, Canada]

Geologic rock type

Reclassification of geology

Data
source

Sediment Depositional

producing preservation U.S./BC

environment environment

Geologic rock type

Reclassification of geology

Data
source

Sediment Depositional

producing preservation U.S./BC

environment environment

Alkalic intrusive rock

Alkali-feldspar syenite

Alkaline volcanic rocks

Alluvial fan

Alluvial terrace

Alluvium

Amphibole schist

Amphibolite

Andesite

Andesitic volcanic rocks

Anorthosite

Aplite

Arenite

Argillite

Anrgillite, greywacke, wacke,
conglomerate turbidites

Arkose

Ash-flow tuff

Augen gneiss

Basalt

Basaltic volcanic rocks

Beach sand

Bimodal suite

Biotite gneiss

Black shale

Calc-alkaline volcanic rocks

Calcarenite

Calcsilicate metamorphic rocks

Calc-silicate rock

Carbonate rock

Charnockite

Chert

Chert, siliceous argillite,
siliciclastic rocks

Clastic rock

Clay or mud

Claystone

Coarse clastic sedimentary
rocks

Coarse-grained mixed clastic
rock

Conglomerate

Conglomerate, coarse clastic
sedimentary rocks

Dacite

Delta

Diabase

Diorite

Dioritic intrusive rocks

High Med
High Med
Low Med
Med Low
Med Low
Med Low
High Med
High Med
Low Med
Low High
High Med
High Med
High Med
Low Med
Low Med
High Med
Low Med
High Med
Low Med
Low Med
High Low
Med Med
High Med
Low Med
Low Med
High High
High Med
High Med
Low High
High Med
Low High
Low High
Med Med
Low Low
Low Med
Med Med
Med Med
Med Med
Med Med
Low Med
Med Low
Med Med
High Med
High Med

u.s.
u.S.

BC
u.s.
u.s.
u.s.
u.s.
uU.S.
u.sS.

BC
u.s.
u.s.
u.s.
u.S.

BC

u.s.
u.s.
u.S.
u.S.

BC
u.s.
u.s.
u.s.
u.s.

BC
u.sS.

BC
u.s.
u.s.
u.s.
u.S.

BC

u.s.
u.s.
u.s.
BC

u.s.

u.s.
BC

u.sS.
u.sS.
u.s.
u.s.

BC

Dolomitic carbonate rocks

Dolostone

Dune sand

Dunite

Eolian material

Evaporite

Feldspar porphyritic intrusive
rocks

Felsic gneiss

Felsic metavolcanic rock

Felsic volcanic rock

Fine-grained mixed clastic rock

Gabbro

Glacial drift

Glacial outwash sediment

Glaciolacustrine sediment

Gneiss

Granite

Granite, alkali feldspar granite
intrusive rocks

Granitic gneiss

Granitoid

Granodiorite

Granodioritic intrusive rocks

Granofels

Granulite

Gravel

Graywacke

Greenstone

Greenstone, greenschist
metamorphic rocks

Hornblendite

Hornfels

Ignimbrite

Intermediate metavolcanic rock

Intrusive rocks, undivided

Iron formation

Lake or marine sediment

Lamprophyre

Landslide

Latite

Lava flow

Limestone

Limestone, marble, calcareous
sedimentary rocks

Limestone, slate, siltstone,
argillite

Loess

Low High
Low High
Med Low
Med Med
High Low
Low Low
High Med
High Med
Med Med
Low Med
Low Low
Med Med
Med Low
High Low
Low Low
High Med
High Med
High Med
High Med
High Med
High Med
High Med
High Med
High Med
Med Low
Low Med
Low Med
Low Med
Med Med
Low Med
Med Med
Low Med
Med Med
Low Med
Low Low
Med Med
Low Low
Low Med
Low Med
Low High
Low High
Low High
Med Low

BC
u.sS.
u.s.
u.s.
u.s.
u.S.

BC

u.s.
u.s.
u.s.
u.s.
uU.S.
u.sS.
us.
u.s.
u.s.
u.s.

BC

u.s.
u.s.
u.s.

BC
u.S.
u.sS.
u.sS.
u.s.
u.s.

BC

u.sS.
u.sS.
u.s.
u.s.
u.s.
u.S.
u.sS.
u.sS.
u.s.
u.s.
u.s.
uU.S.

BC

BC

u.S.
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[Geologic rock type from the lithology description from U.S. Geological Survey and British Columbia Geological Survey digital maps (table 2). Abbreviations:
Med, medium; U.S., United States; BC, British Columbia, Canada]

Geologic rock type

Reclassification of geology

Data
source

Sediment

producing preservation U.S./BC

Depositional

environment environment

Geologic rock type

Reclassification of geology

Data
source

Sediment

Depositional

producing preservation U.S./BC
environment environment

Lower amphibolite/kyanite
grade metamorphic rocks

Mafic gneiss

Mafic metavolcanic rock

Mafic volcanic rock

Marble

Marine sedimentary and
volcanic rocks

Medium-grained mixed clastic
rock

Melange

Meta-argillite

Metabasalt

Metaconglomerate

Metamorphic rock

Metamorphic rocks, undivided

Metarhyolite

Metasedimentary rock

Metavolcanic rock

Mica schist

Migmatite

Mixed carbonate/clastic rock

Monzonite

Moraine

Mudstone

Mudstone, siltstone, shale fine
clastic sedimentary rocks

Mudstone/laminite fine clastic
sedimentary rocks

Mylonite

Nepheline syenite

No data

Norite

Novaculite

Orthogneiss

Orthogneiss metamorphic rocks

Paragneiss

Paragneiss metamorphic rocks

Peat

Pegmatite

Pegmatitic intrusive rocks

Pelitic schist

Peraluminous granite

Peridotite

Phyllite

Phyllonite

Plutonic rock

Pyroxenite

Quartz diorite

Quartz latite

High

High
Low
Low
Low
Low

Med

Low
Low
Low
Med
Med
Med
Low
Med
Low
High
Med
Med
High
Med
Low
Low

Low

Med
High
Med
Med
Low
High
High
High
High
Low
High
High
Low
High
Med
Med
Med
High
Med
High
Low

Med

Med
Med
Med
High
Med

Low

Med
Med
Med
Med
Med
Med
Med
Med
Med
Med
Med
Med
Med
Low
Med
Med

Med

Med
Med
Med
Med
Med
Med
Med
Med
Med
Low
Med
Med
Med
Med
Med
Med
Med
Med
Med
Med
Med

BC

u.s.
u.s.
u.s.
u.S.

BC

u.s.

u.s.
u.S.
uU.S.
u.sS.
u.s.

BC
u.s.
u.S.
uU.S.
u.sS.
u.s.
u.s.
u.s.
u.s.
u.S.

BC

BC

u.S.
u.S.
u.sS.
u.s.
u.s.
u.s.

BC
u.S.

BC
u.sS.
u.s.

BC
u.s.
u.S.
u.sS.
u.s.
u.s.
u.s.
u.s.
u.S.
u.sS.

Quartz monzodiorite

Quartz monzonite

Quartz monzonitic intrusive
rocks

Quartz syenite

Quartz-feldspar schist

Quartzite

Quartzite, quartz arenite
sedimentary rocks

Rhyodacite

Rhyolite

Rhyolite, felsic volcanic rocks

Sand

Sandstone

Schist

Sedimentary breccia

Sedimentary rock

Serpentinite

Serpentinite ultramafic rocks

Shale

Silt

Siltstone

Slate

Stratified glacial sediment

Syenite

Syenitic to monzonitic
intrusive rocks

Tectonic breccia

Terrace

Tholeiite

Till

Tonalite

Tonalite intrusive rocks

Trachytic volcanic rocks

Trondhjemite

Tuff

Ultramafic intrusive rock

Ultramafic rock

Ultramafic rocks

Ultramafitite

Unconsolidated material

Undivided sedimentary rocks

Undivided volcanic rocks

Unknown

Volcanic breccia

\Wolcanic rock

\olcaniclastic rocks

Wacke

Water

High
High
High

High
High
Med
Med

Low
Low
Low
High
High
High
Med
Med
Med
Med
Low
Low
Low
Low
Med
High
High

Med
Med
Low
Low
High
High
Low
High
Med
Med
Med
Med
Med
Med
Med
Low
Med
Med
Low
Med
Low
Low

Med
Med
Med

Med
Med
High
High

Med
Med
Med
Low
Med
Med
Med
Med
Med
Med
Med
Low
Med
Med
Low
Med
Med

Med
Low
Med
Low
Med
Med
Med
Med
Med
Med
Med
Med
Med
Low
Med
Med
Med
Med
Med
Med
Med
Low

u.S.
u.sS.
BC

u.s.
u.S.
uU.S.

BC

u.s.
u.s.

BC
uU.S.
u.sS.
u.s.
u.s.
u.s.
u.s.

BC
u.sS.
u.s.
u.s.
u.s.
u.s.
u.S.

BC

u.s.
u.s.
u.S.
u.S.
u.sS.
BC
BC
u.s.
u.s.
u.S.
u.sS.
BC
u.s.
u.s.
BC
BC
u.sS.
u.sS.
u.s.
BC
u.s.
u.S.
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