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The Project
The background and context for this project were provided by the Upslope Processes Scientific
Advisory Group (UPSAG) in the introduction to the Request for Qualifications:

In response to recent deep-seated landslide events, the Forest Practices Board (Board) requested the Timber
Fish and Wildlife Policy Committee (Policy) to develop recommendations related to the regulation of forest
practices activities on deep-seated landslides in glacial deposits and their associated groundwater recharge
areas. Per the Board’s request, Policy directed the Upslope Processes Scientific Advisory Group (UPSAG)
and CMER to develop and execute a scope of work for a focused literature review and synthesis to update
CMER on research assessing the effect of forest practices on groundwater recharge areas and deep-seated
landslides in glacial materials. The review and synthesis will provide a baseline for UPSAG to further
develop an unstable slopes research strategy for inclusion in the 2017 CMER Work Plan. The research
strategy developed by UPSAG/CMER will be brought to Policy for approval.

CMER carried out a literature review of forest practices effects on deep-seated landslides in 1991 that
resulted in the 1992 Timber Fish Wildlife publication TFW-SH5-91-001 by Thomas Koler, “Literature
Search of Effects of Timber Harvest to Deep-seated Landslides.” That report identified several case studies
where forest practices occurred on deep-seated landslides, but the author noted the general lack of studies
cited in glacial materials typical of many deep-seated landslides in Washington State. This project will
review literature that has been authored since the 1992 Koler report. This project will produce an updated
review of the literature in this field, including a brief summary of each pertinent study found and its
findings relevant to the groundwater recharge areas or deep-seated landslides in glacial materials, and will
produce a synthesis that summarize the overall findings and provide initial recommendations for future
research projects.

Enclosures
The attached literature review comprises three separate sections:

1. A synthesis document describing
- the current state of our understanding of the key issues in addressing glacial deep-seated
landslides, with reference to the research adding to our understanding,
- answers to eight key questions posed by UPSAG, and
- identifying gaps in knowledge that the adaptive management program could consider
addressing and suggesting further directions that CMER might take in tacking this
challenging issue.

2. Individual detailed annotations for seventeen key articles, describing thespecific
approaches of interest placing them in the context of other articles in the field

3. A spreadsheet briefly summarizing the content of 142articles.
Under separate cover is

4. GIS coverage for a selected database of geotechnical studies.
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Project Summary

This document provides a synthesis of information found in published literature that can inform
our understanding of glacial deep-seated landslides: in particular, of how forest practices can
affect these landslides and how we can better assess landslide sensitivity to forest practices. Few
studies specifically examine effects of forest practices on landslides, but many studies examine
issues important for understanding and anticipating these effects. The study of landslides entails
topics that span a range of temporal and spatial scales: from the mechanics of grain-to-grain
contacts in deforming soils, to the effects of transpiring vegetation on annual water budgets, to
the depositional and stress history of the glacial deposits where these landslides occur. All these
topics contribute to our ability to anticipate landslide behavior and sensitivity to forest practices,
and all were included in this survey of current literature.

To identify references to include in this survey, we started by searching bibliographies assembled
from the 1) Unstable Slopes Board Manual, Section 16, 2) the UPSAG scoping done for
groundwater recharge to glacial deep-seated landslides in 2007, 3) references suggested by the
advisory team and provided by other workers in the field (in particular, Dave Parks at DNR
provided an extensive bibliography on this topic), 4) geotechnical reports provided by UPSAG,
5) references in M2 Environmental’s current EndNote data base, 6) keyword searches ofGoogle
Scholar and ResearchGate, and 7) resources discovered during the course of thisreview.

Lack of studies specifically focused on sensitivity of glacial deep-seated landslides to forest
practices rapidly revealed that a broader look over available literature was necessary. To this end,
diverse papers cited in the reviewed studies provided a rich source of additional material, so a
large proportion of the papers reviewed suppliment those in the bibliographies listed above. Our
current database contains nearly 600 citations that directly address issues pertinent to this review.
We have distilled these to the 142 most informative and include these in an Excel spreadsheet
providing details on each.

The scientific advisory team assembled for this project aided in identifying potential resources
for review, and helped guide presentation of material for this synthesis.

We have also provided detailed summaries for a subset of these published studies. These provide
context showing how these and related studies are important for understanding the sensitivity of
glacial deep-seated landslides to forest practices.

This document will assist UPSAG and CMER in prioritizing studies to assess the potential
effects of forest practices on Glacial Deep-Seated Landslides and Groundwater Recharge.

We present information in a sequential manner, so that each topic contributes to the next. Section
headings are used generously, so the table of contents provides a detailed roadmap of topics
presented. The take-home points from this review:

e The current standard of geotechnical practice as applied in the forest-practices arena does
not include feasible methods for consistent and objective determination of sensitivity of

L From the 11/2015 version.
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glacial deep-seated landslides to forest practices, or for assessing hazards posed by these
landslides. (This is the motivation for this literature review).

e The processes affecting soil water balance and groundwater recharge are well
characterized, so that effects of timber harvest on groundwater recharge can be estimated
within a certain range. Although a number of studies provide direct measurements of
water-budget components (evapotranspiration, throughfall), few studies examine effects
of forest practices directly, so these effects must be inferred using measurements for
different land-cover types.

e Geotechnical properties of glacial deposits are well characterized, in terms of the range of
properties encountered. These deposits include two primary types of materials: coarse-
grained outwash deposits, and fine-grained till and lake deposits. These two types have
vastly different flow rates for groundwater and react differently to shear stresses.
Occurrences and activation of glacial deep-seated landslides are governed primarily by
the location of fine-grained deposits and the potential for saturation of thesedeposits.

e The fine-grained soils composing till and glacial lake (lacustrine) deposits exhibit
residual strength after failure that is less than their peak strength prior to failure.
Landslide deposits may therefore respond to perturbations less than required for initial
failure. These soils also tend to dilate (increase in volume) and become effectively
stronger as they deform, so that motion of the failed mass of material tends to be
intermittent. This is a transient effect, allowing many glacial deep-seated landslides to
persist with periodic movements for hundreds, perhaps thousands, of years.

e These landslides can also, under certain poorly understood conditions, fail
catastrophically, creating a rapidly moving, extremely mobile deposit that can flow
considerable distance.

e Pore pressures reduce effective soil shear strength. Landslide motion is therefore
commonly initiated by increasing pore pressures. Pore pressures at depths affecting deep-
seated landslides exhibit complex responses to precipitation, integrating effects over
several time scales. Depending on soil depths, soil properties, and characteristics of the
recharge area, pore pressures at depth may respond gradually to patterns of precipitation
that span several years. Additionally, preferential flow paths into deposits, such as
tension cracks, can cause rapid response to precipitation events. Pore pressures reflect the
combination of these different processes.

e Sensitivity of glacial deep-seated landslides to forest practices is poorly understood. Data
to characterize this sensitivity has not been systematically collected, and models to
anticipate response of landslides to forest practices have been hindered by the need for
detailed information on site stratigraphy and material properties. However, advances in
techniques for assessing model sensitivity to poorly constrained parameters, availability
of high-resolution LiDAR elevation data, and much more powerful computers offer new
opportunities for identifying landslide hazards and assessing landslide sensitivity.
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1 Introduction

Landslides are gravity-driven movements of soil (and rock and vegetation, depending on the
circumstances) that occur rapidly enough, and with sufficient impact, that they get our attention.
More gradual, diffuse movements, which may go unnoticed, are termed creep. Geologists refer
to all processes of gravity-driven movement as mass wasting. Among the large variety of
landslide types geologists identify, our focus in this synthesis is on glacial deep-seated
landslides.

Glacial deep-seated landslides receive special attention in Washington’s Forest-Practice Rules.
These landslides and the groundwater recharge areas linked to them are included as “Rule-
Identified Landforms™? and receive special scrutiny prior to approval of forest practice
applications expressly due to their potential sensitivity. However, few guidelines exist to aid
practitioners in determining if a landslide is sensitive to forest practices or for assessing the
potential hazards posed by such landslides.

This synthesis reports on a review of literature to determine what is known about glacial deep-
seated landslides, how they respond to forest practices, and what steps might be taken to better
anticipate landslide behavior. We first present background information essential to develop a
conceptual understanding of glacial deep-seated landslide processes, we then address specific
questions posed by UPSAG, and then move into identifying knowledge and data gaps that hinder
our ability to assess sensitivity to forest practices, and close with recommendations for
addressing these gaps. An appendix provides additional information on effects of forest harvest
on soil water budgets.

2 Sources

In this review of the literature, we found only one published study that explicitly examined
sensitivity of a glacial deep-seated landslide to forest practices. This was Miller and Sias (1998),
which described use of computer models for assessing this sensitivity, without empirical
validation of model results®. Given the paucity of directly applicable studies, we needed to
expand our scope. So we extended our search to encompass different aspects of the knowledge
base needed to assess landslide sensitivity to forest practices. We identified seven broad
categories of inquiry (listed below), and sought studies relevant to glacial deep-seated landslides
from each. To identify papers to review, we started with the bibliographies compiled from
previous studies that was provided by UPSAG, suggestions from the science advisory team
assembled for this project, preliminary keyword searches using Google Scholar and
ResearchGate, and our own bibliographic database. However, an important additional source

2 WAC 222-15-050(1)(d)(i) (http://apps.leg.wa.gov/wac/default.aspx?cite=222-16-050) identifies five sets of
potentially unstable slopes or landforms that require special attention prior to approval of forest practices. These
landforms were first referred to as “rule-identified landforms™ in the Mass Wasting Effectiveness Monitoring Project
(Stewart et al., 2013) and are described in Section 16 of the Forest Practices Board Manual
(http://file.dnr.wa.gov/publications/fp_board_manual_section16.pdf)

3 Full disclosure, | (Dan Miller) am first author of that paper.

M2 Environmental Services


http://apps.leg.wa.gov/wac/default.aspx?cite=222-16-050)
http://file.dnr.wa.gov/publications/fp_board_manual_section16.pdf)

June 8, 2016

became citations within the papers reviewed, so the universe of potential resources continued to
expand throughout the course of this project.

Here are the categories of inquiry, with subdivisions, and the number of citations included in this
review applicable to each.

1. Water Balance (Evapotranspiration, throughfall, interception, transpiration, runoff,
recharge): 26

a. Directly apply to timber-harvest effects: 2
b. Indirectly apply: 24
c. Direct measurement of evapotranspiration: 2
d. Direct measurement of throughfall: 8

e. Use of water-balance models to estimate recharge: 11

2. Saturated / Unsaturated groundwater flow (groundwater response to precipitation): 19
a. Directly apply to glacial deep-seated landslides: 7

b. Indirectly apply 12
c. Direct measurements: 12
d. Modeling: 9
3. Geotechnical Studies / Reviews: 20
a. Directly apply to glacial deep-seated landslides: 6
b. Indirectly apply: 14
4. Landslide Case Studies (including inventories, reviews) 46
a. Glacial deep-seated 8
b. Bedrock 34
c. Inventories 4
5. Models (Stability models, Coupled models, GIS): 18
a. Coupled hydrologic 3
b. Coupled groundwater/hydrologic/stability 1
c. Coupled hydro/stability 3
d. Coupled groundwater/stability 1
e. Stability 7
f. Water balance 5
6. Landslide mapping (remote sensing, geophysical) 23
a. LIiDAR 9
b. Synthetic Aperture Radar (SAR) 6
c. Geophysical techniques 4
d. Object oriented 4
7. Runout 6
a. Directly applicable for forest-practice assessment 3
b. Indirectly 3
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There are 142 citations included in the database for this review, although we examined
considerably more than this: our EndNote database currently contains over 600 citations relevant
to these seven categories. Many of these are excluded because they focus primarily on processes
associated with shallow landsliding or because they are redundant with references already
included.

3 Glacial Deep-Seated Landslides and Washington’s Forest Practice Rules

Washington’s Forest Practice Rules include provisions to minimize forest-practice-related
increases in landslide rates. These provisions are defined in the Washington Administrative Code
(WAC), Section 222-16-050(1), which states that proposed activities involving “Timber harvest,
or construction of roads, landings, gravel pits, rock quarries, or spoil disposal areas, on
potentially unstable slopes or landforms described in (d)(i) of this subsection that has the
potential to deliver sediment or debris to a public resource or that has the potential to threaten
public safety” are “Class [V-special” forest practices. Class IV-special forest practices require an
environmental checklist in compliance with the State Environmental Policy Act (SEPA).

SEPA policies for potentially unstable slopes and landforms are defined in WAC 222-10-030.
These policies require certain analyses of potentially unstable slopes and landforms prior to
approval of Class IV-special forest practices. These analyses must be performed by a qualified
expert* and evaluated by Department of Natural Resources staff. The analysis must address the
following three issues:

a) The likelihood that the proposed forest practices will cause movement on the potentially
unstable slopes or landforms, or contribute to further movement of a potentially unstable
slope or landform;

b) The likelihood of delivery of sediment or debris to any public resources, or in a manner that
would threaten public safety; and

c) Any possible mitigation for the identified hazards and risks.

The DNR’s evaluation must then determine if the proposed forest practices:

a) Are likely to increase the probability of a mass movement on or near the site;

b) Would deliver sediment or debris to a public resource or would deliver sediment or debris
in a manner that would threaten public safety; and

c) Such movement and delivery are likely to cause significant adverse impacts.

If it is determined that the proposed forest practice is likely to have a probable significant
adverse impact, then SEPA requires that “Specific mitigation measures or conditions must be
designed to avoid accelerating rates and magnitudes of mass wasting that could deliver sediment
or debris to a public resource or could deliver sediment or debris in a manner that would threaten
public safety”.

4 A qualified expert means a person licensed under chapter of the Revised Code of Washington as either an
engineering geologist or as a hydrogeologist
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WAC 222-16-050, subsection (1)(d)(i), identifies five sets of potentially unstable slope and
landform types:

A. Inner gorges, convergent headwalls, or bedrock hollows with slopes steeper thanthirty-five
degrees (seventy percent);

B. Toes of deep-seated landslides, with slopes steeper than thirty-three degrees (sixty-five
percent);

C. Groundwater recharge areas for glacial deep-seated landslides;

D. Outer edges of meander bends along valley walls or high terraces of an unconfined
meandering stream; or

E. Any areas containing features indicating the presence of potential slope instability which
cumulatively indicate the presence of unstable slopes.

Types B, D, and E may all potentially involve glacial deep-seated-landslide features, and type C
explicitly identifies the groundwater recharge area to a glacial-deep-seated landslide as a feature
of concern.

Section 16 of the Forest Practices Board Manual, “Guidelines for Evaluating Potentially
Unstable Slopes and Landforms” °, provides descriptions of different landslide types, criteria for
identifying unstable slopes and landforms (including groundwater recharge areas for glacial
deep-seated landslides), and suggestions for analysis methods to assess the likelihood that
proposed forest practices will affect landslide movement.

However, there is little guidance in the board manual for quantitative assessment of likelihood or
for determining how forest practices within the groundwater recharge area of a glacial deep-
seated landslide are likely to influence landslide activity. This lack is not the fault of the board,
but reflects the current standard of practice for landslide hazard assessments. This literature
review and synthesis are intended to guide efforts to improve the standard of practice.

4 Landslide hazard and risk

Landslides span a vast range of sizes, from cubic meters to cubic kilometers of material, and
subsequently exert a vast range of effects on landscapes and their inhabitants. Landslides affect
valley shape, stream morphology, and sediment supply, and therefore impact basin hydrology,
basin ecology, and basin productivity. Perturbations to any aspect of these interactive processes,
such as changes in the frequency or magnitude of landslides, can generate a cascade of
consequences potentially detrimental to resources we value, such as aquatic habitat and
sustainable fish populations. Forest-practice rules are intended to limit the frequency and
magnitude of management-associated landslide events.

The resources we value include public infrastructure, private property, and human lives. The
SR530 landslide clearly demonstrated the consequences of unrecognized landslide hazards, and
highlighted the need for systematic hazard mapping (Lombardo et al., 2014).

5 http://file.dnr.wa.gov/publications/fp_board manual section16.pdf
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For decision makers, it is important to understand the hazards posed by landslides and to
distinguish between hazard and risk. To assess hazard requires determination of the probability
that a landslide will occur and the consequences of occurrence. These consequences depend on
multiple landslide characteristics:

e Location.

e Size (area, volume).

e Materials involved (mud, boulders, large trees).
¢ Rate of movement.

e Downslope extent of runout.

To assess risk requires determination of the costs entailed by landslide occurrence. These costs
include direct financial losses of destroyed property and infrastructure, loss of human lives, the
loss of natural resources such as timber and fish habitat, and the cumulative effects of changing
landslide rates on the geomorphic processes that maintain healthy ecosystems. “Hazard”
encompasses the probability and consequences of landslide occurrence; “risk” incorporates the
Costs.

To assess hazard, forest-practice rules therefore require assessment of “the likelihood that the
proposed forest practices will cause movement on the potentially unstable slopes or landforms,
or contribute to further movement of a potentially unstable slope or landform” and “the
likelihood of delivery of sediment or debris to any public resources, or in a manner that would
threaten public safety”. To assess risk, SEPA requires determination of likelihood for
“significant adverse impact”. These are ambiguous statements, with no quantification of
“likelihood” or “significant”. This ambiguity hinders consistent and effective application of
forest-practice rules.

Such ambiguity is a consequence of the current lack of methods and tools for quantifying the
likelihood that a proposed forest practice will cause or contribute to movement of an unstable
slope or landform, and for quantifying impacts of landsliding. A variety of groups are
developing specific guidelines for quantitative hazard and risk assessment; Corominas et al.
(2014) provide a detailed review. A first step in any assessment is determination of the
potential landslide characteristics listed above: location, size, materials, rate of movement, and
extent of runout. Additionally, we must determine sensitivity of potential landslides to
proposed forest practices.

5 Why landslides occur

5.1 Regional history.

Past and ongoing tectonism, glaciation®, seismicity, climate, and erosion interact to create
stratigraphy, material properties, and topography that contribute to the formation of certain types
of landslides in certain locations. Recognition of the history and the processes involved can aid

% For a nice animation of the last (Vashon) advance of the ice sheet into Puget Sound, see
https://www.youtube.com/watch?v=YHWMHzi_deg
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in anticipating where landslides may be found and how they behave. For example, Thorsen
(1989) provides an overview of landslide provinces in Washington state. Morgan et al. (2012)
provide an example of how detailed geologic mapping, careful field observations, and
geomorphic interpretations can be integrated to infer the history that created conditions
conducive for landsliding in the Peace River valley of eastern British Columbia.

5.2 Local history.

Details of depositional events, history of sediment compression (e.g., by ice), channel incision,
and river migration, potentially down to the scale of individual headwater basins, determine if
glacial deep-seated landslides exist, and if so, whether they are poised for reactivation or simply
stable relicts of past conditions. Examination of regional and local geology and geomorphology
can aid in assessing landslide hazards and identifying the factors that may lead to an increase in
landslide hazards; see, for example, Dieu and Butt (2004), who incorporated field and photo
observations into geomorphic interpretation for a stability assessment that evaluated hazards
posed by timber harvest.

6 Shallow versus deep-seated landslides

Landslides are broadly divided into two types: shallow and deep seated. Shallow landslides
involve movement of material to about 2 or 3 meters depth, within the rooting zone of trees;
deep-seated landslides extend below the rooting zone. This is a useful distinction, because the
triggering processes and landscape effects of shallow and deep-seated landslides can differ
markedly.

At shallow depths, infiltrating water can create wetting fronts and rapid changes in pore
pressures, so that shallow landslides are triggered during intense or cumulative rainfall events
that saturate shallow soils. Deep-seated landslides may respond to the integrated effect of storm
sequences spanning years. (Pore-pressure responses to infiltration evolve more slowly with depth
and are discussed in more detail in a later section). The effects of the frequency distribution of
storm magnitudes may therefore differ for shallow and deep-seated landslides.

Shallow and deep-seated landslides also have different landscape legacies. Shallow landslides
often disintegrate upon failure and add to colluvial fan deposits. Their topographic signature is
subtle and the scars revegetate quickly. Deep-seated landslides may move incrementally, evolve
into earthflows, or fail catastrophically to create distinctive, hummocky deposits downslope.
They create distinct landscape features on slopes that can persist for millennia.

Upon first occurrence, deep-seated landsliding alters the properties of the materials involved, so
that the body of the landslide — that mass of material that has moved downslope — may be
susceptible to further movement under conditions that differ from those that triggered initial
formation of the landslide. These changes in material properties can also make deep-seated
landslides susceptible to catastrophic failure, even after centuries of apparent stability or a long
history of intermittent movement (Fletcher et al., 2002).

The focus of this synthesis is on deep-seated landslides, and in particular, on deep-seated
landslides in deposits formed in association with glacial processes. The stratigraphy and material
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properties of some of these deposits render them particularly susceptible to deep-seated
landsliding and potentially sensitive to forest practices.

7 Conceptual Background

Knowledge of the hydrogeologic processes and material properties involved in glacial deep-
seated landsliding is a prerequisite for understanding the potential influence that forest practices
have and for anticipating the hazards they pose.

7.1 Glacial stratigraphy promotes development of saturated zones in slopes.

Washington’s glacial history, involving sediment-laden outwash streams and ice-dammed lakes,
has created stratigraphy that juxtaposes 1) more highly permeable, coarse-grained materials
(medium-to-coarse sand, gravel, cobbles, and boulders) deposited by melt-water streams with 2)
much lower-permeability, fine-grained materials (fine sand, silt, and clay) deposited in quiet
water (lacustrine deposits) or at the base of moving ice sheets (lodgement till). The coarse-
grained materials have much greater hydraulic conductivity than the fine-grained materials
(Savage et al., 2000b). When water infiltrating downward through coarse-grained materials
encounters fine-grained layers with much lower infiltration capacity (an aquitard), it pools
above the fine-grained layers, creating zones of saturation. A common example is where coarse-
grained, permeable outwash deposits overlie fine-grained, glacial lacustrine deposits. For
descriptive illustrations, see Tubbs (1974), Gerstel et al. (1997), and Shipman (2001).

This pooled water creates an unconfined aquifer within the coarse-grained deposits. Water
within this aquifer flows to seeps where contacts between these coarse- and fine-grained layers
intersect the ground surface, establishing a pattern of lateral groundwater flow.

The saturated zone of pooled water provides a persistent — and permanent in many locations —
source of water that infiltrates into the fine-grained sediments below, thus also maintaining a
saturated zone within the fine sediments. It is in these fine-grained materials that water plays a
primary role in deep-seated landslide development and behavior.

7.2 Pore pressure in saturated zones reduces soil shear strength.

Saturation of pore spaces reduces effective stress (the load supported by particle contacts),
which in turn reduces soil shear strength. The reduction of effective stress and corresponding
soil shear strength is proportional to water pressure (pressure head) within the pore spaces’.

7.3 Pore pressure is proportional to depth of saturation.

For zones of saturation in an unconfined aquifer, pore pressures are proportional to the
overlying height of the water column.®

7 Concepts of effective stress and soil shear strength are described in every text book on soil mechanics. A thorough
description is provided in Article 15 of Terzaghi et al. (1996).

8 Concepts of hydraulic head, pore pressure, and effective stress are discussed in any text on groundwater flow:
section 2.9 in Freeze and Cheery (1979), for example. Though beyond the scope of this document, it is important to
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7.4  Depth of saturation may increase with recharge.

Water percolating from above adds to the saturated zone and recharges groundwater. If inflow
(from above and from lateral groundwater flow) exceeds outflow (from lateral groundwater
flow and infiltration into the lower-conductivity layer below) saturation depth and associated
pore pressures increase.

7.5 Saturation depth may depend on spatially distant recharge.

At seepage faces, groundwater flows out onto the ground surface, removing water from the
saturated zone, thus reducing saturation depth. Water in the saturated zone flows from areas of
higher head towards areas of lower head; that is, from areas where the water-table elevation is
higher to areas where the water-table elevation is lower. Thus, spatial and temporal variation in
groundwater recharge, together with the subsurface distribution of low- and high-conductivity
soils and the topographic location of seepage faces, act to create a water-table topography that
determines pore pressures at depth and drives groundwater flow, both laterally and into the
underlying lower-conductivity materials. Water-table elevation or more properly, hydraulic
head value, at a given point thus depends on recharge from above at that point and on
groundwater flowing to that point from areas with higher head. The total area contributing
recharge to groundwater flowing to that point is the groundwater recharge area for that location.

This description applies for unconfined aquifers, but the same principles apply for flow into,
through, and out of confined aquifers. Spatial variations in hydraulic head drive groundwater
flow.

7.6  Groundwater flow paths may not match surface-water flow paths.

Gravity drives the flow of groundwater from areas where recharge occurs via infiltration into
the ground to areas where discharge occurs out of the ground at seepage faces and stream
channels. The water-table surface therefore slopes from areas of recharge towards areas of
discharge. Discharge occurs at topographic low points (e.g., at stream channels), so the water-
table surface generally tends to follow surface topography. However, issues exist that
complicate this simple model of local topography reflecting groundwater flow.

e Subsurface flow occurs in three dimensions. Flow at depth can bypass small streams, so
groundwater may originate outside the local basin (T6th, 1963). Welch and Allen (2012)
illustrate the consequences for real topography using a 3-dimensional model of groundwater
flow, showing how recharge areas can extend beyond low-order basins and how they expand
and contract in response to changing recharge rates.

e Groundwater flow is affected by the three-dimensional distribution of subsurface features.
For example, the water-table slopes to the location of seeps, which may be controlled by
midslope contacts between high- and low-conductivity layers, not low points in the

note that groundwater flow induces seepage forces in hillslopes that affect stability (Iverson and Reid, 1992; Reid
and Iverson, 1992).
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topography; and lenses of silt in sandy outwash deposits can create local zones of perched
groundwater.

e Water-table topography is affected by the spatial and temporal distribution of recharge.
Water tables tend to rise under areas of higher recharge and to fall under areas of lower
recharge. Localized zones of high infiltration, such as drainage of runoff into permeable
substrates, can produce a mound in the water table.

e Groundwater flow also occurs in deeper, confined aquifers. Upward seepage from these
aquifers can affect pore-pressures in overlying materials.

7.7 Water table responses can lag precipitation inputs.

Water infiltrating the soil to recharge groundwater must first traverse a zone of unsaturated soil.
Flux through the unsaturated soil depends on soil texture, soil moisture content, and on the
thickness of the unsaturated zone. The timing and magnitude of groundwater recharge for
precipitation events thus depends on the depth, texture, and distribution of moisture content of
the unsaturated zone. Evaporation from the ground surface and transpiration of water extracted
by plant roots reduces soil moisture in this zone, which reduces the amount of water available to
percolate to groundwater and increases the traversal time. Thus, the water-table (and pore-
pressure) response to precipitation events depends on antecedent moisture content of the
unsaturated zone and varies seasonally (Bogaard, 2001).

7.8 Pressure-fluctuation lag times, duration, and magnitude vary with depth.

A rainstorm generates, if large enough, a pulse of infiltrating water that, after traversing the
unsaturated zone, provides a pulse of recharge to groundwater with an associated rise of the
water table. This generates a pore-pressure wave that propagates through the saturated zone
(Berti and Simoni, 2010; Iverson, 2000) at a rate dependent upon hydraulic diffusivity of the
soil. Pore-pressure fluctuations decrease in magnitude and increases in duration as they
progress. Propagation velocity is slower in finer-grained soils, so that the spreading signalsfrom
sequential rainfall events start to overlap. As pressure waves travel vertically and laterally
through the saturated zone, individual waves become indistinct and merge to form gradual pore-
pressure changes that reflect inputs of multiple precipitation events averaged over time. Pore
pressures at depth within clay-rich soils (including clay-rich landslide-prone deposits) may thus
respond gradually to seasonal and multi-year variations in precipitation and associated recharge
(e.g., Floris and Bozzano, 2008; Iverson and Major, 1987), with a lag time between recharge
events and pore-pressure responses that vary depending on soil depths and soil types.

A hierarchy of lag times exists, one corresponding to the vertical propagation of pore-pressure
fluctuations through the soil column and another to the lateral propagation of pressure
fluctuations through the entire recharge area. Iverson (2000) estimates these time scales for two
cases: a steep slope mantled with shallow permeable soil near Coos Bay, Oregon and the Minor
Creek earthflow, consisting of clay-rich soils, in northern California. For the steep shallow soils,
pore-pressure response through the soil column takes about 20 minutes and response through
the contributing area about a day. For the earthflow, vertical response to the shear zone takes
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about one year and response through the recharge area about 300 years. Although the Minor
Creek earthflow soils are derived from weathered bedrock, their diffusivity may be similar to
that of clay-rich landslide deposits derived from weathered till or lacustrine sediments.

7.9 Deep-seated landslide movement is influenced by pore pressure.

Movement of deep-seated landslides tends to occur via deformation within a fairly well-defined
shear zone. Initiation and rate of landslide displacements are influenced by temporal changes in
pore pressures within the shear zone (Bogaard, 2001). For large landslides, shear zones may
occur at considerable depths, where pore pressures may respond slowly to seasonal and
multiyear patterns of precipitation.

7.10 Preferential flow paths can produce rapid pore-pressure response.

Macropores and fissures provide fast flow paths for water to deeper depths in soil. Bogaard and
Greco (2016) provide detailed descriptions of the types and development of preferential flow
paths in hillslopes and landslides. Rapid access of surface water to deeper soil depths can
produce a rapid pore-pressure response to precipitation. Discontinuities created by landslide
movement can create preferential flow paths with profound effects for pore-pressure responses
at the shear zone and consequent landslide behavior. Moses (2008), for example, describes
monitoring observations from the Ross Point landslide in Puget Sound. Water levels outside the
landslide showed a gradual increase, responding to cumulative rainfall over several months
while water levels within the landslide body responded rapidly to rainfall events and this rapid
response was attributed as the trigger for re-initiation of landslide movement. Landslides in
glacial-lacustrine clays in France exhibit rapid pore-pressure responses to rainfall, attributed to
surface fissures (van Asch et al., 1996). These landslides thus exhibit two time scales of
response; one controlled by individual storm events, the other by seasonal and multiyear
patterns of precipitation (Malet et al., 2005).

7.11 Recharge equals precipitation minus runoff and evapotranspiration.

Recharge to ground water involves that portion of precipitation not lost to evapotranspiration
and runoff. During an intense storm, evapotranspiration is insignificant and almost all rainfall
infiltrates into the typically coarse-grained Pacific Northwest forest soils (infiltration capacity of
Pacific Northwest forest soils is greater than almost all storm intensities)®. At shallow depths,
pore-pressure responses to infiltrating water are rapid, and therefore shallow failures are
commonly triggered during intense storms. At greater depths, pore pressures can respond to
cumulative recharge over time series of rainfall that may span multiple precipitation events.
Many of these events are of low and moderate intensity, and a portion of the rainfall is
intercepted by forest canopy and evaporates back to the atmosphere'®. These interception losses
occur in the winter wet season during and between rainstorms. Forest canopy can store nearly

% Johnson and Beschta (1980) measure undisturbed forest soil infiltration capacities in Western Oregon of about
10cm/hr. The highest 100-year recurrence, 6-hour duration storm intensity reported for Washington in the NOAA
Precipitation-Frequency Atlas is also about 10cm/hr, but this intensity occurs only in the high Olympic Mountains.
10 See the appendix for a more thorough discussion of evapotranspiration as a component of the water budget.
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half a centimeter of rainfall (Link et al., 2004), depending on canopy characteristics, so the
amount of water evaporated depends on the intensity and duration of rainstorms during which
the canopy wets up, and the time between rainstorms during which the canopy drys out. Rates
of evaporation vary with temperature, so the amount of interception loss is dependent on
climate. Throughfall is that portion of rainfall and snow melt that falls to the forest floor, equal
to total precipitation minus interception. Interception losses for Pacific Northwest forests, based
on measured throughfall, range from 53% to 86% of cumulative precipitation (Bauer and
Mastin, 1997; Bidlake and Payne, 2001; Link et al., 2004; Orr et al., 2002; Pypker et al., 2005;
Reid and Lewis, 2007). Thus, depending on location and stand characteristics, 14% to 47% of
total precipitation never makes it to the ground surface.

The portion that does fall to the forest floor then infiltrates the soil. Hydraulic conductivity is a
measure of the rate at which water flows through a porous medium, like soil. Hydraulic
conductivity typically decreases with depth, particularly if soils overlie less permeable
substrates, like till, so during intense rainstorms, the rate at which water infiltrates can exceed
the rate at which water can flow through the soil and, at some depth, pore spaces become
completely filled with water. These saturated zones accommodate higher flow rates than
unsaturated soil, and flow directions respond to pressure variations created by differences in the
depth of saturation. Thus, depending on spatial variations in hydraulic conductivity, some
portion of the infiltrating water flows through saturated zones in the soil towards low-lying
topographic locations, where it exfiltrates and contributes to surface runoff in streams.

The pore spaces in soil can entail 25% to over 50% of the total soil volume, so a meter depth of
soil can store 25 or more centimeters depth of rainfall when completely saturated. Even when
not raining, surface tension and associated capillary forces cause a certain volume of water to
adhere to soil particles. This water volume is called the field capacity, and measured values in
Puget Sound soils range from about 20% to 40% of soil volume (Bauer and Mastin, 1997).
Some minor portion of this stored water then evaporates from the ground surface and a larger
portion is transpired by plants. These processes occur primarily during the summer growing
season. When it rains again, water extracted from the soil by surface evaporation and
transpiration must be replaced before percolation through the soil can contribute to groundwater
recharge. The volume of water lost to transpiration varies with land cover and climate; estimates
for forested sites in Puget Sound range from 26% to 56% of total precipitation (Bauer and
Mastin, 1997; Orr et al., 2002; Sumioka and Bauer, 2004).

Evapotranspiration is the sum of water lost to interception, ground evaporation, and
transpiration. As described above, interception losses occur during the wet season, transpiration
losses occur primarily during the summer growing season, and depending on site characteristics,
these components may be of similar magnitude. For Pacific Northwest conifer forests, directly
measured evapotranspiration involves 23% to 62% of annual precipitation (Briimmer et al.,
2012), depending on the climate. Estimates of average evapotranspiration for forested sites in
Puget Sound range from 65% to 87% of annual precipitation (Bauer and Mastin, 1997). Thus,
under forested land cover, only 77% to 13% of cumulative annual precipitation is potentially
available for recharge. Some portion of this is lost to shallow subsurface flow that exfiltrates to
surface runoff in streams.
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Evapotranspiration can be significantly altered by changes in vegetation cover (see the
Appendix). Removal of forest canopy will decrease evapotranspiration and thus increase the
water available for recharge. This particular factor is important to forest practices in that forest
harvests can increase the quantity of water available for groundwater recharge. The proportion
of water infiltrating the soil that recharges groundwater, however, depends on the infiltration
rate of the underlying substrate.

7.12 The substrate controls recharge rate.

If surface soils are underlain by a low-permeability substrate, such as some types of bedrock or
glacial till, then most of the infiltrating water moves as shallow subsurface storm flow to surface
channels or to areas underlain by higher permeability substrates (e.g., glacial outwash) where it
may then infiltrate to recharge groundwater (Bradbury and Rushton, 1998). The recharge rate
through till, for example, is governed almost entirely by the infiltration capacity of the till
(Bauer and Mastin, 1997), and evapotranspiration has little effect on recharge, but does alter the
quantity of runoff.

7.13 Overconsolidated glacial lacustrine deposits exhibit brittle behavior.

In a direct shear test, soils resist shear stress

é ) Peak Strength with finite displacement, until the shear stress
. 0 reaches the shear strength of the soil. Once the
5 | & - _ Residual Strength 50| fails, deformation continues indefinitely.
e s For ductile soils, upon reaching this shear-
//\°°"° stress threshold, displacement continues
//' o indefinitely at constant stress. For brittle soils,
s post-failure displacement occurs at a stress less
: x than the stress at failure. Brittle soils respond
displacement .
to shear stresses differently before and after
Figure 1. Soil behavior in direct shear. Brittle soils failure. Before failure, they can resist shear
displacement occurs indefinitely at a constant shear th ist sh t | to thei
stress that is lower than the peak. Ductile soils exhibit e_y can resist shear stresses only up to thetr
no peak strength. After failure, brittle soils behave residual strength.
ductilely.

Dense soils tend to exhibit brittle behavior
(e.g., Duncan et al., 2014). When compressed,
clay-rich soils undergo a permanent increase in density. Pro-glacial, clay-rich glacial lacustrine
deposits are compressed by overlying outwash sediments and over-riding ice sheets (e.g.,
Hoopes and Hughes, 2014). When the ice retreats, these soils maintain their higher density: they
are overconsolidated. Overconsolidated, clay-rich soils tend to exhibit brittle behavior: post
failure, they can resist shear stresses only up to their residual strength, which is some fraction of
their pre-failure peak strength (e.g., Palladino and Peck, 1972; Terzaghi et al., 1996). Motion of
landslide deposits in these soils thus initiates when shear stresses meet the residual shear
strength.
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The ratio of undrained shear strength of undisturbed soil to undrained shear strength of
disturbed soil is referred to as sensitivity. (Here, undrained means that the rate of deformation is
more rapid than the time it takes for water to drain into or out of the deforming soil, the
implications of which are addressed in the discussion of dilative and compressive soils below.)
If this ratio is large (high sensitivity), the difference between peak and residual strength is large
and upon failure, the soil can no longer maintain much shear stress. High sensitivity soils (> 4)
tend to disintegrate upon failure; low-sensitivity soils tend to fail as blocks (Terzaghi et al.,
1996). Glacial-lacustrine deposits in Washington tend to have relatively low sensitivity; Stark et
al. (submitted 2016), for example, measured sensitivities ranging from 1.4 to 3.3 for lacustrine
deposits from the SR530*! landslide.

The shear strength of intact brittle soils evolves over time in response to the stresses
experienced. They exhibit creep under constant shear stress, reflecting the growth of failure
zones within the soil, which may coalesce over time and lead to progressive failure within
distinct shear zones (Carey and Petley, 2014; Petley et al., 2005). They can also exhibit
weakening in response to cyclic variations in pore pressure associated with seasonal fluctuations
of water-table elevations (Picarelli et al., 2004; Take and Bolton, 2011). Hence, slopes
containing clay-rich soils — glacial lacustrine deposits — may endure centuries of fluctuating
water tables and earthquake shaking, apparently unaffected, but may actually be growing
weaker with each cycle, and then fail in response to a minor rainstorm.

7.14 Disturbed clay-rich soils exhibit residual strength.

Displacements occur across a landslide shear zone when shear stresses exceed the residual shear
strength of the soil. Shear strength is inversely proportional to pore pressure: an increase in
pressure causes a reduction in strength. Hence, movement of landslide deposits may initiate
when pore pressures at the shear zone reach some threshold and continue for as long as pore
pressures exceed that threshold (lverson and Major, 1987; Nawawitphisit, 2014).

Residual strength of clay-rich soils can be relatively low and exhibit virtually no cohesion.
Hence, landslide displacement can occur over very low-gradient, potentially level shear zones,
that may extend for long distances, and landslide deposits can exhibit marginal stability.

7.15 Soils dilate or compress when deformed in shear.

As soils deform, soil particles must shift position relative to each other. These shifts can cause
soil volume to increase (dilate) or decrease (compress). This volume change occurs within the
pore spaces between particles, so if soils are saturated, dilation causes a reduction in pore
pressure — with an associated increase in effective stress — and compression causes an increase
in pore pressure — with an associated decrease in effective stress.

1 This event, referred to by the press as the Oso or Oso-Steelhead landslide, is called the SR530 landslide in state
publications. Prior to 2014, this site was most recently known as the Hazel landslide. We refer to the 2014 event as
either the Oso or SR530 landslide; we call this site the Hazel landslide in references to earlier episodes of landslide
activity.
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The tendency for dilation or compression varies with soil porosity, which is proportional to soil
bulk density (Terzaghi et al., 1996). Normally consolidated and loose, low-density soils tend to
contract; denser soils (those overconsolidated by ice loading, for example) tend to dilate.

The persistence of pore-pressure changes caused by dilation or compression during shear
deformation depends on the rate at which water can flow through soil into the shear zone; for
fine-grained soils, these pressure responses may thus persist for many hours. These processes
create feedbacks between movement, pore pressures, and strength of a landslide shear zone. If
soils dilate, movement is hindered and landslides exhibit intermittent movement (Schulz et al.,
2009; Van Asch et al., 2009); if soils contract, movement is enhanced and can lead to runaway
acceleration (Iverson, 2005).

8 Glacial deep-seated landslide causes and triggers

8.1 First-time failure versus reactivation.

A large portion of current deep-seated landslide activity occurs within existing landslide
features (e.g., Shipman, 2001) and therefore existing landslides are recognized as potential
hazards and zones of potentially heightened sensitivity to forest practices (Washington Forest
Practices Board, 2015). But not all activity occurs on pre-existing landslides: the Woodway
landslide near Edmonds, Washington, for example, involved catastrophic failure of an intact
slope (Savage et al., 2000a; Shipman, 2001). Slopes with no signs of past deep-seated
landsliding may still pose a hazard. The following points concern both first-time failures and
initiation of movement on existing landslide features.

8.2 Surface topography.

Gravity drives landslide movement. Soil, like water, moves downhill. Topographic relief — such
as a hill — must exist for movement to occur. River incision into valley-filling sediments, for
example, creates topographic conditions for landslides to form.

8.3 Changes in topography.

Erosion, mass wasting, or excavations that reduce toe support or loading at the base of a slope
can decrease the resisting force supported over any potential or existing shear zone and increase
potential for landslide movement. Examples:

e Excavations for I-5 triggered deep-seated rotational failures in glacial-lacustrine clays (the
Lawton clay; Palladino and Peck, 1972).

e Stream incision from storm runoff in King County initiated rotational slumps in small
channel side slopes (Miller, 1991).

¢ River bank erosion was identified as the trigger for 3 of 13 recent large, catastrophic
landslides involving glacial deposits in British Columbia (Geertsema et al., 2006).

e Deep-seated landslides can destabilize intact upslope areas and trigger headward-marching,
retrogressive landsliding (Kohv et al., 2010a; Kohv et al., 2010b).
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8.4 Increased pore pressure.

Movement of a deep-seated landslide body can initiate when shear stress across the shear zone
exceeds the residual shear strength of soils in the shear zone. Shear strength is proportional to
effective stress, which is inversely proportional to pore pressure. Hence, landslide movement
can initiate when pore pressures exceed threshold value (e.g., Iverson and Major, 1987).

Generally, increased pore pressures are associated with precipitation and increased water-table
elevations. Pore-pressure increases within underlying confined aquifers may also trigger
landslide movement; Kohv et al., (2010a; 2010b), for example, identified increasing pressure
within a confined aquifer in glacial deposits as a contributing factor in triggering and enlarging
landslides in Estonia. High pore pressures are encountered in confined aquifers underlying
glacial deposits in Washington as well. Drilling by the Washington Department of
Transportation through intact glacial deposits behind the head scarp of the SR 530 landslide
encountered artesian head in a confined aquifer underlying glacial lacustrine deposits (WSDOT,
2015). Although the role of elevated pore pressures in confined aquifers in triggering motion on
glacial deep-seated landslides in Washington is not known, it is worthwhile to recognize the
potential.

8.5 Precipitation.

Many studies show that water-table elevation and associated pore pressure increases when it
rains and during snow melt, both at shallow depths (e.g., Dhakal and Sullivan, 2014; Hanell,
2011; Hotta et al., 2010; Johnson et al., 2007), and at depth in some deep-seated landslide
bodies (e.g., Moses, 2008), so it is reasonable to seek a precipitation threshold for landslide
movement. However, pore pressures at the depths where slip surfaces for large landslides reside
can also respond to patterns of precipitation that may span years, so identifying the patterns that
trigger deep-seated landslide movement pose major challenges (Floris and Bozzano, 2008;
Prokesova et al., 2013).

Site stratigraphy can complicate pore pressure responses at depth. For example, presence of an
aquitard, like till, can shelter underlying deposits from rainfall-induced fluctuations in
infiltration rate. Underlying, glacially overconsolidated clays, within which large deep-seated
landslides initiate, may have no measurable short-term or seasonal response to precipitation, as
monitoring since December 2014 has found within aquifers below till in the intact glacial
sequence of Whitman bench, behind the headscarp of the SR530 landslide (WSDOT, 2015).

Nevertheless, over a regional population of landslides, such thresholds exist. Extensive re-
activation of deep-seated landslides throughout Puget Sound occurred in the winter of 1998-99
after a three-month period of above average rainfall falling following a series of three
exceptionally wet years (Shipman, 2001). In Slovakia, Prokesova et al. (2013) showed that
catastrophic re-activation of a large, historically dormant landslide coincided with a multi-year
period of above-average effective precipitation. In British Columbia, Bovis and Jones (1992)
show that activity on large earthflows waxed and waned with wet and dry climatic periods.
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8.6  Loss of evapotranspiration.

A substantial portion of total cumulative precipitation can end up back in the atmosphere
through processes of evapotranspiration. Averaged over multiple years, water available for
groundwater recharge is precipitation minus evapotranspiration and runoff, so depending on the
proportion lost to runoff, evapotranspiration can substantially reduce the water available for
recharge. A reduction in evapotranspiration associated with timber harvest can therefore cause
an increase in groundwater recharge with an associated increase in water table elevations and
pore pressures. Eigenbrod and Kaluza (1999), for example, attributed initiation of shallow
landslides in lacustrine clays to loss of evapotranspiration associated with forest clearing.

A large proportion of evapotranspiration from conifer forests of the Pacific Northwest occurs
via evaporation of water intercepted by the canopy, which as discussed above and in the
appendix, can range from 14% to 47% of cumulative precipitation. When trees are harvested,
interception loss goes nearly to zero. The harvested trees are no longer extracting water from the
root zone, but the remaining vegetation and regrowing forest still transpire a considerable
amount of water during the growing season, so most of the change in evapotranspiriation
associated with timber harvest is associated with loss of interception.

The magnitude of the reduction in evapotranspiration associated with timber harvest depends on
stand characteristics and climate. Using eddy covariance techniques (Baldocchi and Ryu, 2011),
Jassal et al. (2009) found that evapotranspiration from a recent clear cut on Vancouver Island
was, on average, 66% of that from 20 and 50-year-old stands (266 mm/year versus 401
mm/year). For that site, this translated to a reduction in evapotranspiration (an increase in soil
infiltration) of a bit more than 8% of mean annual precipitation (1500 mm/yr). For sites in south
Puget Sound, Bauer and Mastin (1997) estimated evapotranspiration for Douglas Fir forests at
about 74% of total precipitation and for pastures at about 56% of annual precipitation. A
transition from forest to pasture would result in a reduction in evapotranspiration equal to about
18% of total precipitation.

After harvest, forests regrow, and the amount of precipitation lost to interception increases.
Pypker et al. (2005), for example, measured similar interception losses for 25-year old and old-
growth stands in western Oregon (21.4% versus 25% of total precipitation, respectively). For
their sites on VVancouver Island, Jassal et al. (2009) found that evapotranspiration rates
recovered to pre-harvest levels in 12 to 15 years.

We found no studies that directly attributed initiation of deep-seated landslide movement to loss
of evapotranspiration, but several studies illustrate the potential role of evapotranspiration in
modulating groundwater level fluctuations. Prokesova et al. (2013) found, for example, seasonal
differences in groundwater response to rainfall events. During the warm season in Slovakia
when evapotranspiration rates are high — potentially exceeding seasonal precipitation — shallow
groundwater levels respond to isolated rainfall events, but groundwater responses at deeper
depths are subdued, presumably because a large portion of the infiltrating water never
percolates to deeper depths, having been lost to surface evaporation and transpiration. They
conclude that failure to account for evapotranspiration will therefore result in over estimates of
groundwater response in deep-seated landslides. Vallet et al. (2015) used a spatially distributed
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water-balance model over the entire recharge area to a landslide and found that landslide
displacement velocities correlated significantly better to effective precipitation (precipitation
minus evapotranspiration) than to precipitation alone.

These studies suggest that loss of evapotranspiration, by increasing cumulative recharge, can
trigger movement of deep-seated landslides. This mechanism therefore represents one basis for
forest harvest, which can reduce evapotranspiration, being viewed as a potential concern in a
landslide context. However, as explained by ProkeSova et al. (2013), triggering of motion
involves the combined effects of low evapotranspiration overprinted on prolonged periods of
high precipitation.

8.7 Response may lag the trigger.

Activation of deep-seated landslides may not appear to have a specific triggering event. It can
take time for infiltration to take place through the unsaturated zone, and pore-pressure changes
propagate slowly through fine-grained materials. Pore pressures at the depths affecting deep-
seated landslides thus show the accumulated influence of sequential storms, sequential seasons,
and sequential years. As mentioned in the discussion of precipitation triggers above, numerous
deep-seated landslides were activated throughout Puget Sound over an extended period in the
winter of 1998-99. Shipman (2001) points out, however, that because these landslides occurred
slowly over an extended period with no association to individual storms, the hazard posed by
prolonged wet conditions that trigger these events has not been widely recognized. Floris and
Bozzano (2008), in seeking precipitation thresholds for triggering movement on two deep-
seated landslides in Italy, found that movement initiated only if cumulative 15-day rainfall
exceeded certain depths (150mm and 180m m) during multiyear periods of high rainfall, but
that the initiation of movement could lag up to two months after the rainfall event.

The potential for preferential flow pathways, such as surface fissures and tension cracks,
complicates deep-seated landslide responses to precipitation. These pathways can foster rapid
pore-pressure responses to precipitation events; these responses are overprinted on antecedent
conditions that, at depth in the soil, may span years. So in one case, a rain storm or series of
rainstorms may trigger motion; in another, the same rainstorms may not, depending on
antecedent conditions.

8.8 Progressive failure.

Brittle behavior of clay-rich soils composing intact slopes may render slopes subject to failure
with no triggering event at all. Stresses acting on these soils may cause formation of small zones
of failure within the slope thought to be associated with development of microcracks (Petley et
al., 2005). Such zones may be manifest by the presence of slickensides, surfaces within the clay
across which shear displacements have occurred (see Figure 3 in Hoopes and Hughes, 2014, for
an example)

These failure zones can form under constant stress (Carey and Petley, 2014), requiring no
change in topography or pore pressure to initiate their development. Growth of microcracks
throughout the slope is accompanied by downslope creep, potentially with the development of
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tension cracks at the surface (Kohv et al., 2010b), and re-distribution and concentration of
stresses, which fosters more crack growth (Hoopes and Hughes, 2014).

Therefore, the rate of creep increases over time, and if measured, can be used to forecast the
time at which cracks rapidly coalesce to form a continuous slip surface and then slope failure
(Kilburn and Petley, 2003). It is the initial incision into such soils, e.g., by channel incision, that
creates the stresses that foster crack development initially, but the time of failure may come
years — perhaps decades or centuries — later with only a minor, or no, triggering event.

8.9 Surface Loading

Increases in the weight supported by a slope may reduce its stability. Thus, dumping of
construction debris and sidecast onto a slope may be a factor in triggering some landslides (e.g.,
Gerstel, 1996; Gerstel et al., 1997; Miller, 1991).

Surface loading caused by landslides or rock falls onto glacial deposits may trigger subsequent
landslides. Geertsema and Schwab (2006) describe spectacular examples in British Columbia.

8.10 Earthquakes

Earthquakes trigger landslides in Washington (Pacific Northwest Seismograph Network, 2001;
Walsh et al., 2001) and some large, ancient glacial deep-seated landslides may have been
triggered by large ancient earthquakes (Karlin et al., 2004). Identifying an earthquake as the
trigger is, however, a challenging task (Jibson, 1996).

9 Landslide behavior

9.1 Creep as a precursor to slope failure.

Intact slopes containing clay-rich soils may exhibit creep prior to initial failure (e.g., Carey and
Petley, 2014). Creep does not necessarily signify impending landsliding, as many mechanisms
cause downslope creep of shallow soils (Roering et al., 2002), but accelerating rates of creep or
slope deformation, attributed to increasing rates of crack growth, foreshadow many large
landslides (Hungr et al., 2005; Petley et al., 2002).

9.2 Intermittent movement.

Glacial deep-seated landslides involve fine-grained, clay-rich soils, typically glacial lacustrine
deposits. Most landslides involve soils that have been compressed by overriding glacial ice —
these soils are overconsolidated and their density has been increased by that compression. These
soils tend to exhibit brittle behavior and initial failure occurs within a specific shear zone. Initial
movement therefore often involves relatively intact blocks of material displaced along curved or
relatively planar shear zones. These blocks disintegrate as they move downslope, sometimes
evolving into earthflows, but these soils also tend to have relatively low sensitivity, as their
residual strength after disturbance is a relatively large proportion of the initial strength (> 0.25,
e.g., Savage et al., 2000b). Blocks may thus persist for some time, fostering development of
internal scarps and depressions over the body of the landslide.
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Glacial deep-seated landslides in overconsolidated, fine-grained materials tend to move
intermittently in response to pore-pressure fluctuations (Giraud et al., 1991; Hungr et al., 2005;
Nawawitphisit, 2014). Where river erosion or wave action removes material from the landslide
toe, smaller-scale landsliding may occur with material intermittently resupplied by downslope
movements of the larger landslide mass, as observed at the Hazel (SR530) landslide (Miller and
Sias, 1998) and at similar landslides in British Columbia (Fletcher et al., 2002). Such
interactions may persist for centuries.

9.3 Catastrophic failure.

Although glacial deep-seated landslides involving overconsolidated fine-grained deposits
mostly tend to exhibit the intermittent blocky and earthflow-type movements described above,
rapid, extremely mobile flow-like movement of very large volumes of material with long runout
distances also occur. Geertsema et al. (2006), for example, describe 16 such events that have
occurred in northern British Columbia since the 1970s. Fletcher et al. (2002) describe the
Attachie landslide in eastern British Columbia. This landslide, developed along compound, low-
angle rupture surfaces through glacial lacustrine clays incised by the Peace River, exhibited
decades of intermittent translational movements, and then suddenly, in May of 1973, failed and
developed into a flow involving ~6.4 million cubic meters of material that traveled nearly one
kilometer to the opposite side of the river flood plain. And then there is the March 22, 2014 Oso
landslide (Keaton et al., 2014; Wartman et al., 2016). Like Attachie, this landslide had
developed along low-angle shear zoness through glacial lacustrine clays incised by the
Stillaguamish river and had a long, documented history of typical glacial deep-seated landslide
activity, extending at least back to the early 1950s (Miller and Sias, 1998). It then failed
suddenly in 2014, evolve into a flow involving ~8 million cubic meters of material that traveled
rapidly for more than a kilometer across the Stillaguamish floodplain, burying 43 people
enroute.

The specific conditions that initiate such highly mobile behavior are not known. Fletcher et al.
(2002) propose three possible mechanisms for the Attachie landslide:

1) Undrained compression of soils in the shear zone during deformation. This is a well-known
mechanism for development of flow-type landslides in loose, low-density soils, and
described in detail in publications by Iverson and colleagues (Iverson, 2005; lverson and
George, 2016; lverson et al., 2015; Iverson et al., 2000). Fletcher et al. (2002) do not
consider this a likely candidate for the Attachie landslide, because it occurs in dense,
overconsolidated soils that tend to dilate in shear deformation, and the landslide had already
experienced decades of intermittent movement indicative of such dilative conditions.

2) A landslide mass consisting of a relatively intact block of material displaced from upslope
by translational movement to overlie an irregularly shaped portion of the shear zone, so that
continued movement requires deformation of the slide mass. In this case, the relatively intact
block is composed of till and overconsolidated clays that exhibit brittle behavior. This block
of material would possess a great deal of gravitational potential energy. Local zones of shear
failure could progressively develop within the clay, which could suddenly coalesceresulting
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in rapid disintegration of the entire block. Stability analyses identified this as a plausible
mechanism.

3) “Macroscopic brittleness”, in which the slide block, in conjunction with intermittent
movements over time, gradually breaks apart into a mass of intact clay and till blocks
separated by joints filled with a disturbed, loose, weak matrix. An intense or prolonged
period of precipitation saturated these joints, causing liquefaction of the matrix material in
the joints. The liquefied matrix material then exerted hydrostatic driving forces against the
blocks and triggering sudden failure of the entire mass. Stability analyses also identified this
as a plausible mechanism.

High mobility of the Oso landslide is attributed to liquefaction of saturated debris from previous
episodes of landsliding. Detailed post-event field observations of the landslide deposit are
described by Keaton et al. (2014) and summarized by Wartman et al. (2016). Their
observations, together with seismic signals generated by the event (Hibert et al., 2015; Iverson
et al., 2015), suggest that the landslide occurred as a sequence of multiple failures over several
minutes. Details of what occurred must be inferred from these observations, and differences
exist in inferred locations, geometries, and volumes of material involved in that sequence
(Iverson et al., 2015; Stark et al., submitted 2016; Wartman et al., 2016), but there is consensus
that the high mobility exhibited by this landslide resulted primarily from liquefaction of debris
from previous landslide activity triggered by movement along a pre-existing or new slip surface,
or by loading from landslide debris displaced from upslope impacting this debris, or some
combination of these mechanisms.

Wartman et al. (2016) summarize factors that may have contributed to the 2014 event:
e Three weeks of late-season extreme rainfall.

e The last major episode of landsliding at this site, in January of 2006, significantly altered
topography of the slope, potentially changing local groundwater flow regimes to draw
additional groundwater to the landslide deposit, and left a large volume of landslide
debris at the base of the slope. This debris provided a large volume of weak, saturated
material potentially subject to liquefaction.

e Strength degradation in the prior landslide and intact glacial deposits. Valley-filling
sediments here involve a thick sequence of glacial lacustrine deposits exposed in lower
portions of slopes to the Stillaguamish flood plain. Landslide shear zones at this site, for
the 2014 and previous events, extend into these deposits and fine-grained materials from
these deposits form a major component of landslide debris at this site. These glacial
lacustrine deposits are overconsolidated, and therefore are likely to exhibit brittle
behavior and be subject to formation of localized zones of shear failure over time and
consequent progressive failure of intact slopes and of large intact debris blocks. Sudden,
progressive failure of intact slopes or intact landslide deposits may have contributed to
triggering of the March 22, 2014 sequence of events.

e Hydraulic conductivity variations with the glacial-lacustrine or other stratigraphic units
that promoted local increases in pore water pressures.
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e Presence of abundant river and floodplain surface water to entrain into therapidly
moving debris, which may have further contributed to rapid loss of strength and
liquefaction of the leading edge of the landslide.

These factors apply to many glacial deep-seated landslides, and the specific details that identify
sites subject to highly mobile, long-runout events are uncertain. A long-runout event requires a
large volume of material, so landslide size is certainly an important factor. The infrequency of
these events has perhaps hindered recognition of the hazards they pose. Mapping from LiDAR
shaded-relief imagery clearly shows multiple such deposits over the Stillaguamish floodplain
(Haugerud, 2014), but with a periodicity spanning several human lifespans (LaHusen et al.,
2016), we had no local historical precedent. Now we do, and with documented occurrences of
other large, highly mobile glacial deep-seated landslides regionally (Fletcher et al., 2002;
Geertsema et al., 2006), perhaps information needed to identify details that distinguish these
sites may become evident.

9.4 Climate-driven variations in activity.

Bovis and Jones (1992) document variations in regional earthflow activity that correlate with
periods of wetter climate over 60-year, 300-year, and several-thousand-year time periods.
Geertsema et al. (2006) comment on an apparent increase in the frequency of large, rapid,
mobile landslides in British Columbia, which they speculate may be related to climate-change
associated increases in precipitation and temperature.

10 Identification of existing landslides

Many landslides are identified from field observations, but regional mapping relies on office-
based procedures with field verification. Large deep-seated landslides create persistent landforms
that can be mapped from aerial photographs (e.g., Dragovich and Brunengo, 1995; Gerstel et al.,
1999) and other remotely sensed data. Availability of LIDAR?-derived DEMs has expanded our
options for mapping deep-seated landslide features, both manually from shaded relief imagery
(e.g., Burns and Madin, 2009; Gerstel and Badger, 2014; McKenna et al., 2008; Schulz, 2004)
and using automated analysis of topographic attributes (Booth et al., 2009; Lu et al., 2011;
Martha et al., 2010; McKean and Roering, 2004; Stumpf and Kerle, 2011; Van Den Eeckhaut et
al., 2012).

11 Runout

Loss of tree cover is associated with longer runout length for debris flows (e.g., Guthrie et al.,
2010; Miller and Burnett, 2008), but no documented evidence exists that forest practices affect
runout length for deep-seated landslides. Nevertheless, deep-seated landslides can pose

12| idar refers to altimetry measured with a reflected laser. Current airplane (or helicopter, or drone) mounted
instruments shoot millions of laser pulses over a swath beneath the plane. The return time for reflected pulses gives
distance to the reflecting surface and is translated to a point-cloud of vegetation and ground surfaces. These point
clouds provide a wealth of data, from which high-resolution (e.g., 1-m horizontal grid spacing) digital elevation
models (DEMSs) can be constructed. Shaded-relief images derived from these DEMs provide a detailed look of
topography beneath forest cover, from which subtle landscape features can be identified.
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substantial hazards to downslope resources, as the SR530 landslide demonstrated, so assessment
of potential runout length is a crucial component of hazard assessment.

11.1 Geomorphic assessment

Landslide deposits permit estimation of the runout length of previous landslide events. Mapping
of the extent of these deposits provides an indication of how far future landslides may extend.
Such mapping is done through field identification of deposits and mapping of deposit
morphology on aerial photographs and LiDAR shaded relief imagery (e.g., Haugerud, 2014).
Such mapping is an important part of hazard assessment, but its limitations must be recognized
(Hungr et al., 2005). Landslide deposits may be removed by river or wave erosion, or simply
difficult to identify, so that runout extent may be underestimated. Runout extent may also
depend on conditions unique to each landslide. Existing landslide deposits thus provide
evidence of the magnitude of past events and data to compare to other methods for estimating
runout, but may not provide reliable indicators of potential runout from future landslides.

11.2 Geometric methods.

Runout distance depends on the volume of material deposited and on the energy available to
move that material. Available energy increases with height of fall, so runout length should
increase with increasing elevation difference between the landslide source area and the
deposition zone. Relationships based on slope relief, calibrated against observed landslide
runout lengths, are used to characterize potential runout length for hazard assessment.

" L Figure 2, adapted from Hunter and Fell

— (2003), shows the nomenclature used.

The ratio H/L is found to fall with

specific ranges for different types of

. landslides and to vary with deposit

\chl distance angle volume V as H/L = AVB, where A and B
= are empirical coefficients. Ideally,

' values for the coefficients would be
calibrated to local data. Hunter and Fell
(2003) and Legros (2002), however,
provide compilations from landslides

Initial
slide

e B ——>  worldwide.

eposition

Figure 2. Definition of travel distance (L), elevation drop (H), Deposit volume, however, may be

and slope geometry. unknown in some cases and is obviously

unknown for landslides that have not yet
occurred. Hunter and Fell (2003) and Legros (2002) also show the range of H/L ratios observed
for different landslide types. For example, Hunter and Fell (2003) report a range of observed
H/L values for failures in dilative soils depositing onto unconfined slopes (i.e., not confined by
canyon walls) between 0.22 and 0.75. These may not reflect local cases — the H/L ratio for the
SR530 landslide is ~0.1, for example — so local calibration is important. Hunter and Fell (2003)
also summarize work from Hong Kong showing that H/L values correlate with the downslope
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angle (o2 in Figure 1). They provide equations of the form H/L = A*tanowz + B, where A and B
are empirical constants.

These equations provide a simple means to estimate potential runout length. Compilations of
H/L values show a large degree of scatter, and local conditions may differ from equations fit to
data from other locations, so estimation uncertainty is large. Thus, field observations of runout
distance provide a valuable check on estimates of runout length based on such compilations.

11.3 Analytical methods

A variety of computer-based methods have been developed that seek to characterize the
physical mechanisms of particle interactions and fluid dynamics to predict landslide runout.
One example is illustrated with the work of Iverson et al. (2015)*2 for the SR530 landslide.
Hungr et al. (2005) review a variety of such models. These models are computationally and data
intensive, and sensitive to poorly constrained material properties (lverson and George, 2016).
These approaches do not yet offer a feasible option for routine hazard assessment.

12 Answers to questions posed by UPSAG

12.1 What are the impacts of forest-practice activity on glacial deep-seated landslide
movement?

We have found no case studies in peer-reviewed literature that examine glacial deep-seated
landslide movement specifically in the context of forest practices. However, certain modeling
studies do address this or similar questions, and we can draw inferences from monitoring studies
looking at other issues.

e Groundwater levels increase after timber harvest. A number of monitoring studies document
enhanced groundwater response to precipitation following timber harvest, generally in terms
of higher peak groundwater levels in response to similar storm events: examples include
Dhakal and Sidle (2004) in Vancouver Island, Johnson et al. (2007) in Southeast Alaska,
Keppeler et al. (1994) in northern California, and Hotta et al. (2010) in Japan. Smerdon et al.
(2009) provide a review of similar studies with similar results. These studies all examine
pore-pressure responses in shallow soils over low-permeability substrates, typically bedrock,
yet they demonstrate that timber harvest leads to an increase in the amount of water that
infiltrates the ground surface, which in other settings with permeable substrates, will lead to
increased groundwater recharge.

Studies using coupled soil-water-balance and groundwater models to examine the influence
of changing land cover on groundwater levels replicate this behavior. Malet et al. (2005), for
example, compare predicted groundwater levels for an earthflow in France under land cover
scenarios including grass, grass plus tree cover, and tree cover, with tree cover producing the
lowest predicted levels.

Therefore, we infer that timber harvest can lead to increased head in the context of glacial
deep-seated landslides as well, with the understanding that deeper soil depths are involved

13 https://www.youtube.com/watch?v=2NzHCOhKIr7g
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and so groundwater response may reflect integration of increased recharge over seasonal or
longer time scales. Forests regrow, so harvest-related increases in groundwater levels will
decrease over time. Studies of evapotranspiration and interception suggest that these
increases should be negligible within 12 to 25 years after harvest (Jassal et al., 2009; Pypker
et al., 2005).

e Increased groundwater head affects deep-seated landslide movement. Landslide movement
can be triggered by a threshold pore-pressure value and persist for as long as pore pressures
exceed the threshold (Iverson and Major, 1987), and rates of movement can increase with
increased groundwater levels (Bogaard, 2001; Nawawitphisit, 2014). Work by Miller and
Sias (1998) coupling soil-moisture-balance, groundwater, and slope-stability models for the
Hazel landslide indicated that timber-harvest-associated increases in groundwater levels
could initiate more frequent movement of the landslide and increase the duration of
movement. Therefore, timber harvest has the potential to increase the rate of movement and
extend the duration of movement of existing deep-seated landslides and, in certain
circumstances, can increase the potential for triggering landslide movement.

12.2 What are the impacts to groundwater recharge from forest practice activity?

e Timber harvest reduces evapotranspiration and increases effective precipitation. Timber
harvest creates a ~15-year period over which evapotranspiration is initially reduced by 10%
to 15% of the total precipitation and then recovers to pre-harvest levels as the forest regrows
(see the Appendix for an extended discussion of this topic: Figure A-3, for example, shows
how measured evapotranspiration rates vary for different-aged forest stands). Precipitation
not lost to evapotranspiration contributes to runoff (including both surface runoff and shallow
subsurface interflow) and to recharge. Reductions in evapotranspiration increase water
available for runoff and recharge by an approximately equivalent amount; the increase in
recharge then depends on the proportion lost to runoff.

Groundwater flow to a landslide integrates recharge over the entire recharge area.
Evaluations of increases in groundwater flux and associated pore pressures likewise need to
integrate expected changes in evapotranspiration rates and associated recharge over the entire
recharge area. Effects of timber harvest will therefore be proportional to the size of the
harvest unit relative to the recharge area. Lag times, attenuation of groundwater responses to
spatial changes in recharge (lverson, 2000), and spatial heterogeneity in soil and substrate
properties will also cause these effects to vary with the location of the harvest unit relative to
the landslide.

e Recharge is governed by the infiltration capacity of the substrate. At any point, recharge to
groundwater can occur no faster than the rate at which water can infiltrate through the
substrate. If the infiltration capacity of the substrate is less than the rate of infiltration through
the soil, a portion of the infiltrating water runs off as shallow subsurface flow. Till has
reported hydraulic conductivities as low as 0.000001 meter/day (Savage et al., 2000b),
considerably less than rainfall intensities. In contrast, outwash has reported conductivities up
to 100 meters/day, considerably greater than any storm. The division of infiltrating water
between runoff and recharge depends on the duration and rate of infiltration through the soil
relative to the rate of infiltration into the substrate (Bauer and Mastin, 1997). The lower the
infiltration rate of the substrate relative to the rate of incoming water through the soil, the
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greater is the proportion contributing to runoff and the lower is the influence changes in
evapotranspiration will have on recharge.

e Runoff to permeable substrates can contribute to recharge. If low-permeability substrates lie
upslope of high-permeability substrates — till upslope of advance outwash, for example —
shallow subsurface flow generated over the till can drain to the outwash, at which point it
contributes to recharge, a process referred to as “runoff-recharge” (Bradbury and Rushton,
1998; Hulme et al., 2001). In considering the effects on recharge of reductions in
evapotranspiration associated with timber harvest, the spatial distribution of land cover, land
cover changes, and substrates over the entire area must be examined as potentially
contributing runoff and recharge to a landslide.

Paired basin studies have also noted an increase in water yield associated with road
construction (e.g., Hubbart et al., 2007). The implications of increased water yield for
groundwater recharge are uncertain, because measures of water yield integrate both runoff
and groundwater-fed baseflow. However, diversion of water falling on or intercepted by
roads would form another source of runoff recharge.

12.3 How do the properties of glacial material affect glacial deep-seated landslide movement?

o Different glacial materials can have vastly different hydraulic conductivity. The hydraulic
conductivity of outwash deposits may be orders of magnitude larger than that of underlying
lacustrine silts and clays (Savage et al., 2000b). The juxtaposition of very permeable and
very impermeable materials profoundly affects groundwater flow fields.

e Overconsolidated glacial-lacustrine clays can exhibit brittle behavior. Intact slopes in this
material may experience progressive failure, and thus fail with no apparent trigger, or in
response to seemingly minor perturbations.

Once disturbed or deformed, these soils have low residual strength and will deform
indefinitely, in a ductile fashion, when shear stresses exceed the residual strength. Landslide
shear zones are weak and deposits may remain marginally stable, sensitive to perturbations of
pore stresses, toe erosion, surface incision, and surface loading.

e Soils tend to dilate or compress during shear deformation, with associated decreases or
increases in pore pressure. In low-permeability soils, it takes some time for water to flow into
or out of adjacent soil, so these pressure changes can persist for hours or more. Thus,
movement over the shear zone of a landslide can create feedbacks (Iverson, 2005): in dilative
soils, movement causes a reduction in pore pressure, an increase in effective stress within the
shear zone, and suppresses further motion. Such behavior has been observed in earthflows
(Schulz et al., 2009) and in large landslides in glacial sediments (Van Asch et al., 2009). In
compressive soils, movement causes an increase in pore pressure, a reduction of effective
stress within the shear zone, and promotes further motion. This feedback can cause runaway
acceleration and catastrophic failure (Iverson et al., 2000).

Overconsolidated glacial lacustrine deposits tend to exhibit dilative behavior, and landslides
in this material tend to have blocky characteristics, which may evolve into earthflows, with
intermittent displacements. However, some large landslides involving these materials fail
catastrophically and form extremely mobile flows (Fletcher et al., 2002; Geertsema et al.,
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2006; Wartman et al., 2016). The conditions that trigger these highly mobile flows are not
well determined.

e Glacial deep-seated landslide deposits are commonly comprised of fine-grained sediment that
can be slow to drain once recharged during the onset of the rainy season.

e Slopes of moderate to shallow inclination (less than 15°) can become unstable because
glacial deep-seated landslide deposits are commonly comprised of silts and clays, with
respectively low shear strength. Without significant topographic readjustment following
failure, coupled with the often translational (planar) nature of the failure surfaces, slopescan
remain marginally stable/unstable for years/decades/centuries.

e Glacial deep-seated landslides can have shallowly inclined to near-flat failure surfaces,
following stratigraphic contacts or structure (WSDOT, 2015).

12.4 What methodologies are used to delineate groundwater recharge areas?

e Surface topography — surface drainage divides. Gravity drives groundwater flow from areas
of recharge to topographically lower areas of discharge; hence the water table in an
unconfined aquifer slopes towards topographically low areas and water-table drainage
divides will roughly match surface drainage divides. Delineation of the contributing area to a
landslide based on surface topography thus provides a first-order estimate of the potential
recharge area. This is the methodology described in the Board Manual (2015).

o Surface topography plus mapped geology — presence of permeable substrates. In some of the
geotechnical reports examined for this review, the recharge area to landslides was truncated
to the extent of high-permeability glacial deposits, and upslope areas underlain by bedrock or
glacial till were excluded. The justification for excluding areas within the topographically
defined recharge area are not generally stated, but may be based on the typically lower
infiltration rates of bedrock and till substrates. Runoff from these areas may still drain to
high-permeability outwash deposits or through surface channels to the landslide, so drainage
paths from such areas still need to be assessed. Excluding areas underlain by low-
permeability substrates may result in either over- or under-estimates of the harvest effects on
recharge, depending on where the harvest unit is relative to these areas.

e Groundwater flow models. Computer-based groundwater models can also be used to estimate
the recharge area to specified locations in an unconfined aquifer. Miller and Sias (1998) used
MODFE (Cooley, 1992; Torak, 1992, 1993), a 2-dimensional finite-element model available
through the USGS, to estimate the recharge area to the Hazel landslide. Their results
suggested that the recharge area extended beyond topographically defined drainagedivides.'*

An areal 2-D model, such as MODFE, divides the subsurface into a set of vertical columns.
Groundwater flow is represented by horizontal flux from column to column, driven by

14 Subsequent observations (e.g., Wartman et al., 2016) and drilling by the Washington Department of
Transportation (WSDOT, 2015) demonstrated that the stratigraphy assumed in the Miller and Sias (1998) study was
in error. Miller and Sias assumed an unconfined aquifer of advance outwash overlying glacial lacustrine deposits. In
fact, the aquifer is in recessional outwash over a thick layer of till, which overlies advance outwash and lacustrine
units below. The seepage locations used by Miller and Sias to estimate the base of the aquifer indicated the contact
with till. The modeled extent of the recharge area within this aquifer is still valid, but the Miller and Sias (1998)
study did not include potential effects of the confined aquifer underlying the till.
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differences in water-table elevation between columns. Such a model can accommodate
spatially and temporally variable recharge, but cannot represent vertical components of flow
or changes in flow direction with depth, both of which may be important in determining
sources of recharge.

These shortcomings were overcome by Welch et al. (2012), who used a 3-dimensional finite-
element model to examine groundwater flow for both idealized, generic drainage basins and
for real topography. They show how upslope recharge can bypass downslope channels to
discharge points further downslope, and how the recharge area to a channel expands and
contracts under changing recharge rate. They state: “Contributing areas of DG (deep
groundwater) to headwater streams are thus more complex than would be predicted based on
catchment boundaries alone. Differences in DG discharge and DG contributing areas in
response to changes in applied recharge are a reflection of differences in topography and
suggest that headwater streams within the same watershed differ in their sensitivity to
changes in recharge”.

¢ Isotopic and geochemical analyses can identify surface sources of groundwater (e.g.,
Montety et al., 2007; Peng et al., 2011). Such studies provide poor spatial resolutionof
recharge source areas, however, and may be more applicable for regional studies.

e Batelaan et al. (2003) used the spatial distribution of phreatophytes to map groundwater
discharge zones, which coupled with a groundwater flow model, allowed them to delineate
associated recharge zones. The spatial and vertical distribution of hydraulic head values can
be used to map out groundwater flow fields, from which recharge areas may be determined.
This requires installation of an array of piezometers or monitor wells (e.g., Stoertz and
Bradbury, 1989).

12.5 What are triggers of glacial deep-seated landslides?

e Precipitation, potentially coupled with snow melt, is identified as the source of elevated pore
pressures that trigger movement of many glacial deep-seated landslides. Shipman (2001)
notes that extensive activation of glacial deep-seated landslides across Puget Sound during
the winter of 1998-99 followed record-setting three-month precipitation depth on top of three
years of above-average precipitation. Moses (2008) attributed the Ross Point landslide in
1999 to a series of intense rainstorms. Geertsema et al. (2006) speculate that a series of large,
extremely mobile landslides in valley-filling till in British Columbia may be a response to
seasonal changes in precipitation.

e Eroding riverbanks are identified as triggers for landslides in Norway (Eilertsen et al., 2008),
in British Columbia (Geertsema et al., 2006), and in Washington (Gerstel et al., 1999). Miller
and Sias (1998) used numerical models to examine sensitivity of the Hazel landslide to river
erosion at the toe of the slope. Their results indicated that toe erosion can cause a substantial
reduction in stability, with an effect over twice that of either changes in recharge from timber
harvest over the entire recharge area or incision of channels over the body of the landslide.
The largest reductions in stability occur in landslide debris at the base of the slope, although
the models indicated minor decreases in stability extending beyond the landslide headscarp.

e Channel incision can be the trigger for slumps adjacent to small channels following large
storms (Miller, 1991). Miller and Sias (1998) examined sensitivity of the Hazel landslide to
incision of channels traversing the body of the landslide deposit. They found thatsuch
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incision causes modeled reductions in stability of the same order of magnitude as extensive
harvest of the recharge area, which are for the most part localized adjacent to the channels,
but with some small decreases that extend to and beyond the landslide headscarp.

e Wave erosion is identified as a trigger for landslides in rapidly retreating coastal bluffs in the
United Kingdom (Quinn et al., 2010) and as a factor in triggering landslides in coastal bluffs
of southern California (Young et al., 2009).

e FElevated pressure head in an underlying confined aguifer has been identified as a factor in
triggering landslides in Estonia (Kohv et al., 2010a).

e Human alterations of slope morphology and drainage. Examples are discussed by Gerstel et
al. (1997) and Miller (1991). These include road cuts, slope loading by construction debris,
and diverted drainage.

12.6 Does harvesting of the recharge area of a glacial deep-seated landslide promote its
instability?

As discussed in reference to questions 1 and 2, timber harvest can alter the water budget in the
recharge area, potentially leading to an increase in groundwater recharge to a landslide, which
may subsequently increase the rate and frequency of landslide movement. The consequences of
harvest for any particular site, however, depend on a large set of site-specific factors. These
include:

the size of the harvest unit relative to the size of the recharge area,

the location of the harvest unit relative to the landslide,

the size of the landslide relative to the recharge area,

the spatial distribution of substrates and surface channels through the recharge area,
the sensitivity of the landslide to increased groundwater levels,

and the relative effect on pore pressures within the landslide of preferential flow paths.

No empirical studies document observed relationships between timber harvest in the recharge
zone and movement of a glacial deep-seated landslide. However, modeling studies suggest that
harvest in the recharge area of a glacial deep-seated landslide can promote its instability.

Miller and Sias (1998), using linked surface hydrology, groundwater, and stability models,
examined changes in modeled stability of the Hazel landslide in response to harvesting of the
recharge area. Their results suggest that the time-integrated effects of harvest-associated loss of
evapotranspiration can lead to increased pore pressures that reduce landslide stability and
increase the period of time that portions of the landslide may be active. Bogaard (2001) and
Malet et al. (2005) describe modeling efforts in Europe linking surface with groundwater
hydrology and landslide activity, with similar results. Vallet et al. (2015) present a G1S-based
methodology for assessing land-cover influences on spatially and temporally distributed
recharge to a landslide and show that these efforts improve their ability to explain temporal
patterns of landslide movement. None of these modeling studies explicitly examined the set of
factors listed above, but model-based analyses could be designed to do so.
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12.7 Can relative levels of response to forest practices be predicted by key characteristics of
glacial deep-seated landslides and/or their groundwater recharge areas?

The background information and other questions posed by UPSAG involve factors that may be
important for predicting response of landslides to forest practices. Yet, no key characteristics
have been identified for predicting sensitivity to forest practices.

Miller and Sias (1998) approached the issue of relative levels of landslide response in using
coupled physical models to compare the relative influence on slope stability of river incision at
the toe, channel incision into the body, and timber harvest in the groundwater recharge area of
the Hazel landslide. They demonstrated that modeling techniques can be used to pose physical
explanations for temporal and spatial patterns of landslide activity. Data, models, and computing
capabilities have progressed over the 18 years since that paper was published, but we have found
no other regional studies applying these or other techniques to examine deep-seated landslide
sensitivity to land-use activities. Therefore, the discussion here will address possible avenues for
identifying such key characteristics. This discussion is not new: UPSAG developed strategies for
examining aspects of this issue in 2007 (Gerstel, 2007; Sias, 2007; Vaugeois and Dieu, 2007;
Wildrick, 2007).

We focus here on regional studies involving a population of landslides, rather than detailed
studies of specific landslides, though such detailed studies are also important: subsurface
borings, lab tests, and monitoring provide types of information crucial to understanding landslide
processes. We would know little about material properties and pore-pressure responses without
such studies. However, a need exists for regional studies to better capitalize on and test our
current understanding and determine where we will learn most from focused site studies.

Two general approaches are used to examine landslide response: 1) Empirical correlations
relating observed landslide response to land use, and 2) physical models to predict landslide
response to land use. A combination of the two may also prove fruitful.

Empirical correlations. Empirical studies are widely used to map terrain susceptible to shallow
landsliding and correlations are found relating shallow landslide density to stand age and forest
roads (e.g., Miller and Burnett, 2007; Stewart et al., 2013; Swanson and Dyrness, 1975; Turner et
al., 2010). These studies rely on landslide scar and deposit locations identified from aerial
photographs and field surveys. Scars and deposits quickly revegetate, so landslide density
provides a measure of landslide activity and large storms can trigger hundreds of landslides,
providing plenty of data to work with.

Deep-seated landslides present more of a challenge. Landslide locations can be mapped from
aerial photographs, LIDAR shaded relief imagery, and other remotely sensed data, and there are
a number of studies seeking correlations relating landscape attributes to landslide locations
(Booth et al., 2009; Dragovich et al., 1993a, b; Roering et al., 2005). Deep-seated landslide
features can, however, persist for millennia, so unlike shallow landslides, abundance does not
provide a measure of activity. Other means must be found to identify landslide movement before
correlations can be sought relating land use to landslide activity.
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Identification of activity is typically based on field observations landslide by landslide, so there
are fewer data points to work from, in contrast to shallow landslides. We do, nevertheless, have
some sources of data: geotechnical evaluations for forest practice applications involving areas
with glacial deep-seated landslides, for example.

Remotely sensed data also provide a means of identifying actively moving landslides. In
particular, interferometric synthetic aperture radar (INSAR) techniques using time series of
satellite-collected data can detect ground movement and deformation, and are used to detect and
measure landslide displacements (Handwerger et al., 2013; Roering et al., 2009; Zhao et al.,
2012), with recent satellite data potentially providing ability to resolve ~15 cm differences in
movement across meter-length scales (Raucoules et al., 2013).

Physical models. Physical models are widely used for stability analyses. They offer the
advantage of predicting responses to changing conditions without needing to first observe
examples of such responses. They also involve simplifications of reality and dependence on our
concept of what reality is; predictions require validation to determine the confidence to place in
model results.

For regional hazard assessments, shallow landslides have received more attention than deep-
seated. Shallow landslides involve a fairly well-defined set of processes (rapid saturation of
shallow soils over low-permeability substrates on steep slopes) that can be characterized within
certain relatively narrow ranges (e.g., soil depth, soil strength parameters, root strengths, rainfall
thresholds). Numerous physical models that rely on simple geometry (infinite slope
approximation) and simple (kinematic wave) representations of soil hydrology and failure
mechanisms (mohr-coulomb) have been broadly applied to assess landslide susceptibility and
response to forest practices.

In contrast, deep-seated landslides involve a larger set of processes with a broader range of
possibilities to explore. They have complicated failure geometries (rotational, translational,
multiple) and respond to hydrological influences removed in space and time. Most studies
examining deep-seated-landslide response to land use thus focus on single landslides, for which
landslide geometry and material properties can be constrained. These studies generally focus on
hazards to specific sites and not on identification of more broadly applicable characteristics
indicative of landslide sensitivity. They do, however, demonstrate (as did Miller and Sias in
1998) that models can be used to assess landslide sensitivity to changing conditions. This
suggests two types of approaches for using physical models for assessing sensitivity to forest
practices:

1. Develop data-handling techniques that allow application of existing models across broad
areas and for specific sites. Miller (1995), for example, developed a methodology for
applying 2-D stability models to examine spatially distributed slope sensitivity to changes in
slope geometry and pore pressures. Scoops3D (Reid et al., 2015) extends this approach to
three-dimensional models of stability. The r.slope.stability project
(http://www.slopestability.org/) is an open-source initiative seeking to provide GI1S-based
application of 3-D stability models (e.g., Mergili et al., 2014). These models are typically
applied without accounting for the changes in subsurface geometry and soil properties
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associated with deep-seated landsliding. These changes need to be included to assess
sensitivity of the landslide features themselves, which requires accurate mapping of landslide
locations.

To fully assess land-use effects, models of slope stability need to integrate with surface and
ground water hydrologic models. Few examples of such attempts exist in the literature.
Miller and Sias (1998) linked the three model types to examine effects of timber harvest on
recharge, ground water flow, and slope stability over a multiyear time series of storms, but
applied these effects in a spatially uniform manner. Brien and Reid (2008) used coupled 3-D
groundwater and slope stability models to examine the interaction of groundwater flow,
surface topography, and subsurface stratigraphy on deep-seated landslide susceptibility for
Seattle, but included no surface hydrology: they assumed spatially and temporally uniform
recharge. Malet et al. (2005) developed a detailed surface-subsurface hydrologic model for a
glacial deep-seated landslide in the French Alps, but did not link it explicitly to a stability
model.

2. Develop generic landslide-type examples and application of physical models to explore
differences between types in modeled stability and responses to changes in pore pressures
and slope geometry. Moon and Blackstock (2004), for example, take this approach to assess
hazards for Hamilton City in New Zealand:

By using relatively simple input information derived from an existing DEM for the city
and compilation of known material strength data, models for various characteristic slope
units were developed which allow prediction of the conditions under which failure is
likely to occur. Sensitivity analysis gives an indication of the magnitude of changes in
ambient conditions needed to initiate failure.

Quinn et al. (2010) identified a set of representative cliff profiles for the Holderness coastline
in England. They used a finite-element model to identify the factors controlling landsliding in
each representative profile and verified their results against field observations and monitoring
data. They used these results to create a simple model of cliff retreat based on cliff height.

A crucial step is development of generic type examples characteristic of the geomorphic
settings and landslide processes found in Washington. Gerstel (2007) identifies requirements
for such a classification. These include a thorough landslide inventory, mapped (and well-
logged) stratigraphy, and high-resolution topographic data (from LiDAR).

Use of simplified, characteristic morphologies helps to identify the dominant controls in
complex landscape interactions. In examining groundwater flow, for example, Welch et al.
(2012) start with a vertical slice through a generic valley wall, then move to a simple 3-
dimensional idealization of a drainage basin, and only then to modeling real topography. The
same tiered approach can be applied to landslide stability. Wildrick (2007) outlines steps for
characterizing the recharge area to deep-seated landslides.

Combined empirical and physical modeling. Empirical and physically based modeling strategies
can be combined. A shortcoming of physically based approaches is the lack of detailed data,
particularly site stratigraphy and material properties, to parameterize these models, which leads
to large uncertainty in model results. Application of physical models to a population of
inventoried landslides may provide avenues to better constrain that uncertainty. Calibration of
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physical models to empirical data is commonly employed in estimation of shallow landslide
susceptibility (e.g., Bellugi et al., 2015). A similar strategy could be used for estimating
sensitivity of glacial deep-seated landslides to forest practices.

For example, using methods such as those described by Miller (1995), stability models could be
applied to each mapped landslide polygon using slope profiles obtained from LiDAR DEMs,
residual-strength estimates for material properties, and solving for the groundwater levels that
produce a factor of safety of one. The magnitude of the groundwater level provides an index of
stability; i.e., if pore pressures implausible under current climate are required, the landslide has a
high stability index. Sensitivity of these results to perturbations in groundwater levels, profile
topography, and material properties could then provide indices of sensitivity. The groundwater
recharge area, approximated from the contributing area to the landslide delineated from the
DEM, could be characterized in terms of its size, substrates, and surface drainage to provide an
index of potential groundwater response to changing recharge for the landslide polygon. These
stability and sensitivity indices can be derived using existing models, and each landslide polygon
would have a unique set of index values. The frequency distribution of values can then be
compared for active and inactive landslides. If statistics of these distributions differ, then logistic
regression or other types of analyses could be used to obtain a quantified estimate of the
probability that any landslide polygon is active or inactive. If such models indicate dependence
on characteristics of the recharge area, such models could be adapted to estimate the change in
probability of activity associated with a proposed forest practice.

Create Landslide inventories. All these modeling approaches require accurate digital landslide
inventories. LIDAR bare-earth DEMs provide sufficient detail to map slope profiles for stability
analyses and to identify subtle variations in landslide morphology and texture that provide
important clues about landslide activity and age (Glenn et al., 2006; LaHusen et al., 2016), but to
apply such techniques requires that landslide features be accurately digitized.

12.8 How do answers to the above questions guide on-the-ground identification,delineation,
and interpretation of glacial deep seated landslide features and response to forest
practices?

On-the-ground identification, delineation, and interpretation require that field observations be
incorporated into a conceptual model of the events that created and the processes that influence
the features observed. This conceptual model is vitally important: it influences not only how we
interpret what we see, but also what we look for. As indicated in responses to the questions
above, deep-seated landslides may respond to groundwater inputs from far upslope, to erosional
events far downslope, and to pore pressures and deformation occurring under our feet. So the
conceptual model needs to be expansive, covering sufficient area, time, and depth to encompass
all these factors.

It must also include a geotechnical perspective, which requires detailed observations — varves
and fissures in lacustrine deposits, for example, are not visible in LIDAR imagery — and
understanding of the implications of soil texture, stress history, and water content. Material
properties, particularly of clay-rich deposits, influence the style of deep-seated landslide
movement in response to changing pore pressures. Fine-grained materials over consolidated by
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over-riding ice tend to have low sensitivity — their residual strength after disturbance is a quarter
or more of the initial strength — and to dilate when sheared. Landslides developed in these
materials tend to exhibit intermittent, blocky movement, rather than rapid collapse and
development of mobile flows. But this is not always so, as Oso (Keaton et al., 2014), Attachie
(Fletcher et al., 2002), and other landslides in British Columbia (Geertsema et al., 2006;
Geertsema and Schwab, 2006) demonstrate. Expectations based on geotechnical interpretations
need to be tempered by field observations that provide clues to how the landslide in question,
and other landslides in similar settings, have behaved in the past.

In the discussion above, particularly for the last question, digital imagery and computer analyses

play a prominent role. Such computer-based methods may seem unrelated to field interpretations,
but the results from computer analyses can aid in development and testing of conceptual models.

They should form an integral component in the field geologist’s tool kit.

13 Knowledge / data gaps

13.1 We lack information on the range of depositional and erosional histories, the resulting
geomorphic settings, and the styles, histories, and controls on movement of characteristic
deep-seated landslide types in Washington.

This information forms the foundation for all analyses and assessments of landslide hazard and
sensitivity to forest practices: it provides the background for conceptual models to guide field
investigations; it provides data for sampling schemes in choosing sites for monitoring and
modeling; and it provides data for development, calibration, and testing of empirical and
physical-based models. Much of this information exists, but not in an organized, central
location. Three primary data sources are required: 1) accurate landslide inventories with
information on landslide type, evidence of movement, and materials involved; 2) geologic
mapping (preferably at scales of 1:24,000 or larger); and 3) high-resolution DEMs. All must be
in digital format for use in computer-aided analyses.

13.2 Spatial and temporal scales of groundwater flow patterns and responses to precipitation
and timber harvesting in settings characteristic of glacial deep-seated landslides are
poorly constrained.

Monitoring of water-table levels in and near glacial deep-seated landslides that threaten public
infrastructure (e.g., Moses, 2008, and potentially other sites that are not published) may provide
some information, but there is no analysis of how observed groundwater levels and fluctuations
vary with differences in upslope geology or land cover. Studies of harvest effects on
groundwater levels in shallow soils and on water yield suggest that harvest will also affect
groundwater levels in other settings. Miller and Sias (1998) demonstrated that hydrologic and
groundwater models can be used to predict such changes, but no subsequent work has occurred
to refine such models or to collect data to test them.
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13.3 Spatial and temporal patterns of landslide responses to precipitation and land use are
poorly characterized.

Documentation and/or monitoring of movement (or no movement) is available for only a small
proportion of glacial deep-seated landslides. Data that are available have not been
systematically compiled, organized, or analyzed.

13.4 We have no commonly available analysis tools for applying available data to assess
landslide stability or sensitivity to forest practices.

14 Recommendations / possibilities

As the response to Question 7 implies, researchers and practitioners have not yet assembled
resources to aid analysts in determining if a landslide is sensitive to forest practices, and if so,
how sensitive. The current literature points to potential controls on glacial deep-seated
landsliding and illustrates the types of analyses and models used in hydrologic, groundwater,
geotechnical, and landslide studies here and elsewhere. The section above highlighted important
gaps in our current understanding and information database. That discussion, together with the
groundwork laid by UPSAG in 2007 (Vaugeois and Dieu, 2007), provide a pathway for
assembling these resources.

14.1 Build a definitive landslide inventory for glacial deep-seated landslides.

This inventory can use the format adopted by the Washington Department of Geology and Earth
Resources (as long as it includes landslide type, evidence of movement, and the materials
involved), and must maintain minimum standards of precision and accuracy for digitized
landslide polygons.

This inventory could aim to assemble geotechnical and monitoring data available from state,
county, and city agencies across the state.

14.2 Create a basic set of GIS-based tools for using currently available data to assess landslide
stability and sensitivity to forest practices.

These tools could be applied to a population of landslides mapped regionally to develop
probabilistic models to estimate landslide activity and sensitivity to forest practices, as described
in the discussion of hybrid empirical and physical models (Section 12.7 above), and for
distinguishing different landslide populations to aid with steps 3 and 4 below. Such a toolset
could also aid analysis of individual landslides. This toolkit could be created with currently
available GIS capabilities.

A potential set of capabilities for a GIS-based toolkit include:

e Automatic delineation from a DEM of the contributing area to a mapped landslide as a first
approximation of the groundwater recharge area.

e Tools to divide the delineated recharge area into zones based on substrate, land cover,slope,
and drainage location and then application of regional recharge and runoff curves for each
substrate-land cover combination (e.g., Bidlake and Payne, 2001) to provide a first-order
estimate of average recharge. Recharge rates could be weighted by an estimated timescale
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for development of steady hydraulic-head values based on substrate and flow distance to the
landslide (Iverson, 2000).

e Tools to overlay proposed harvest units on the zones defined in the previous step to provide a
first-order approximation of the change in average recharge associated with harvest and the
time scales for those changes to affect hydraulic head at the landslide.

e Extraction of slope profiles over specified transects.

e Application of standard 2-D stability models to estimate depth of landslide and sensitivity to
pore-pressure changes.

e Application of empirical equations for runout and delineation of estimated runout extent.

14.3 Create a classification of characteristic geomorphic settings and morphological typesfor
glacial deep-seated landslides and map these across the state.

It may be possible to translate classes directly to qualitative levels of hazard and sensitivity, and
the classification provides a basis for selection of representative samples for field studies and
modeling exercises. Gerstel (2007) provides a template for development of this classification.

14.4 Define characteristic surface profiles.

Create profiles for each (or some subset) of the morphologic types identified in the classification,
and use these with standard 2-D stability analysis software to examine the pore-pressure
conditions for triggering failure and sensitivity to fluctuations in pore pressures and to changes in
slope geometry (bank erosion of the toe).

14.5 Use groundwater models to explore the spatial and temporal scales of groundwater
responses to spatially and temporally variable recharge.

This modeling can use the characteristic geomorphic settings identified in the classification of
Item 2, and might start with geomorphic and stratigraphic settings associated with landslide types
found to be particularly sensitive to pore-pressure increases identified in Iltem 3 above. Wildrick
(2007) provides a template for such modeling.

14.6 Evaluate potential for using Synthetic Aperture Radar (SAR) analyses for detecting active
landslides over regional extents

A key component in modeling studies is the testing of model predictions. Items 1-4 outlined
above help lead to predictions of where active landslides are most likely to be found. Such
predictions can be tested using landslide inventories and field surveys, but the ability to
quantitatively measure activity over a population of landslides would provide a much more
definitive test, and can provide insights on the triggers and mechanics of landslide motion
(Handwerger et al., 2015). Detection of motion requires data time series. SAR analyses (e.g.,
Zhao et al., 2012), although providing lower spatial resolution than LiDAR, is done using
satellite imagery for which time series are available.
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14.7 Apply soil-water-balance models to explore recharge rates

If modeling studies from items 4 and 5 indicate both a) groundwater response to the range of
increased recharge associated with forest practices (Appendix) and b) landslide sensitivity to
groundwater responses, then it will be worthwhile to apply soil-water-balance models to explore
the range of recharge rates for the stand types and climates associated with the classes mapped in
Item 14.3.

14.8 Collect monitoring data for a selection of characteristic sites

Choose characteristic sites identified in item 3. These sites should be selected to testassumptions
about groundwater response of different geomorphic settings. Data should be collected to test
modeling results, that is, use model results to aid in determination of what to measure and guide
instrument placement. Data should include, at minimum, precipitation, hydraulic head, and
landslide displacement. Instrumentation should be installed to determine the degree of
hydrologic connection between the landslide and its recharge area (to answer, for example, the
extent to which a landslide forms its own independent aquifer).
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15 Appendix. Water budget

Only a portion of water falling as precipitation is ultimately available for recharge to
groundwater. Since direct measurement of recharge is not feasible, estimates of recharge are
based on water-budget calculations that seek to determine the fate of water that falls as
precipitation. There are three primary flow paths:

e Evapotranspiration, which refers to all water evaporated back into the atmosphere. This
includes water that is intercepted by foliage and subsequently evaporates (interception
loss), evaporation from the ground surface, sublimation of snow, and water absorbed by
plant roots and transpired.

e Runoff. This includes surface runoff and shallow subsurface flow of water through
saturated soils.

e Recharge. Percolation of water into substrates underlying the soil.

This flow chart, from the documentation for the Deep Percolation Model (Vaccaro, 2007),
widely used by the USGS for calculating water budgets in the Pacific Northwest, illustrates
water-budget components:

Precipitation

Sublimation Evaporation
Temperature
greater than
32°F —
Snow Rain + irrigation
Snow pack Interception
storage| storage
X . .
Snowmelt —«— Reduced rainfall/irrigation
giifae W?it\er reachdmg
runoff 8. g:oun
surface ; 5
) Soil evaporation
Direct _ and transpiration
runoff Y
Shallow Soil moisture
subsurface ~€--4 storage in
runoff root zone
Figure A-1. Conceptual daily time-
Y step routing of precipitation used in
Deep the Deep Percolation Model water-
percolation budget calculations.
Y

Ground-water
recharge
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15.1 Evapotranspiration

The proportion of precipitation lost to evapotranspiration is strongly controlled by climate.
Brimmer et al. (2012) present measurements of evapotranspiration from monitoring stations
using eddy covariance (Baldocchi and Ryu, 2011) from across Canada, plotted here in terms of
proportion of annual precipitation. These data show that evapotranspiration can involve a
substantial proportion of total precipitation, varying from 20% to 90%, depending largely on
precipitation.
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Forest practices are primarily associated with reductions in evapotranspiration, which are offset
by increases in combined runoff and recharge. Differences in evapotranspiration (also measured
with eddy covariance) with stand age were reported by Jassal et al. (2009) for conifer forests on
Vancouver Island. Those data are plotted below. Mean annual precipitation at this site was about
1500 mm. Evapotranspiration from the older stand accounted for about 28% of precipitation.
Timber harvest reduced the evapotranspiration loss to 19% of annual precipitation, a 9% increase
in the amount of water available for runoff and recharge. Evapotranspiration recovered to pre-
harvest levels in about 15 years.

Figure A-3.
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15.2 Interception

Eddy covariance measurements are not widely available, so in water-budget studies,
evapotranspiration is usually estimated from the sum of interception loss and calculations of
evaporation from the forest floor and plant transpiration. Interception refers to precipitation that
is intercepted by the canopy and evaporated back to the atmosphere. The needles and branches of
tree canopy, and the abundant epiphytes common in PNW forests (Pypker et al., 2006a, b), offer
a vast surface area for water storage. Old-growth stands may hold over 4mm (0.16 in) of rainfall
in canopy storage (Link et al., 2004). Evaporation of water stored in the canopy during and
between rainstorms accounts for interception loss.

Interception losses can be quantified through measures of throughfall: that proportion of
precipitation falling on forest canopy that continues through to the forest floor. Throughfall is
determined by comparing the cumulative depth of rainfall measured under canopy to that
measured in nearby clearings. Throughfall varies spatially within a forest stand and with each
storm (Dhakal and Sullivan, 2014; Dohnal et al., 2014), depending on the amount of
precipitation, the water storage capacity of the canopy, and antecedent conditions in the canopy
(Link et al., 2004). Measures of cumulative throughfall in PNW conifer forests indicate average
interception losses that vary from 14% to 47% of annual precipitation (Bauer and Mastin, 1997;
Bidlake and Payne, 2001; Link et al., 2004; Orr et al., 2002; Pypker et al., 2005; Reid and Lewis,
2007).

Lacking measures of throughfall, interception losses can be estimated with existing models (e.g.,
Gash, 1979), but these require estimates of canopy characteristics and detailed meteorological
time series (precipitation, temperature, wind, relative humidity). Comparisons with measured
throughfall indicate that, with data of sufficient temporal resolution, these models work well for
predicting interception loss (e.g., Pypker et al., 2005).

Canopy characteristics are important: Orr et al. (2002) measured cumulative throughfall for
different-aged stands under similar site conditions on the San Juan Islands that varied from 14%
to 41% of total precipitation. They attributed this difference to differences in the storage capacity
of the different canopies. In contrast, Pypker et al. (2005) found that cumulative throughfall for a
25-year old stand was nearly identical to that of a nearby 500-year-old stand (25% versus 23%,
respectively), despite substantial differences in canopy structure.

Loss of forest canopy results in loss of interception and associated lower evapotranspiration. The
magnitude of this loss can be estimated by comparing calculated evapotranspiration rates for
different land covers subject to the same climate. Bauer and Mastin (1997), for example,
estimate evapotranspiration rates for four land cover types in south Puget Sound. Their
calculations rely on measured throughfall of 47% of annual precipitation in a 60 to 70-year-old
Douglas fir plantation, and the results are summarized in Figure A-4. Their calculations indicate
an evapotranspiration rate for conifer forests of 74% of annual precipitation (1030 mm),
compared to an average for pasture of 59%. We can infer that, for this location and for the stand
where throughfall was measured, that clear-cut harvest would result in a reduction in
evapotranspiration of 15% of annual precipitation. Recall that Orr et al. (2002) measured
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throughfall values for forests in the San Juan Islands that varied from 14% to 41%; so estimates
of evapotranspiration may vary considerably depending on stand characteristics.

Evapotranspiration by Cover Type Figure A-4. Evapotranspiration by
% Annual Precipitation cover type calculated for south
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60% B e — = parenthesis indicate the number of
<ok e years of monitoring data used for each

estimate.
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Bidlake and Payne (2001) made similar calculations for the north Kitsap Peninsula, relying on
measurements of throughfall from multiple sites, and developed equations for recharge as a
proportion of annual precipitation for different land cover — substrate combinations. Comparison
of their results for forested and non-forested sites provides an estimate of how clear-cut harvest
might increase recharge rates in this locality, plotted in Figure A-5. For mean annual
precipitation of 1030 mm, their equations indicate an increase in recharge of 13% associated
with harvest, near the 15% value obtained by Bauer and Mastin (1997) further south in Puget
Sound.

Annual recharge and change with harvest
for areas underlain by glacial outwash

0,
-
40% ///' e=== Nonforest ET
= 30% 7 e=== Forest ET
: O
E 0% // Increased Recharge
° I Figure A-5. Annual
10% — recharge and change
V with harvest for areas
0% underlain by glacial
300 500 700 9001100 130015001700 1900 outwash (from Bidlake
Mean Annual Precipitation (mm) and Payne, 2001).
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The magnitude of these increases is comparable to measures of annual water yield. Water yield is
that proportion of precipitation that exits a basin as runoff, including surface flow in streams and
shallow subsurface flow in the hyporheic zone. Measures of water yield include summer base
flow, which is supplied by groundwater, and so include effects of increased recharge. Timber
harvest (both clear-cuts and partial cuts) and road construction are associated with increases in
water yield (Rothacher, 1970; Stednick, 1996).

Data presented by Hubbart et al. (2007) from a paired watershed study in northern Idaho, for
example, found an increase in water yield of 4.8% and 3.4% of annual precipitation following
new road construction covering 1.4% and 1.0% of the basin areas, respectively. Measured
increases in water yield indicated that clear cut harvesting resulted in a reduction in annual
evapotranspiration equal to 30% of annual precipitation; partial cut harvest (50% canopy
removal) resulted in a reduction in annual evapotranspiration equal to 28.5% of annual
precipitation. They also show that effects of harvest on water yield scale with the proportion of
the basin harvested. Mean annual precipitation at this site was 1450 mm, so a change of 30% of
annual precipitation is about twice that expected from the water-budget studies cited above for
Puget Sound.

15.3 Recharge

In a water-budget calculation, precipitation minus evapotranspiration gives the water available
for runoff and recharge. Runoff to stream channels includes both surface runoff and shallow
subsurface flow (interflow) through soils overlying low-permeability substrates. Pacific
Northwest forest soils are very permeable, so there is essentially no surface runoff from
undisturbed soils: all runoff occurs as shallow subsurface flow. Lacking a low-permeability
substrate — soils overlying glacial outwash for example — most water percolates to recharge
groundwater resulting in little runoff. If a low-permeability substrate is present — lodgement till
or unfractured bedrock for example — percolation to groundwater is governed by the infiltration
rate through the substrate and most water infiltrating the soil runs off as shallow subsurface flow.
Hence, recharge is largely governed by substrate, as illustrated in Figure A-6.

Recharge vs Evapotranspiration(ET) Figure A-6. Recharge versus
15% Bedrock and Glacial Substrates evapotranspiration in bedrock
© Glacial Substrate C and glacial substrates (from
@ Bedrock Substrate Orr et al., 2002).
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For low-permeability substrates, evapotranspiration has little influence on recharge (Bauer and
Mastin, 1997). However, to evaluate recharge to groundwater flowing to any particular site, it is
important to look at where subsurface flow ends up. If areas overlying till drain to areas
underlain by glacial outwash, all the shallow subsurface flow drains into a permeable substrate
and the effects of changes in evapotranspiration on runoff become important for assessing
harvest effects on groundwater recharge.
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16 Glossary

Aquifer—A saturated region of soil, permeable rock, or rock fractures that holds enough water
that it can be extracted using a well. If an aquifer is unconfined, its upper boundary is the water
table. A confined aquifer has an aquitard between it and the surface.

Aquitard—A layer of low-permeability material such as clay or non-porous rock which
separates aquifers from each other.

Catastrophic failure—Sudden slope failure with rapid movement and high mobility, potentially
involving very large volumes of material.

Cliff retreat—The process where the location of a cliff changes over time through erosion.

Colluvium—Deposits of soil and rock fragments that have moved downslope from their place of
origin via landsliding, rock fall, raveling, and creep. Colluvium is distinguished from alluvium,
which refers to material that has been carried and deposited by flowing water.

Colluvial fan deposit—A fan-shaped deposit of colluvium at the base of a slope.

Creep—Gradual, diffuse, gravity-driven downslope movements of soil and rock. A variety of
processes cause creep, including animal and insect burrowing, tree fall, frost heave, and
progressive development of microcracks in slopes composed of brittle materials
(overconsolidated clays, rock).

Earthflow—A gravity-driven flow of fine-grained material such as fine sand, silt, and clay that
is wholly or partially saturated with water. The speed of earthflows can vary from zero to barely
susceptible to rapid (meters per day) and is dictated by the level of water saturation.

Effective precipitation—Precipitation minus that lost to evapotranspiration. Effective
precipitation is that portion of total precipitation available for runoff and groundwater recharge.

Elevation drop—The vertical path length of a landslide measured from the top of the initial
slide to the bottom of the debris deposition.

Failure geometries—The shape of the shear zone along which landslide motion occurs. A
rotational failure has a concave-up curved shape, steeper at the top of the slope than at the base
so that material moves in a curved path. In a translational failure, material moves in a straight
line downhill.

Failure zones—The region where shear stress is greater than shear strength and portions of soil
or rock begin to slide relative to each other. Also called slip surface or shear zone.

Groundwater recharge area—The total area contributing recharge to groundwater flowing to a
certain point or area.

Headscarp—The scarp created above the top of a landslide where the material originated.

Hydraulic conductivity—A measure of the ability of water to move through porous material.
Water moves more quickly through soil with high hydraulic conductivity than soil with low
hydraulic conductivity.
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Hydraulic diffusivity—A measure of the rate at which a pressure pulse propagates through a
porous material.

Hydraulic head—A measure of liquid pressure in a specific location. Water flows from areas of
higher head towards areas of lower head.

Infiltration—The process of water on the ground surface entering the soil.

Lacustrine deposit—Low-permeability, fine-grained materials (fine sand, silt, and clay)
deposited in quiet water. Lacustrine deposits have low hydraulic conductivity.

Landslide—Gravity-driven movements of soil (and rock and vegetation, depending on the
circumstances) that occur rapidly enough, and with sufficient impact, that they get our attention

Shallow landslides—Landslides that involve movement of material to about 2 to 3
meters of depth

Deep-seated landslides—Landslides that extend below the rooting zone of plants,
generally deeper than 2 to 3 meters

LiDAR-derived DEM—A 3D computer model (digital elevation model or DEM) of a terrain
surface created with LiDAR, which uses light from a laser to measure distance. Such DEMs are
generally created using LIDAR measurements taken with an airplane- (or helicopter-, or drone-)
mounted instrument that shoots millions of pulses over a swath beneath the instrument.
Reflections of the laser from vegetation, building, and ground surfaces below are used to
generate a “point cloud” of reflecting surface locations, from which vegetation and building
heights, and ground surface elevations, can be obtained. LiDAR-derived DEMs are also referred
to as bare-earth DEMs, because only the ground-surface reflections are used (based on the “last
returns” in the point cloud), so that vegetation is removed. Current LIDAR DEMs provide
elevation measurements with vertical precision on the order of centimeters and horizontal
resolution on the order of a meter.

Loading—An increase in the weight supported by a slope. Loading can increase the likelihood
of a landslide.

Lodgement till—Fine grained materials deposited at the base of moving ice sheets. Lodgement
till has low hydraulic conductivity.

Macropore—A soil gap that is larger than 75um. Macropores increase hydraulic conductivity of
soil.

Outwash deposit—A deposit of sand and gravel carried from water running out of a melting
glacier.

Overconsolidated soil—High-density soils that have been compressed by a load, such as a
glacier.

Perched groundwater—2Zones of saturation in relatively high-permeability soil perched on top
of low-permeability material such as clay or rock, with unsaturated material below.

Piezometer—An instrument for measuring the pressure of a liquid or gas. A piezometer placed
in a borehole can measure the pore pressure or depth of groundwater.
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Pore pressure—The pressure of groundwater held in soil between soil particles (pores).

Progressive failure—Gradual formation of limited zones of failure within a slope that grow
over time, and then suddenly coalesce into a continuous shear zone and the slope fails.
Progressive failure occurs in slopes composed of brittle materials, such as rock and
overconsolidated clay.

Recharge—Percolation of water into substrates underlying the soil.

Rule Identified Landforms—Unstable slopes classified by the Landslide Hazard Zonation
Project as high hazard using rules identified by the Washington Forest Practices Board. Rule
Identified Landforms include inner gorges, convergent headwalls, bedrock hollows, toes of deep-
seated landslides with slopes >65%, ground water recharge areas for glacial deep-seated
landslides, and outer edges of meander bends along valley walls or high terraces of unconfined
meandering streams.

Runout—The downslope extent of a landslide deposit. Runout length is measured as the
distance from the part of the deposit closest to origin to the part farthest away.

Scarp—A cliff or very steep slope.

Seepage face—The area where groundwater flows out onto the ground surface, removing water
from the saturated zone.

Shear strength—A measure of the magnitude of shear stress that a soil can support. It is
governed by friction and interlocking of particles. The shear strength of soil after failure, which
is some fraction of its pre-failure shear strength, is known as residual shear strength.

Shear stress—The energy held by soil particles when there are forces such as gravity acting to
separate them.

Sidecast—Waste soil and debris discarded on the downhill side of a road during road
construction.

Slump—A deep-seated landslide with a circular slip surface.
Stratigraphy—The vertical sequence of depositional units in the subsurface.

Soil sensitivity- The ratio of undrained shear strength of undisturbed soil to undrained shear
strength of disturbed soil.

Travel distance—The entire horizontal path length of a landslide measured from the top of the
initial slide to the bottom of the debris deposition.

Toe support—The reinforcement that the material at the base of a slope lends to the material
above it. If there is material removed from the bottom of the slope (toe) then it is more likely that
a landslide will occur with the remaining material.

Varves—An annually or seasonally deposited layer of sediment.

Wetting front—A downward-progressing surface of saturation. For example, after a rain event,
the rainwater enters the soil and the point that it has penetrated into the soil is the wetting front
for that rainstorm.
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