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Introduction
This Existing Geomorphic Conditions Report (report 2 of 3) is one of three companion reports
prepared for the State Route (SR) 542 bridge crossings at Glacier and Gallop creeks as part of
the Chronic Environmental Deficiency (CED) program for the Washington State Department of
Transportation (WSDOT). The other two reports include the Hydrologic Modeling Report
(report 1 of 3) and the Hydraulic Modeling Report (report 3 of 3).
The study area covers approximately 34.8 miles2 (90.1 km2) from the headwaters of Glacier
Creek near the peak of Mount Baker to the confluences of both Glacier and Gallop creeks at the
North Fork Nooksack River near the town of Glacier, Washington. The study area covers the
combined watersheds for Gallop Creek and Glacier Creek (Figure 1).
The purpose of this study is to characterize existing and potential future geomorphic hazards at
the two bridge crossings and highway embankment near the town of Glacier. The findings from
this study will provide the baseline design criteria necessary to conduct an analysis of design
alternatives aimed at avoiding or minimizing the risks identified in this report.
This analysis summarizes the geomorphic conditions that influence the lower reaches of Glacier
and Gallop Creeks, as defined by the area between the valley walls of the North Fork Nooksack
River (hereafter referred to as the study area). The analysis consisted of four main parts: 1) a
summary of existing information about the geologic and geomorphic setting of the GlacierGallop basin, including the influence of climate change on future geomorphic processes; 2) an
analysis of the dynamics of Glacier Creek and Gallop Creek channels within the last 100 years,
3) an assessment of the size and location of debris flows in the lowermost reaches of the
channels and three tributaries thought to be most at-risk based on the analysis of the geomorphic
data collected during the Phase I geomorphic assessment and, 4) an analysis of sediment
transport and accumulation near SR 542. The data collected and analyzed in these last two
sections have also been used as a basis for the hydraulic boundary conditions for a series of
hydraulic model runs, which are described in detail in the Hydraulic Modeling Report.
The scope of the existing conditions analysis was confined to those geomorphic events and
hazards that might reasonably occur within the lifetime of proposed roadway infrastructure,
assumed to be approximately 100 years. As such it did not consider volcanic events associated
with Mt. Baker (which occur on time scales of millennia) and it did not consider large, rare
earthquakes or rockslides (e.g., Church Mountain Slide and Glacier Creek Debris Avalanche),
which very likely have a return period greater than 100 years.
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Methods
This section describes the methodology used in the geomorphic conditions assessment, which
included both field activities and office data review. Geomorphic conditions in the study area
were primarily identified during a week-long field campaign on October 21-26, 2006. This
included assessments of the upper reaches of both creeks upstream of the study area. Additional
reconnaissance included a helicopter fly-over of the entire basin to identify potential hazards on
October 21, 2006 and a resurvey of portions of the study area most relevant to the SR 542
Bridges immediately following two recent flood events (on January 9-10, 2007 and January 3-4,
2008). The two resurveys provided valuable information regarding developments in the creeks
and the scope of geomorphic change associated with known floods.

Geologic and Geomorphic Setting
Background information on the geologic and geomorphic setting of the project site was obtained
by examining a number of recent studies describing the Glacier-Gallop Basin. These include:
two masters’ theses from Western Washington University describing the basin hydrology,
geology and past geophysical activity (Carpenter 1993; Van Siclen 1994), a recent geologic map
and associated descriptions of rock types in the area (Tabor, Haugerud et al. 2003), and a host of
references describing the influence of climate change in western Washington (Pelto and Hedlund
2001; Stewart, Cayan et al. 2005; Knowles, Dettinger et al. 2006; Pelto 2006; Feng and Hu 2007;
Hamlet and Lettenmaier 2007). As discussed later in this report, the background information
compiled for this study was combined with the observations made during the field
reconnaissance to gain an understanding of the geomorphic processes occurring within the
project site.

Channel Dynamics Analysis
The channel disturbance and migration history of Glacier Creek was constructed using several
sources: aerial photographs of the lower alluvial fan, lidar topographic data, stream flow data
from the North Fork Nooksack River and Glacier Creek, previous reports of the lower alluvial
fan, data collected during recent field reconnaissance described above, and conversations with
local residents. Aerial photographs were available for 1938, 1955, 1964, 1976, 1984, 1986,
1994, 2003, and 2006. Lidar topography available for the site includes the lower fan in the
vicinity of the town of Glacier, which was flown in 2005 and topography for the entire Glacier
and Gallop basins, which was flown in 2007. Seventy one years of peak stream flow data for the
North Fork Nooksack River (USGS gage #12205000) was available for water years 1938
through 2007 and for part of 2008. Glacier Creek discharge was recorded from 1984 through
1989. KCM (1996) provided a supplemental channel disturbance history from 1940 through
1995. Cross-section data was also collected along the lower alluvial fan during October 2006,
January 2007 and January 2008 site visits.
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Gallop Creek was generally not visible through the forest canopy in many of the aerial photos
due to the narrow width of the channel; therefore, most of the information regarding historical
disturbances in Gallop Creek between 1940 through 1995 was obtained from KCM (1996). Data
collected during field reconnaissance in 2006, 2007, and 2008 and anecdotal information
supplied by local residents (Piotrowski 2006; Piotrowski 2007) supplements the information
from the aerial photographs and the KCM (1996) analysis.

Landslide and Debris Flow Analysis
Landslide areas were delineated in the Little, Deep, Davis, and Gallop basins in ArcGIS using
the 2007 lidar topography and the orthorectified aerial photos providing adequate coverage of
these subbasins. The five aerial photos include the years 1955, 1964, 1994, 2006, and 2007.
Visual indices used to identify historical landslides in the photos included bare earth, disturbed
areas, and areas of new or young vegetation. Maps of artificial hillshade constructed from the
2007 lidar were also used to identify additional landslides and landslides visible in the aerial
photos that occurred during the last 50 years.
Where possible, the landslide scarp, runout path, and debris deposit were identified and
delineated in GIS. Landslides that had no noticeable source area or debris deposit were
identified as a path. When the landslides were confirmed from a particular aerial photo, the date
of that photo was noted. GIS polygons were drawn around the slip surface (or scarp), the slide
path, and the debris deposit. GIS polygons of landslides were used to determine the size and
location of debris dams in both Glacier and Gallop Creek.

Sediment Transport Analysis
Sediment transport and deposition in the vicinity of the Glacier Bridge was evaluated using both
analytical modeling and an analysis of historical surveys bracketing recent flood events. The
approach of the analytical modeling involved the calculation of sediment transport rates through
a generalized cross-section upstream of the SR 542 crossing using a surface-based transport
model (Wilcock and Crowe 2003). The estimated sediment transport rates and grain-size
distribution of the transported sediment were then used as inputs into the Parker bed evolution
model (Parker 2004). The model evaluated changes in the bed elevation at the Glacier Bridge as
a result of changes in the position of the North Fork Nooksack River, which sets the base level
and slope of the upstream reach of Glacier Creek. The Parker model assumes a channel of
constant width and uses additional inputs of discharge per unit width, slope, and surface and
substrate grain size distributions.
Observations of historical conditions in the creeks complemented the analytical sediment
transport assessment. This included an analysis of recent lidar topography, a geomorphic
analysis of the surrounding terrain, repeated surveys of cross-sections before and after major
flood events, and interviews with local residents that observed historical changes in the two
creeks.
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Results
The following sections describe the results of the literature review, field investigations, channel
dynamics analysis, landside and debris flow analysis, and sediment transport analysis.

Geologic and Geomorphic Setting
The geology of the Glacier-Gallop Basin has been mapped and described by Tabor et al. (2003)
and is shown in Figure 1. The Basin is located on the north flank of Mt. Baker and is
geologically diverse. Rocks in the southern part of the basin primarily volcanic in origin, while
the rocks in the northern portion of the basin are primarily sedimentary in origin (Van Siclen
1994). These sedimentary and volcaniclastic rocks have been accreted on the North American
continent over the last 150 million years by the eastward subduction of the Juan de Fuca Plate
beneath the North American Plate. The uplift caused by this collision has heavily faulted much
of the material, leaving it prone to slumps and landslides. The most relevant of these faults to
this study is the Glacier Extensional Fault. It divides the Chuckanut Formation (to the west)
from the Nooksack Group (to the east) and crosses the North Fork Nooksack River in the vicinity
of the Glacier and Gallop Creek confluence. It also defines the course of lower Little Creek and
upper Davis Creek.
The basin drains to a broad valley incised by the North Fork Nooksack River. The bottom of the
valley was filled by the Church Mountain Slide deposit (a mega-landslide or “sturzstrom”) that
occurred approximately 2,300 years ago (Pringle, Schuster et al. 1998). The landslide originated
from the collapse of Church Mountain and flowed for more than three miles down the North
Fork Nooksack valley. The landslide deposit is stratified and reflects the lithologic stratification
of the north side of Church Mountain. The weak sedimentary rocks of the Nooksack Group
transported to the distal edges of the slide deposit are overlain by more competent volcaniclastic
rocks of the Chilliwack Group, which were depositing close to the base of Church Mountain.
The landslide filled the valley entrances of Glacier and Gallop Creeks and temporarily dammed
the outlets of these channels. Both creeks and the North Fork Nooksack River subsequently
incised through the deposit. The location of the current course of both Glacier and Gallop Creek
is controlled by the lithologic contrast in landslide materials, which also coincides with
approximate location of the Glacier Extensional Fault (Carpenter 1993). Carpenter (1993) and
Van Siclin (1994) also describe the Glacier Creek landslide, which is another large landslide
further upstream in Glacier Creek that temporarily blocked the valley. Evidence of additional
large landslides within the basin is described later in this report.

Geomorphic Classification of Glacier Creek
Van Siclen (1994) divides Glacier Creek into five distinct reaches: 1) lower alluvial (fan),
2) lower bedrock, 3) upper alluvial, 4) gorge, and 5) upper glacial (Figure 1). These individual
reaches correspond to distinct changes in valley morphology, profile slope, and (in some cases)
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the channel substrate. The profile of Glacier Creek up to the upper glacial reach (but not to the
Coleman Glacier), as constructed from the lidar topography, is shown in Figure 2.
Lower alluvial (fan) – The lower alluvial fan reach is characterized by a broad, mobile braid
plain up to several hundred feet wide. The channel gradient through this reach is approximately
2 percent. The braid plain is confined on both sides by the Church Mountain Slide deposit.
Channel switching between braids is common, often triggered by large accumulations of woody
debris. No evidence of debris flow deposits was found in the existing literature or during site
investigations performed for this study.
Lower bedrock – The lower bedrock reach extends from the edge of the North Fork Nooksack
valley and Church Mountain Slide deposit to a broad opening in the valley approximately two
miles upstream. With the exception of a small circular opening at the junction with Thompson
Creek, this reach is extremely confined within a Nooksack Group bedrock canyon.
Upper alluvial – Above the lower bedrock reach, the creek again becomes braided. The braid
plain is comparable in size to the fan, although the grain size is substantially coarser. Also, there
is evidence of recent (Holocene) pyroclastic activity (e.g., lahar deposits) in this reach (Van
Siclen 1994). Both the upper and lower end of this reach is bounded by large landslide deposits.
It is uncertain whether these landslides are the cause of the broadening of the valley in this reach,
but they do provide a reasonable explanation for the origin of this unusual feature.
Gorge – Upstream of the upper alluvial reach, the creek again becomes confined within a steepwalled gorge. The gorge reach also exhibits an abrupt increase in profile slope midway through
the gorge. Based on our interpretation of the lidar, the gorge represents an advancing headcut
within a large landslide that filled the valley some time after the last glacial retreat. The gorge
walls are riddled with numerous shallow landslides, as observed from recent aerial photographs.
The upper end of the gorge was most likely the source of the debris-dam flood posited to be the
source of the record flooding in 1989. However, no obvious large debris blockages within the
gorge were observed on the helicopter fly-over or were identified by Van Siclen (1994). The
lack of evidence found by Van Siclen (1994) indicates that any dam that formed in 1989 (i.e.,
woody debris or landslide sediment) was completely removed in the subsequent debris flood.
Upper glacial – Above the gorge, the channel valley once again becomes broader. This reach
was likely glaciated within the last few thousand years. The slope of the channel in this reach
becomes less concave, indicating an increased dominance of debris flow processes over fluvial
processes (Figure 2). This reach appears to be incised into an ancient landslide deposit that filled
the valley and was subsequently overridden by at least one glacial advance.

Geomorphic Classification of Gallop Creek
The lower extent of Gallop Creek can be divided into at least six distinct reaches: 1) North Fork
Nooksack junction, 2) lower fan, 3) Church Mountain Slide confined, 4) upper fan, 5) bedrock
gorge and 6) rockfall (Figure 1 and figure inset). These individual reaches are very distinctive
and correspond to abrupt changes in cross-section and substrate size (Figure 3).
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Figure 2.

Glacier Creek stream profile from 2007 LiDAR.

Figure 3. Gallop Creek stream profile from 2007 LiDAR.
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North Fork Nooksack junction – This reach consists of the lower 1300 feet between the
confluence with North Fork Nooksack River and the SR 542 Bridge. This reach is leveed and
deviates significantly from earlier channel pathways that flowed northwest to the North Fork
Nooksack River along a steeper gradient downstream of the current confluence (see Channel
Dynamics Analysis section).
Lower fan – This reach consists of a 400-foot reach between the SR 542 Bridge and the Railroad
Avenue Bridge. This reach has experienced large amounts of sediment accumulation in recent
years. Average, long-term aggradation rates are in excess of 1 foot/year near the SR 542 Bridge,
as determined anecdotally from local residents and photo-comparisons from the field
reconnaissance (see further details in Channel Dynamics Analysis section). Sediment deposition
appears to result from the vertical confinement of the bridge deck and the abrupt expansion of
the channel width immediately upstream of the bridge. Most of the accumulation appears to
have occurred after the reconstruction of the SR 542 Bridge in the early 1990s (see Channel
Dynamics Analysis section).
Church Mountain Slide confined – Upstream of the Railroad Avenue Bridge, Gallop Creek is
incised into the Church Mountain Slide deposit. Despite this confinement, there is evidence of
channel widening and bank erosion. This reach transports sediment delivered by debris flows in
the upper fan reach, but also experiences periodic sediment deposition.
Upper fan – The upper fan consists of debris flow deposits that filled the Gallop valley upstream
of the blockage created by the Church Mountain Slide. This reach continues to be a zone of
active debris flow deposition due to the rapid decline in channel gradient and valley confinement
found upstream.
Bedrock gorge – Above the upper fan, the creek is confined within a steep-walled bedrock gorge
for approximately 8,000 feet. The profile steepens within the reach. The gorge walls are
composed of the Chuckanut Formation, and in many locations small debris flow chutes deliver
sediment directly to the channel network.
Rockfall – Above the gorge, the valley walls become less steep, but the creek remains confined
in a broad canyon. There is some evidence of an alluviated channel bottom, but this reach was
not able to be accessed directly, so this observation is only derived from aerial photographs and
lidar. The profile in this reach becomes linear, indicating that it is debris-flow dominated. In
this reach, the Gallop Creek channel follows a high-angle fault that divides the Chuckanut
Formation (on the right bank) from the Darrington Phyllite (on the left bank). Brown et al.
(1986) show a syncline defining the ridge crest bordering the right bank, although this feature
has been left off of Tabor et al. (2003). Regardless of its structural origin, it appears that bedding
within the Chuckanut Formation has caused more resistant rocks to be underlain by more poorly
lithified material in this reach on the right bank. This inversion in rock strength, in possible
combination with deforestation, has caused a large number of rockfalls on this slope (see Debris
Flow Analysis section).
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Effects of Climate Change
The effects of climate change on the hydrology of western Washington rivers is well documented
(Stewart, Cayan et al. 2005; Knowles, Dettinger et al. 2006; Feng and Hu 2007; Hamlet and
Lettenmaier 2007). In sum, these studies have shown that peak precipitation has occurred earlier
in the water year (Stewart, Cayan et al. 2005). This implies a smaller snowmelt peak and
suggests that a greater proportion of precipitation falls as rain (Knowles, Dettinger et al. 2006;
Feng and Hu 2007). Increased rain and intensity of rain on the snowpack in turn increase the
flood risk in western Washington (Hamlet and Lettenmaier 2007). This effect will have an
impact in both the Glacier and Gallop Creek watersheds and increase the magnitude of
geomorphic change in these creeks (see Channel Dynamics Analysis Results section).
Further impacting the hydrology of Glacier Creek is the retreat of alpine glaciers on the north
flank of Mt. Baker. The retreat of the Roosevelt and Coleman glaciers is also well documented
(Pelto and Hedlund 2001; Pelto 2006). Despite the obvious effects on streamflow melting
creates, it has not been established that the retreat of these two glaciers contributes significantly
to the recent increase in large flood events. However, the retreat of these glaciers and the
disappearance of other related ice fields in uppermost reaches of Glacier Creek basin are
exposing unstable glacial sediment to erosion and mass failure by debris flow processes.
Although revegetation of these areas is occurring, the topographic and geologic complexity of
the uppermost basin presents a heightened risk of landslides, which could potentially block upper
reaches of Glacier Creek and its tributaries.

Channel Dynamics Analysis
The channel disturbance and migration history correlated to flood events as registered on the
North Fork Nooksack River occurring during the fall and winter months only (Table 1). KCM
(1996) reported that, with the exception of the 1984 and 1989 flood event in Glacier Creek, unit
runoff (cfs/mi2) data for the North Fork Nooksack River and Glacier Creek basins respond
similarly to the same fall and winter storm events. Therefore, the long-term flow data from the
North Fork Nooksack River was used to interpret responses in the lower alluvial fan of Glacier
Creek to regionally identified flood events that were not gauged on Glacier Creek. The 1989
event in Glacier Creek was mostly likely augmented by surge flow caused by a dam break in the
upper watershed (KCM 1996). Channel response due to this event is discussed in greater detail
below.
Quantitative results of the channel dynamics analysis discussed below are approximate.
Precision is not obtainable due to the subjective nature of measuring various channel parameters
of a spatially and temporally dynamic fluvial system using historical aerial photographs of
varying quality and resolution. Therefore, analytical results presented here have been estimated
where appropriate to convey key points and describe trends in channel conditions. Channel
conditions between aerial photographs are generalized as either recovering from, or disturbed by,
recent flood events. This nomenclature describes the qualitative changes in active channel
width, area, occupancy of the historic channel migration zone and the visible changes in riparian
vegetation, gravel bars channel braiding. A channel with decreasing quantities is considered
recovering, while a channel with increasing quantities has been disturbed.
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Table 1. Floods of record between aerial photograph intervals for N.F. Nooksack River
(USGS gauge #12205000)

Aerial
Photography
Interval

Interval Between
Photographs
(Years)

Date of Peak
Discharges in
Interval

North Fork
Nooksack River
Discharge
(cfs)

Discharge
Ranking

Return
Interval
(Years)*

-1938

beginning of photo record

1939 - 1955

17

1955 - 1964

9

1964 - 1976

12

1976 - 1984

8

1984 - 1994

10

1994 - 2003

9

2003 - 2006

3

2006 - 2007

1

10/28/1937
10/25/1945
11/26/1949
11/19/1962
10/21/1963
6/2/1968
12/26/1980
1/4/1984
11/10/1989
11/10/1990
11/29/1995
11/11/1999
1/7/2002
10/16/2003
11/24/2004
12/24/2005
11/6/2006

9,670
8,490
10,300
9,000
9,680
8,020
8,500
9,700
11,200
9,540
8,800
9,220
9,300
15,200
7,970
8,180
12,600

7
14
4
11
6
16
13
5
3
8
12
10
9
1
17
15
2

11
5
20
7
13
5
6
16
28
9
6
7
8
127
4
5
46

12/4/2007

7,760

18

4

*Determined from using a Log Pierson III empirical fit

Width changes and migration of the active channel of Glacier Creek were analyzed by examining
the channel at seven transects across the lower alluvial valley during the field reconnaissance
(Figure 4). Transect 1 was located near the creek confluence with the North Fork Nooksack
River and was monitored for channel changes across the lower alluvial fan. Transects 2 and 3
were located downstream and upstream of the SR 542 Bridge respectively and were monitored
for channel changes due to the bridge. Upstream of the bridge the historical channel migration
zone (HCMZ) has a slight meandering pattern; therefore, Transects 4, 5, 6 and 7 dissected the
channel across at the HCMZ bend apices where large changes between flood events have
occurred. Temporal changes in the active channel area between Transects 1 and 7 were used to
determine if the channel was in a state of recovery or was recently disturbed by a previous flood
(Figure 5). Temporal changes in the average percent of the HCMZ occupied by the active
channel width was also used to distinguish post-storm disturbance or recovery (Figure 5). In
general, changes in active channel area is more useful for assessing channel response to floods
than channel occupancy of the HCMZ because it accounts for changes occurring between all
transects; however, changes in channel occupancy of the HCMZ is useful for assessing channel
responses at individual transects, which are placed at geomorphically significant locations.
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HCMZ Occupancy and Active Channel Area by Photographic Year
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Figure 5. Time series of average HCMZ occupancy and channel area in Glacier Creek.
1907
The General Land Office (GLO) Plat map is the earliest known survey of the region (GLO
1907). The GLO map shows a bridge crossing Glacier Creek approximately 750 feet
downstream of the current highway alignment. The map also depicts a sharp bend in Gallop
Creek to the northwest approximately 500 downstream of the current SR 542 Bridge alignment.
The confluence of Gallop Creek with the North Fork Nooksack River is approximately
3,000 feet west of the modern location of the junction. This coincides with paleochannels
detected from lidar data. Although Gallop Creek is known to have been straightened, the
historical alignment of Gallop Creek as shown on the 1907 map must be interpreted with caution.
For instance, the map confuses Davis Creek with Little Creek, and the Gallop Creek canyon
upstream of SR 542 deviates considerably from the location shown in the aerial photographs.
1938
The earliest photo of record (1938) shows that the Glacier Creek channel was recently disturbed.
The disturbance coincides with the 7th highest flood on record in the North Fork Nooksack River
above the town of Glacier. The flood was recorded in October 1937 and was an 11-year
recurrence flow based on 71 years of peak flow data. Evidence of recent disturbance includes
lack of significant areas of vegetation within the active channel width, which indicates that
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previous vegetated bars and island were eroded away, and that riparian vegetation present in the
photo is young. The active channel width at the seven transects varied from 140 ft to 350 feet.
The active channel area between Transect 1 and 7 was 37 acres. The active channel occupied
53 percent of the HCMZ at each transect. The active channel appears highly braided in some
locations with several active and inactive channel threads visible. In the vicinity of Transect 7,
the left and right bank floodplain appeared covered with younger vegetation indicating channel
occupancy in those regions within the last 20 years. At this time, SR 542 crossed approximately
200 feet south of its current location. The old road alignment and some of the old bridge
infrastructure was found during the site visits.
No channel disturbance is visible on Gallop Creek through the forested canopy.
1938-1955
Two significant flows were recorded on the North Fork Nooksack River between 1939 and 1955.
The October 1945 flood ranks 14th with a recurrence interval of 5 years, while the November
1949 flood ranks 4th with a recurrence interval of 20 years. KCM (1996) reported that Glacier
Creek appeared to be recovering between 1937 and 1947 despite the 1945 flood, but speculated
that the 1949 flood caused significant damage to the SR 542 Bridge. KCM (1996) also stated
that in 1956, the SR 542 Bridges were relocated about 200 feet upstream (of both creeks) to their
present locations. No significant floods occurred again until 1962.
Based on the 1955 aerial photograph, channel conditions in Glacier Creek appeared to be
recovering from the 1937, 1945 and 1949 floods. The active channel width at the seven transects
reduced since 1938 and varied from 110 feet to 260 feet. The active channel area between
Transect 1 and 7 decreased since 1938 to 28 acres. The HCMZ occupied by the active channel
also decreased since 1938 to 47 percent. Additional evidence of channel recovery visible in the
1955 photo include the formation of multiple vegetated islands within the active channel,
significant channel narrowing at Transect 2, 3, 4, 6 and 7 due to development of riparian
vegetation along the channel margins, and less channel braiding than in the 1938 photo.
Although the channel appeared to be recovering in the 1955 photo, a portion of the left bank
between Transect 3 and 4 migrated westward roughly 150 feet. This coincides with the location
of a channel avulsion that is visible in the 1964 aerial photo discussed in the next section.
KCM (1996) reported that in a 1947 aerial photograph, timber harvest occurred along the left and
right bank hillside down to the stream along 2.2 miles of the channel most likely within the
rockfall reach of Gallop Creek. This aerial photograph was not available for this report. The
channel was slightly detectable through the canopy for about 0.5 miles below the harvest,
indicating a large flux of sediment associated with the deforestation. The lower 0.85 miles of
channel was not visible. Gully erosion and failures were apparent along the right bank slope
along that segment. The 1955 aerial photograph reveals slight channel disturbances along
approximately 1,000 feet of stream near the town of Glacier, which may be due in part to the
clearing of vegetation along the floodplain between Glacier Creek and Gallop Creek upstream of
the SR 542 Bridge.
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1955-1964
The 1964 aerial photograph revealed that channel conditions in Glacier Creek appeared disturbed
since 1955. These changes coincide with two major flood events recorded on the North Fork
Nooksack River. The November 1962 flood ranks 11th with a recurrence interval of 7 years, and
the October 1963 flood was the 6th largest with a 13-year recurrence flow. The active channel
width at the seven transects increased since 1955 and varied from 170 feet to 410 feet. The
active channel area between Transect 1 and 7 increased since 1955 to 44 acres. The percent
occupation of the HCMZ occupied by the active channel also increased since 1955 to 66 percent.
Visible evidence of disturbance in the 1964 photo include the erosion of several small vegetated
channel bars and erosion of young riparian vegetation along the channel margins from the 1955
photo. The 1964 channel is mostly bare of vegetation, with the exception of a few larger
vegetated islands, which were also partially eroded and reduced in area. The channel also
appears more braided than in the 1955 photo.
Significant channel widening and migration occurred at Transect 2, 3, 4, 6 and 7 and
immediately upstream of the Glacier Creek SR 542 Bridge. During either the 1962 or 1963
flood, the left bank of Glacier Creek was inundated and vegetation was removed from between
the two SR 542 Bridges to roughly Transect 4. Consequently, the east approach of the Gallop
Creek SR 542 Bridge sustained significant damage and was replaced. Subsequent to this event,
possibly in 1964, WSDOT constructed a protective levee along the Glacier Creek left bank
extending approximately 1,400 feet upstream of the SR 542 Bridge (KCM 1996). The levee was
repaired and extended in the ensuing years.
From a 1956 aerial photograph (not available for this report) KCM (1996) speculated that
channel widening in Gallop Creek between bridges may have been caused by a Glacier Creek
side channel flowing into Gallop Creek above SR 542. Channel disturbance in Gallop Creek was
obvious in the 1964 aerial photograph due to Glacier Creek avulsing into Gallop Creek. Channel
disturbance was visible for roughly 1,000 feet downstream of the Gallop Creek SR 542 Bridge
before dispersing into the tree canopy.
1964-1976
Channel conditions in Glacier Creek appeared to be recovering based on the 1976 aerial
photograph. Only one significant flood occurred between 1965 and 1976 on the North Fork
Nooksack River; the June 1968 flood ranks 17th with a 5-year recurrence interval. The range of
active channel widths at the seven transects were similar to those 1964, varying from 110 feet to
410 feet; however, significant channel narrowing occurred at Transect 2, 3, 4, 5 and 6. Large
stands of riparian vegetation established along the channel margins in these locations reducing
the active channel area between Transect 1 and 7 since 1964 to 27 acres. The HCMZ occupied
by the active channel decreased since 1964 to 46 percent. The channel appeared less braided
than in 1964. Although the channel appeared to be recovering in the 1976 photo, upstream of the
levee the left bank migrated as much as 120 feet. Migration of the left bank along the levee is
not detectable in the 1976 photo indicating the levee withstood peak flows and eliminated further

jr /06-03302-004 existing geomorphic conditions report.doc

March 26, 2009

17

Herrera Environmental Consultants

Existing Geomorphic Conditions Report (Report 2 of 3)

migration. Development of the Mt. Baker Rim community commenced during this relatively
quiet flood period along the right bank of the lower alluvial reach of Glacier Creek.
KCM (1996) reported that Gallop Creek was generally recovering based on a 1972 aerial
photograph (not available for this report) despite some recent gully erosion below recent timber
harvest, signs of debris flow deposits in the channel and a streamside slope failure below a road
crossing. Gallop Creek is not visible in the 1976 aerial photo; however, harvest along the right
bank hillslope down to the stream is evident upstream of SR 542.
1976-1984
Two significant flows were recorded on the North Fork Nooksack River between 1977 and 1984.
The December 1980 flood ranks 13th with a recurrence interval of 6 years, and the January 4,
1984 flood ranks 5th with a recurrence interval of 16 years. Based on the 1984 aerial
photograph, channel conditions in Glacier Creek between Transect 2 and 4 appeared disturbed
since 1976 (wider active channel indicating erosion of riparian vegetation) although channel
parameters measured generally indicate a recovery. The active channel width at the seven
transects was slightly less variable than in 1976 and varied from 130 feet to 360 feet. The active
channel area increased slightly since 1976 to 28 acres. The HCMZ occupied by the active
channel decreased slightly since 1976 to 43 percent. Channel widening occurred along the right
bank at Transects between 2, 3 and 4 and the left bank upstream of the levee migrated further
westward. The extent of channel braiding was not detectable in the 1984 photo.
KCM (1996) report that Gallop Creek appeared to be recovering based on a 1983 aerial
photograph (not available for this report) despite substantial timber harvest throughout the
watershed down to the stream. The 1984 aerial reveals substantial clear cutting as well upstream
of the Gallop Creek SR 542 Bridge; however, the poor quality of the photo precludes assessment
of the active channel.
1984-1994
The 1994 aerial photograph reveals the most extensive channel widening in Glacier Creek since
1938. This widening coincides with two major flood events recorded on the North Fork
Nooksack River. The November 1989 flood ranks 3rd with 28-year recurrence interval, while
the November 1990 flood was the 8th largest with a 9-year recurrence flow. KCM (1996)
reported that Glacier Creek sustained a flow between 8,000 and 10,000 cfs at a temporary gage at
the base of the gorge during the November 1989 flood. This event most likely resulted from a
catastrophic failure of a debris dam, occurring within the upper portion of the watershed, in
conjunction with a large flow from runoff (see Hydrologic Modeling Report for details).
Significant channel widening and migration occurred throughout the reach due to the 1989 and
1990 floods. The active channel width at the seven transects increased substantially since 1984
and varied from 220 feet to 450 feet. The active channel area between Transect 1 and 7
increased since 1984 to 45 acres. The HCMZ occupied by the active channel also increased
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significantly since 1984 to 75 percent. All vegetated islands and channel bars were eroded
during the floods. The entire active channel shows multiple patches of riparian vegetation
recovery along the channel margins indicating the large, lateral extent of disturbance from the
1989 and 1990 floods. The channel appeared highly braided upstream of the SR 542 Bridge.
The left bank upstream of the levee continued to migrate westward. Upstream of the SR 542
Bridge to Transect 7 the right bank migrated substantially landward toward the Mt. Baker Rim
community. KCM (1996) reported that the community sustained extensive damage during both
floods due to inundation and erosion of channel banks. During the 1989 flood the Glacier Creek
levee was overtopped upstream of SR 542, with water flowing down the highway and into
Gallop Creek. Then, during the 1990 flood, the levee was undermined near the highway. Both
occasions required emergency repairs by WSDOT to protect the bridge approaches. In addition,
in 1991, WSDOT in conjunction with Whatcom County installed a levee and series of rock barbs
on the right bank of Glacier Creek above SR 542 (Pittman 2008).
During the November 1990 flood the Railroad Avenue Bridge approaches on Gallop Creek were
eroded allowing water to flow over the banks and into the town of Glacier. The Gallop Creek
SR 542 Bridge was replaced and Gallop Creek below SR 542 was dredged and diked along both
banks to the mouth of the North Fork Nooksack River. The new bridge was substantially wider
than earlier bridges across Gallop Creek. KCM (1996) reported that little to no channel
disturbance was visible in Gallop Creek prior to the November 1989 flood, but that channel
disturbance was evident in a 1991 aerial photo (not available for this report) most likely due to
landslides, gully erosion, side slope failures, near roads and recent timber harvest within the
watershed upstream of the SR 542 Bridge. Some channel disturbance is also visible in the 1994
aerial photo upstream of the SR 542 Bridge. Prior to the 1995 flood (discussed below), local
residents claim that there was at least six feet of clearance under the Gallop Creek SR 542 Bridge
(Piotrowski 2006).
1994-2003
Channel conditions in Glacier Creek appeared to be recovering based on the 2003 aerial
photograph despite three large floods occurring during the 9 years between photos on the North
Fork Nooksack River. The November 1995 flood ranks 12th with a 6-year recurrence interval.
The November 1999 flood was the 10th largest with a 7-year recurrence interval. The January
2002 flood ranks 9th with an 8-year recurrence flow. Channel narrowing is evident at all seven
transects. The active channel width at the seven transects decreased since 1994 and varied from
100 feet to 310 feet. The active channel area between Transect 1 and 7 decreased since 1994 to
23 acres. The HCMZ occupied by the active channel also decreased significantly since 1994 to
46 percent. Multiple vegetated channel bars and islands have developed within the channel.
Riparian vegetation continued maturing since the 1994 photo, which reduced the active channel
width. The channel appeared highly braided despite its recovery mode. Upstream of the levee
near Transect 4, the left bank did not migrate. At Transect 6 the channel migrated 500 feet
northward across the floodplain such that right bank is adjacent to Mt. Baker Rim community
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downstream to Transect 5. KCM (1996) reported that during the 1995 event the Mt. Baker Rim
community sustained property damage and loss due to inundation and bank erosion.
KCM (1996) reported that Gallop Creek was dredged upstream and downstream of the SR 542
Bridge during the November 1995 flood to maintain conveyance under the bridge. This is
consistent with anecdotal accounts from local residents (Piotrowski 2006). These accounts
describe that after the dredging there was 3-4 feet of clearance under the bridge, but that that
clearance vanished in the next several years. The channel is generally not visible in the 2003
aerial photograph; however, no significant signs of channel disturbance are visible.
2003-2006
The 2006 aerial photograph revealed that channel conditions in Glacier Creek appeared disturbed
since 2003. These changes coincide with one major flood event and two lesser, but significant
flows recorded on the North Fork Nooksack River. The October 2003 flood was the largest on
record with a recurrence interval of about 127 years. The 18th and 16th highest flows occurred
in November 2004 and December 2005 respectively. Significant channel widening and
migration occurred throughout the reach. The active channel width at the seven transects
increased since 2003 and varied from 120 feet to 380 feet. The active channel area between
Transect 1 and 7 increased since 2003 to 42 acres. The HCMZ occupied by the active channel
also increased since 2003 to 51 percent. The levee forced the right bank to migrate landward at
Transect 3 increasing the area of inundation immediately upstream of the SR 542 Bridge.
Upstream of the levee near Transect 4, the left bank migrated landward. Channel braiding
appeared more extensive in the 2006 aerial photograph. Several small stands of young riparian
vegetation along the channel margins were eroded, as were several vegetated channel bars and
islands.
In Gallop Creek, the channel and any evidence of disturbance are generally not visible in the
2006 aerial photograph. Field reconnaissance in October 2006 revealed a relatively straight,
narrow channel between the SR 542 Bridge and the Railroad Avenue Bridge with a dense
riparian canopy along the channel. Despite dredging in 2003, there was only one foot of
clearance at the Gallop Creek SR 542 Bridge in October 2006.
2006-2008
No aerial photographs were available at the time this report was produced for 2007 or 2008;
however, data collected during field reconnaissance in October 2006, January 2007 and January
2008 revealed additional information about the channel dynamics upstream from the SR 542 to
roughly Transect 5. The second largest flood with a 46-year recurrence interval was recorded the
North Fork Nooksack River in November 2006. Field reconnaissance conducted in January
2007 revealed activation of a side channel that formed within the right bank flood plain of
Glacier Creek, northward of the active channel on the right bank. The side channel initiated near
Transect 5, flowed through the vegetated floodplain under a canopy of mature conifers adjacent
to the Forest Service Facility, and then abutted the SR 542 highway prism before re-entering
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Glacier Creek near the bridge. Channel widths surveyed during October 2006 (pre-2006 flood)
and January 2007 (post-2006 flood) between the SR 542 Bridge and Transect 5 are roughly
within the range of those measured using the 2006 aerial photograph; however, channel shifting
is evident in the January 2007 surveys. Also evident is 1 to 3 feet of sediment deposition in
various locations across the active channel, with some local incision in active side channels
(Figure 6).
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Figure 6. Topographic cross-section before and after the November 2006 flood event 100
feet upstream of the SR 542 bridges.
In December 2007, the 18th largest flood on record with a 4-year recurrence interval was
recorded on the North Fork Nooksack River. Field reconnaissance conducted in January 2008
revealed that the side channel continued to develop with the channel incising, braiding and
eroding vegetation. Flows across, and sediment deposition within, the vegetated floodplain were
also evident. Glacier Creek was highly braided during the January 2008 site field
reconnaissance. The braiding appeared to begin after the November 2006 event, although most
of the side channels were inactive on the January 2007 site visit. The main stem of Glacier
Creek was confined along the levee with many side channels contributing flow. The side
channels were separated by large channel bars consisting of large cobbles and boulders and small
stands of deciduous trees. Several large log jams and wood debris piles were also responsible for
side channel formation within the broad, active channel.
Field reconnaissance in January 2007 (post-2006 flood) revealed that WSDOT had dredged
Gallop Creek within the vicinity of the SR 542 Bridge crossing in November 2006. Interviews
with local citizens confirmed that emergency crews excavated the upstream side of the SR 542
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Bridge, barely preventing inundation of homes on the left bank. According to one of these
residents (Piotrowski 2007), the left bank of Gallop Creek would have been overtopped
immediately downstream of the Railroad Avenue Bridge in this event were it not for the
emergency excavation at the SR 542 Bridge. Significant changes to the stream were discovered
upstream and downstream of the Railroad Avenue Bridge. The stream changed from a relatively
straight and narrow channel to a meandering, wider, shallower channel. Surveys and visual
observations suggest aggradation near the bridge.
Reconnaissance in January 2008 revealed that the channel and overbank areas of Gallop Creek
had not changed substantially between the SR542 Bridge and the Railroad Avenue Bridge, but
that a large plug of sediment accumulated (>12 inches thick from comparisons of photo points)
upstream of the bridge between January 2007 and January 2008.
Key Points
The channel dynamics analysis revealed several trends on Glacier Creek:



Upstream of the levee near Transect 4, the left bank has migrated
landward through a low elevation terrace, most notably in response to the
October 2003 flood event. There is a threat that continued bank erosion in
this area could initiate an avulsion of Glacier Creek into Gallop Creek.



The side channel along the right bank between the SR 542 Bridge and
Transect 5 has incised and widened during recent high-flow events and
poses an increasing risk to the Mt. Baker Rim community.



The right bank in the vicinity of Transect 6 has continually migrated
northeast toward the Mt. Baker Rim community.



There have been an increasing number of large floods since 1980; nine 4year or higher recurrence floods since 1980 (3.1 years between 4-year or
higher flood) verses only six from 1938 to 1980 (7.2 years between 4-year
flood), likely a result of climate change (Hamlet and Lettenmaier 2007).



A natural constriction in Glacier Creek has developed downstream of
Transect 5. Glacier Creek is now confined to a roughly 250 feet wide
channel migration zone between the Little Creek alluvial fan and a large
block from the Church Mountain Slide.

Gallop Creek is generally not visible in the aerial photographs used to analyze Glacier Creek in
this report. Gallop Creek channel dynamics are predominately based on information from KCM
(1996), lidar topography, and anecdotal evidence from local residents. Trends in channel
response to disturbances in Gallop Creek include the following:



The Gallop Creek SR 542 Bridge cannot currently pass flood waters
without overtopping the roadway and adjacent levees due to extreme
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sediment aggradation upstream of the bridge, partially a result of the
widening of the bridge and levee infrastructure immediately upstream of
the bridge in the early 1990s.



Channel responses are correlated to historical forestry practices within the
middle and upper watershed. Vegetation removal down to the channel
banks and subsequent erosion of clear cut steep slopes has been one cause
of elevated sediment loads in the creek.



Landslides (natural and induced by timber harvest and road construction)
occurring within middle and upper watershed account for a large
percentage of sediment delivery to the channel (Collins 1985). Landslides
and their implications on Gallop Creek are discussed in the subsequent
section.

In addition there are several other threats to SR 542 infrastructure that were identified:



The width of the Glacier Creek SR 542 Bridge is undersized (75 feet) as
compared to the width of the active channel width of Glacier Creek
(150-300 feet) and the Glacier Creek HCMZ (>300 feet).



Channel widening and new channel formation was typically associated
with flows in the North Fork Nooksack that exceed roughly 9,000 cfs, or
greater than a 5 to10 year recurrence interval.



Smaller floods (e.g., the latest flood in December 2007) may induce
geomorphic change, but these flows generally only exploit existing
channel pathways.

Landslide and Debris Flow Analysis
The Glacier-Gallop basin contains many landslides of varying size and recurrence frequency.
Large landslides have the potential to block the channel and form a debris dam. These debris
dams can fail slowly and incompletely, or they can fail catastrophically. If the debris dams fail
catastrophically, they can cause a large pulse of water and debris to flow downstream. Such a
pulse of water containing less than approximately 10 percent sediment is known as a debris
flood. Glacier Creek has an established history of debris floods, as do adjacent watersheds in a
similar geologic setting ((KCM 1996); Figure 5). Anecdotal accounts of Gallop Creek flooding
indicate that debris floods may have occurred in this basin as well (Piotrowski 2006). In order to
assess the potential geomorphic hazard of debris floods, an assessment of the potential for
channel-blocking landslides to occur in the smaller tributaries and in Glacier and Gallop Creeks
was performed.
Guidance provided by the United States Geological Survey (USGS 2005) advises distinguishing
between debris flow deposits and flood deposits on the floodplains adjacent to the creek. Debris
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flow identification surveys did not yield conclusive evidence of debris flows on either creek near
SR 542. In fact, most of the floodplain deposits near the bridges were fluvial in nature (i.e.,
coarse grained, clast supported and well imbricated). An example of the type of deposits is
shown in Figure 7, which is an exposure on a cut bank from side-channel incision from the
December 2007 flood. However, the December 2007 flood event did produce some signs of
debris flows indicated by USGS (2005). Figure 8 is a photograph of damage to an adjacent tree,
typical of vegetation damage next to debris flow channels. However, the damage may also have
been related to large woody debris (LWD) transported through the side channel. LWD is
extremely common throughout the Glacier Creek floodplain. The only location where definitive
debris flow deposits (aside from exposures of the Church Mountain Slide) were found in the area
near the bridges was from the deposits of the Little Creek fan dissected by Little Creek. It is
impossible to know when this event occurred, but it is likely that these deposits were laid down
within the last several hundred years.
In addition to the historical landslides observed in aerial photos and lidar, several large, deepseated landslides with estimated volumes greater than one million cubic yards were identified
during a meeting with Ralph Haugerud, a geologist and co-author of two recent geologic maps of
the area (Brown, Blackwell et al. 1986; Tabor, Haugerud et al. 2003). These landslides were
unknown prior to the lidar mapping conducted for this project. No evidence of these landslides
was found in any aerial photograph. These features are best described as deep-seated landslides
associated with translational and/or rotational bedrock movement. Because of their relatively
infrequent occurrence and activity, they will be discussed separately below.
Recent Landslides
As mentioned in the introduction, emphasis was placed on relatively small and frequent (those
with a return period less than 100 years) landslides in the Deep, Little, Davis and Gallop basins.
A catalog of these landslides is provided in Table 2 and map of these is Figure 6.
There are two general types of landslide through Deep, Davis, and Gallop basins: small to large
deep-seated landslides and debris flows. Both types of landslide are controlled by their geology.
The deep-seated slides are dominated by large, sectional translational and rotational movements
of rock. In contrast, the debris flows are described by long deep scars which define the ravines
of the upper basins.
The geology of the basins under study is generally grouped as unmetamorphed terranes and
nappes, which are described by a series of faults and anticlines (see Geologic and Geomorphic
Setting section for details). The presence of extensive terranes and faults indicates a strongly
stratified geology. These strata are evidenced through Little, Davis and Gallop Creeks, which lie
along an extensional fault zone. In places, the softer substrate of the lower strata in these basins
is being eroded from underneath a layer of harder substrate. The resulting landslides tend to be
translational and rotational rock slides.
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Figure 7. Example of imbricated, clast-supported, coarse-grained floodplain deposit
typically found upstream of the SR 542 bridges on Glacier and Gallop Creeks.
The photograph is from cut bank exposed during the December 2007 flood on
the right bank of Glacier Creek. Direction of flow is from right to left in
photograph.
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Figure 8. Example of damage to trees (above backpack) adjacent to channels incurred in
the December 2007 flood event.
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Table 2.

Inventory of shallow landslides identified in the Gallop, Davis and Deep Creek
watersheds.

Id

River/Creek

Years Seen in Aerial

Landslide

Evident in LiDAR

Style of Failure

Area
(ft2)

1
2
3
4
4
4
5
6
7
8
9
9
9
10
11
12
13
14
14
14
15
16
17
18
19
1
2
3
4
5
6
6
6
1
1
1

Gallop
Gallop
Gallop
Gallop
Gallop
Gallop
Gallop
Gallop
Gallop
Gallop
Gallop
Gallop
Gallop
Gallop
Gallop
Gallop
Gallop
Gallop
Gallop
Gallop
Gallop
Gallop
Gallop
Gallop
Gallop
Davis
Davis
Davis
Davis
Davis
Davis
Davis
Davis
Deep
Deep
Deep

1994

Path
Path
Path
Path
Scarp
Debris
Path
Path
Path
Path
Debris
Path
Scarp
Path
Path
Path
Path
Path
Scarp
Debris
Path
Path
Path
Path
Path
Path
Path
Path
Path
Path
Debris
Path
Scarp
Debris
Path
Scarp

No
No
No
Yes
Yes
Yes
No
Yes
No
Yes
Yes
Yes
Yes
No
Yes
Yes
No
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
No
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

Shallow Slump
Shallow Slump
Shallow Slump
Deep Seated
Deep Seated
Deep Seated
Shallow Slump
Deep Seated
Shallow Slump
Rockfall
Rockfall
Rockfall
Rockfall
Rotational
Rockfall
Rockfall
Rockfall
Earth Flow
Earth Flow
Earth Flow
Rotational
Rockfall
Rockfall
Rockfall
Rockfall
Shallow Slump
Shallow Slump
Shallow Slump
Rotational
Debris Flow
Debris Flow
Debris Flow
Debris Flow
Deep Seated
Deep Seated
Deep Seated

10812
11783
5064
65515
21082
7315
10007
11498
12273
35016
56933
119608
59061
24085
11812
53648
64678
107823
63354
41934
17725
29765
39412
191978
55987
12866
3773
1473
39306
2656
6600
19141
5410
65861
248838
37061

1994
1994
1994
1994
1994
1994
1994
1994
1994
1994
1994
1994
1994
1994
1994
1994
1994
1994
1994
1994
1994
1994
1994
1994
1994
1994

1994
1994
1994

Id - corresponds to the Landslide on a River/Creek
Year - If a landslide was identified in an aerial photo, the year of that photo is included
Landslide - If the scarp and debris are identifiable, then they are included. If not, only a path is listed.
Evident in Lidar
Style of Failure
Shallow Slump
Rockfall
Deep Seated (translational)
Rotational
Debris Flow/Earth Flow
jr /06-03302-004 existing geomorphic conditions report.doc

March 26, 2009

27

Herrera Environmental Consultants

Existing Geomorphic Conditions Report (Report 2 of 3)

Most of the shallow landslides occur on the east bank of an upper reach of Gallop Creek. This
region is unusually prone to rockfalls due to a particular geologic succession, discussed in depth
in the Geomorphic Classification of Gallop Creek section. The other landslides appear to be
randomly distributed throughout the basins targeted, with none that appear to pond significant
streamflow. There were no landslides identified in the Little Creek basin.
Large, Deep-Seated Landslides
In addition to the smaller, more common landslides mapped from georeferenced aerial
photographs and lidar, several large, deep-seated slides were found adjacent to Glacier Creek
above the gorge reach (Figure 9). These slides possessed no signature in recent aerial
photographs and are evident only in lidar. Aside from the Glacier Creek Debris Avalanche and
the Church Mountain Slide described by others (Carpenter 1993; Van Siclen 1994; Tabor,
Haugerud et al. 2003), these slides or their extents are newly discovered based upon the new
lidar data. All of these slides appear to be related to rare events not considered in the study of
risk to SR 542 (see Introduction for the scope of the present study). They are listed below from
downstream to upstream according to their names in Figure 9.
Church Mountain Slide – As previously discussed, this large landslide occurred 2,300 years ago
and temporarily dammed Gallop and Glacier creeks and tributaries to Glacier Creek as far
upstream as Davis Creek. For more details see the Geologic and Geomorphic Setting section.
Thompson Slide - This landslide bounds the top of the lower alluvial (fan) reach near the
confluence with Thompson Creek. It constricts the creek in several locations, most notably
immediately upstream of Mt. Baker Rim subdivision. There is a mature conifer forest at the toe
of Thompson Slide. Despite that the presence of these trees generally indicates general stability,
the trunks of these trees are curved in a way that suggests slow downslope movement
(Figure 10). Although the creep may be a result of surficial instability, and therefore
insignificant to the geomorphology of Glacier Creek, wholesale reactivation of the slide deposit
would have the potential to completely dam Glacier Creek. However, the overprinting of
dammed Glacier Creek sediments on slide blocks indicates that most of the movement occurred
prior to or synchronous with the Church Mountain Slide, and therefore is beyond the scope of
threats addressed in this document.
Glacier Creek Debris Avalanche – This feature was described in depth by Carpenter (1993) and
Van Siclen (1994). Carpenter (1993) dated the deposit at 2,000 years old. The investigators
attributed the source to the unnamed tributaries on the right bank. There is little evidence of
scarps in either of these basins. And although it is certainly possible that material was delivered
via these right-bank tributaries, a large scarp on the left bank may be the source of this deposit.
Skyline Slide - Another large landslide was discovered near the downstream end of the upper
alluvial reach of Glacier Creek. Part of this landslide was identified in Tabor et al. (2003), but
the lidar indicates that the landslide extends all the way down to Glacier Creek. It is possible
that this slide initiated the formation of the upper alluvial reach.
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Figure 9. Map of landslides in the Glacier-Gallup Basin

e

Existing Geomorphic Conditions Report (Report 2 of 3)

Figure 10. Curved tree trunks on the slope at the toe of the Thompson Slide. The
character of curved trees is most likely a result of shallow soil creep.
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Gorge Slide – Probably the most relevant slide to the Glacier Creek profile is the Gorge Slide.
This is a large (greater than one-million cubic yards) slide that defines the gorge reach of Glacier
Creek (see Geologic and Geomorphic Setting section). Like the other newly discovered
landslides, it is difficult to determine whether slide motion is ongoing (and extremely slow),
seismogenic (i.e., triggered by large earthquakes), or was a one-time event at the onset of the last
deglaciation. The abrupt change in slope in the Glacier Creek channel profile (Figure 3) midway
in the gorge reach would indicate that the creek has not completely adjusted in geomorphic sense
to the landslide (Brummer 2006). Evidence for one or more large-scale landslides above the
gorge slide is also evident in the lidar, but overprinting from previous glaciations has obscured
the extents of these movements.
Key Points
The landslide and debris flow analysis revealed several trends in the Glacier-Gallop Basin:



Most of the recent landslides were found within the Chuckanut formation of
the Gallop Creek basin. These are most often found in the rockfall reach
described in detail in the Geomorphic Classification of Gallop Creek section.



Evidence of landslides was only found at the mouth of Little Creek.



There is no field or topographic evidence from the lidar of debris flows
reaching either Glacier or Gallop Creek at the SR 542 bridges. All overbank
and floodplain deposits were indicative of fluvial sediment transport.



Several large-scale, deep-seated landslides occur in the upper reaches of
Glacier Creek; however, these appear to be activated on longer time-scales
than considered in this analysis.

Sediment Transport Analysis
An analysis was performed to assess the sediment accumulation near SR 542 on both Glacier and
Gallop Creeks. The analysis used two approaches. The first approach used sediment transport
models to determine the amount of aggradation possible due to changes in base level
(Appendix A). The results of the analysis indicate that the bed elevation at the Glacier Creek
SR 542 Bridge can fluctuate by up to 9 feet, through either incision or aggradation, in response
to changes in the position of the North Fork Nooksack River. Currently, the meander bend on
the North Fork Nooksack is near the most southerly extent, a position that favors a relatively low
channel bed beneath the Glacier Creek SR 542 Bridge. Migration of the river to the north would
initiate aggradation at the bridge crossing. Historical migration of the river may be one
explanation for why the old Glacier Creek SR 542 Bridge was damaged in 1949 and
subsequently replaced in 1956.
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This analysis could only provide a one-dimensional estimate of sediment transport and
deposition. The model also assumes a constant sediment supply and that the grain size
distribution of the supply, surface and subsurface is invariant. Deposition, sediment supply and
grain-size is highly variable in space and time on Glacier Creek and is related strongly with the
three-dimensional flow patterns and the locations of side channels (see Figure 6). Finally, the
sediment transport estimate was not constrained by field measurements, which is recommended
in the use of any sediment transport model. Therefore, direct observations of past aggradation
and erosion were sought to better constrain the variability in sediment transport near SR 542 in
both creeks.
Field surveys of cross-sections before and after the November 2006 flood indicate several feet of
aggradation on Glacier and Gallop creeks (Figure 6). Soil pits dug on the right bank of Glacier
Creek indicate that up to 2 feet of sediment was deposited locally during the November 2006
flood event. Deposition was also observed after the December 2007 flood event; however, it was
difficult to determine the amount of deposition because of the difficulty to distinguish December
2007 flood sediments from the November 2006 flood deposit. Also, large amounts of erosion
were also observed in association with the December 2007 event (Figure 7). Other topographic
evidence can provide an estimate of longer-term aggradation. For instance, on leveed rivers that
are aggrading, the channel thalweg can become elevated over the adjacent floodplain (see
Figure 6). The extent of elevation can be used to estimate the long-term aggradation in the
mainstem channel. According to this metric, up to 5 feet of aggradation may have occurred
along the right bank in main channel of Glacier Creek since the construction of the left bank
levee in the early 1960s. This would indicate up to 0.25 feet/year of aggradation in the main
channel, somewhat smaller than the short-term aggradation observed directly from soil pits and
survey, but consistent with those measurements when intermittent incision is also accounted for.
In addition to repeated field surveys, aggradation at the Gallop Creek Bridge was also assessed
from recent photographs and from anecdotal evidence provided by local residents. Field
photographs demonstrate aggradation of 2 to 3 feet between the first survey in October 2006 and
the last survey in January 2008. This estimate is considered a minimum because it does not
account for possible incision that occurred during this time period. Interviews with local
residents provided anecdotal evidence of aggradation rates prior to the field reconnaissance and
after reconstruction of the bridge (detailed in the Channel Dynamics Analysis section). All of
these data suggest an average aggradation rate in excess of 1 foot/year immediately upstream of
the Gallop Creek SR 542 Bridge since its reconstruction in the early 1990s. This aggradation
likely occurred rapidly immediately following bridge construction, and then declined thereafter.
It is also important to mention that these rates do not account for the removal of sediment during
emergency dredging.
Key Points



Aggradation is significant on the right bank floodplain of Glacier Creek.
Local deposition can exceed 1 foot in a large flood event; however, local
incision of up to 3 feet in active channels was also observed.
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Historical aggradation of Glacier Creek is estimated to be up to
0.25 feet/year. Fluctuations in the bed elevation of Glacier Creek due to
changes in the position of the North Fork Nooksack River may be
significant higher and up to 9 feet.



Aggradation rates as high as 2 foot/year occur immediately upstream of
the Gallop Creek SR 542 Bridge as a result of the reconstruction of the
bridge and the local widening of the levees.



Without dredging operations, the Gallop Creek SR 542 Bridge would
completely clog with sediment and overtop the bridge during frequent
flood events (<10-year recurrence).
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Summary of Geomorphic Existing Conditions


The large width and small height of the Gallop Creek SR 542 bridge has
caused a fan to form immediately upstream of the bridge. Without continual
excavation upstream of the bridge during floods, the bridge opening will fill
in and the road will be overtopped even in small flood events.



Most of the historical landslides mapped in the Gallop Creek Basin are
concentrated in a reach located approximately 2 miles upstream of the
Gallop Creek SR 542 Bridge.



Debris flow deposits were observed at the mouth of most tributaries to
Glacier Creek and within the upper fan reach of Gallop Creek. However,
there was no evidence of debris flow deposits within the HCMZ Glacier
Creek or downstream of the upper fan reach of Gallop Creek (except for
exposures of the Church Mountain Slide deposit).



The Glacier Creek HCMZ is incised into the Church Mountain Slide
deposit and varies between 300 and 500 feet in width. The Glacier Creek
SR 542 Bridge (75 feet wide) represents a severe confinement with respect
to both the active channel (100-300 feet wide) and the HCMZ (>300 feet
wide).



Glacier Creek is at risk of avulsing upstream of the left-bank levee and
flowing into Gallop Creek. Continued erosion of old alluvial deposits
upstream of the left bank levee and aggradation at this location will
increase this risk.



Several large-scale, deep-seated landslides occur in the upper reaches of
Glacier Creek; however, these appear to be activated on longer time-scales
than considered in this analysis.



Debris floods represent the most significant geomorphic hazards to both
SR 542 bridges. This is supported by field and lidar evidence of ancient
blockages by landslides, anecdotal evidence of historical debris dam
floods on Gallop Creek, and historical evidence of debris floods on
Glacier Creek that is supported by hydrologic and hydraulic modeling.



Woody debris loading in the Glacier Creek floodplain is relatively high.
Mobilization of this wood during moderate flood events presents a
blockage hazard at the Glacier Creek SR 542 Bridge. Although wood
loading in Gallop Creek is relatively low, aggradation and low freeboard
beneath the bridge presents a significant blockage hazard to even small
woody debris volumes at the Gallop Creek SR 542 bridge.
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APPENDIX A

Sediment Aggradation Analysis on
Glacier Creek

Welcome to RTe-bookAgDegNormGravMixPW.xls
This program computes the time evolution of the long profile of a river of constant width carrying
a mixture of gravel sizes, the downstream end of which has a prescribed elevation.
In particular, the program computes the time evolution of the spatial profiles of bed elevation, total gravel
bedload transport rate and grain size distribution of the surface (active) layer of the bed.
The river has constant width. The upstream point, at which sediment is fed, is fixed in the horizontal to be at x = 0.
The vertical elevation of the upstream point may change freely as the bed aggrades or degrades.
The reach has constant length L, so that the downstream point is fixed in the horizontal at x = L.
This downstream point has a user-specified initial elevation hdI.
Gravel bedload transport of mixtures is computed with a user-specified selection of the Parker (1990),
or Wilcock-Crowe (2003) surface-based formulations for gravel transport.
Sand and finer material must first be excluded from the grain size distributions, which
then must be renormalized for gravel content only, in the case of the Parker (1990) relation.
In the case of the Wilcock-Crowe (2003) relation, the sand is retained in the computation.
The grain size distributions of the sediment feed, initial surface material and substrate material must be specified.
It is assumed that the grain size distribution of the sediment feed rate does not change in time.
It is assumed that the initial grain size distribution of the surface material is the same at every node.
It is assumed that the grain size distribution of the substrate is the same at every node and does not
vary in the vertical. These constraints are easy to relax.
The program does not store the vertical and streamwise structure of the new substrate created as the bed aggrades.
As a result, is cannot capture the case of aggradation followed by degradation. Again, the constraint is easy
to relax, but at the price of increased memory requirements for storing the newly-created substrate.
The flow is calculated using the normal flow (local equilibrium) approximation.
The river is assumed to be morphologically active only intermittently (during floods); this condition is
specified in terms of an intermittency If < 1 expressing the fraction of time the river is in flood.
The time evolution of the river reach is computed by clicking the button "Run Program", which executes the code in Module 1 (see below).
In performing the calculation, the following control parameters must be specified:
M = number of spatial intervals, so that the spatial step length = L/M;
dt = time step length;
Mtoprint = number of time steps to a printout;
Mprint = number of printouts in the calculation.
The main input is specified in worksheet "InData", from where the code is executed by clicking the button "Run Program".
Auxiliary input is specified in worksheet "AuxiliaryParameters". Digital output is provided in
worksheets "OutData" and "PlotData". Plots of the profiles of elevation, surface geometric mean
size and ratio of total bedload to total bedload feed rate are given in the worksheets
"PlotofProf", "PlotofSurfGeomMean" and "PlotofLoad". Plots of the grain size distributions of the substrate,
sediment feed and final surface at node 1 at the end of the computation are given in worksheet
"PlotGSDNode1".
The code is contained in "Module1" of the Visual Basic Editor.
Some input for worked cases are given in the worksheet "WorkedCases".

A-1

NOTE
This workbook and software are provided for free as part of the e-book:
1D SEDIMENT TRANSPORT MORPHODYNAMICS with applications to RIVERS AND TURBIDITY
by Gary Parker.
Neither I nor any university in which I am in the employ accepts
responsibility or liability for its use by third parties.

A-2

Calculation of Gravel-bed River Bed Elevation Variation with Normal Flow Assumption using the Parker
(1990) or Wilcock-Crowe (2003) Formulations for Gravel Bedload Transport
Input parameters
The input cells are in gold
qw
1.25 water discharge/width, m^2/s
These cells contain useful information computed from the input
Input "1" for Parker (1990) relation, "2" for
qbTf
1.93E-02 gravel input rate, m^2/s
Inter
0.04 Intermittency
Wilcock-Crowe (2003) relation:
etad
5 base level, m
2 Input here to choose relation
SfbI
1.80E-02 initial bed slope
L
500 reach length,m
Note: this program may
dt
1 time step, days
take a few minutes to
M
10 no. of intervals
execute
Mtoprint
365 no. of steps until a printout of results is made
Mprint
5 no. of printouts after the initial one
dt
86400 sec
Time step in seconds
4.9965777 years calculation time

100
90
80
Percent Finer

qw
qbTf
If
ηd
SfbI
L
Δt

Grain Size Distributions

70
60

Feed
Initial Surface
Substrate

50
40
30
20
10
0
1

10

100
Size mm

Input grain size distributions
pbf,i

FfI,i
Ffs,i
Initial
Surface Substrate The parameter Dd,i defines the bounds for the percents finer.
Dd,i mm Feed
1024
100
100
100 pbf,i denotes the percents finer in the feed at the upstream end.
362
99.8
98
100 FfI,i denotes the initial percents finer in the surface layer.
181
97.6
89
100 Ffs,i denotes the percents finer in the substrate
90.5
92.3
78
99.3
64
85
69
99.3
45.3
64
48
88.2
22.6
48.6
35
74.3 There must be a total of 12 values each of Dsi, pffi and Ffii.
16
43.6
31
58.8 The values for the finest grain size must be zero.
11.3
37.1
26
46.3 In using the Parker (1990) formulation
8
31.9
22
33.1 for gravel transport, the grain size distributions
2.8
29
20
18.4 input here must be renormalized in advance so that there is
1
0
0
0 no content below 2 mm. This step is neither necessary
nor desirable in the case of the Wilcock-Crowe (2003) relation.
Note: this program works only for the cases of aggradation always and everywhere or
degradation always and everywhere. In the case of aggradation followed by degradation,
it is necessary to modify the code so that the vertical variation of the grain size distribution
of the new substrate created by aggradation is stored in memory.
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1000

10000

nk

Auxiliary Parameters (all dimensionless)
nk
2 Factor by which surface Ds90 is multiplied to obtain roughness height ks

na

nactive

αr
R
λp

ar
Rr
lps

8.1 Coefficient in Manning-Strickler resistance relation
1.65 Submerged specific gravity of gravel
0.4 Bed porosity, gravel

au
α

au
atrans

0.75 Upwinding coefficient for load spatial derivatives in Exner equation (value > 0.5 suggested)
0.5 Coefficient for material transferred to substrate as bed aggrades

2 Factor by which surface Ds90 is multiplied to obtain active layer thickness La

Note: the upwinding coefficient au has the following properties:
= 0.5 implies central difference scheme
> 0.5 implies upwinded scheme
< 0.5 implies downwinded scheme
Note: the fractions fI,i transferred to the substrate as the bed aggrades are related to
the surface layer fractions Fi and the bedload fractions pi as follows;
fI,i = atrans*Fi + (1 - atrans)*pi
The choice atrans = 1 transfers pure surface layer material to the substrate
The choice atrans = 0 transfers pure bedload material to the substrate
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Results of Program

time (yrs) 0 yr

Node

x (m)
1
2
3
4
5
6
7
8
9
10
11

0.99932 yr

eta (m)
0
50
100
150
200
250
300
350
400
450
500

14
13.1
12.2
11.3
10.4
9.5
8.6
7.7
6.8
5.9
5

x (m)
0
50
100
150
200
250
300
350
400
450
500

eta (m)
x (m)
29.70582905
29.6917378
24.31422576
23.32019013
20.052642
18.52722064
14.22423591
13.32765488
9.863230492
7.683735434
5

1.99863 yr

0
50
100
150
200
250
300
350
400
450
500

2.99795 yr

eta (m)
x (m)
28.52260389
31.41730178
24.70939055
22.51436148
20.72797613
17.97073169
14.1346339
14.2838613
8.924588812
7.980755443
5

A-5

0
50
100
150
200
250
300
350
400
450
500

eta (m)
x (m)
30.74565551
26.98002025
25.22218616
23.87180557
19.16296535
18.62557672
14.87785158
13.08405219
9.088313837
8.692969037
5

3.99726 yr

0
50
100
150
200
250
300
350
400
450
500

eta (m)
x (m)
29.68190186
27.93080927
25.9394735
23.48801685
19.19851179
19.53761945
13.73994212
13.16008803
10.27853314
7.252804537
5

4.99658 yr

0
50
100
150
200
250
300
350
400
450
500

final w.s.

eta (m)
xi (m)
29.06870062
30.58122562
24.35738516
23.65370769
19.64693311
18.33916326
14.42697042
13.61251362
9.450091542
7.726235367
5

Data for plots
Substrate distribution and
final surface distribution at node 1
Di mm
Ffs
pfeed
Ff
1024
100
100
362
100 99.92281131
181
100 98.18375257
90.5
99.3 93.54441075
64
99.3
89.7196935
45.3
88.2
89.7196935
22.6
74.3
89.7196935
16
58.8 82.24300541
11.3
46.3 82.24300541
8
33.1 82.24300541
2.8
18.4 82.24300541
1
0
1.42109E-14

x
100
99.88960131
99.88960131
99.88960131
98.56485429
74.13350185
55.73554363
55.73554363
36.58517624
17.96158466
1.42109E-14
1.42109E-14

0
50
100
150
200
250
300
350
400
450
500

elev m Dsg mm
qbT/qbTf
elev m
Dsg mm
qbT/qbTf
elev m
Dsg mm
qbT/qbTf
elev m
Dsg mm
qbT/qbTf
elev m
Dsg mm
qbT/qbTf
elev m
Dsg mm
qbT/qbTf
0 yr
0 yr
0 yr
0.99932 yr
0.99932 yr
0.99932 yr
1.99863 yr
1.99863 yr
1.99863 yr
2.99795 yr
2.99795 yr
2.99795 yr
3.99726 yr
3.99726 yr
3.99726 yr
4.99658 yr
4.99658 yr
4.99658 yr
final w.s.
14
27.39564982
0.191907627 29.70582905
50.64372517
0 28.52260389 17.63741818 3.211908842 30.74565551
4.408539958
0.22554363
29.68190186
39.29506791
0 29.06870062
17.67645953 2.562616995
29.39531079
13.1
27.39564982
0.191907627
29.6917378
8.687832557
0.88860332 31.41730178 2.349699734 0.575629256 26.98002025
35.87192714
0.635136019
27.93080927
12.87953899
1.896802614 30.58122562
2.609277921
0.90524574
30.87803723
12.2
27.39564982
0.191907627 24.31422576
1.776137505 1.344400773 24.70939055 34.07771967 0.501450258 25.22218616
8.608420332
1.11690328
25.9394735
1.98423349
0.974702835 24.35738516
30.24976572 0.321351343
24.71767982
11.3
27.39564982
0.191907627 23.32019013
32.31811867 0.703952407 22.51436148 9.617088209 1.646548578 23.87180557
1.769254163
0.962057991
23.48801685
28.91017438
0.894700454 23.65370769
8.798827362 1.391471592
23.88884692
10.4
27.39564982
0.191907627
20.052642
8.290916481 1.190363832 20.72797613 1.709128162 0.653404105 19.16296535
27.80942173
0.736127691
19.19851179
7.953242825
1.432798479 19.64693311
1.674853801 1.050513635
19.93661359
9.5
27.39564982
0.191907627 18.52722064
1.68416406 0.959419537 17.97073169
27.427695 0.817261017 18.62557672
8.059709215
1.477869449
19.53761945
1.673656109
0.625249717 18.33916326
29.17774601 0.517157144
18.66557716
8.6
27.39564982
0.191907627 14.22423591
26.2848254 0.662550065
14.1346339 8.044069084
1.50380925 14.87785158
1.673395128
0.893480991
13.73994212
28.14928533
0.891778789 14.42697042
8.854419753 1.421667277
14.66092264
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Downstream Variation of qbT/qbTf, where qbT =
Bedload Transport Rate and qbTf = Upstream Bedload
Feed Rate
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Plot of fractions finer in a) substrate (Ffs), b) sediment feed
(pfeed) and c) final surface at node 1 (Ff)
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This case tested for degradation
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