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EXECUTIVE SUMMARY
Whatcom Country Flood Control Zone District retained Kerr Wood Leidal Associates to
investigate debris flow hazards at Jones Creek and identify a range of mitigative
measures for consideration. A debris flow is defined as a form of channelized landslide
(up to 75% sediment by volume) that usually occurs during a period of wet weather on a
steep mountain creek with abundant debris sources. Debris flows can reach up to 50
times the peak discharge of the 200-year return period clear water flood. The most recent
debris flow at Jones Creek occurred in 1983.
The lower to mid reaches of the Jones Creek watershed are characterized by a number of
large, deep-seated landslides. The landslides are located within the Darrington Phyllite
complex, a mechanically weak rock that easily weathers into small chips and clay-rich
residues. The primary mechanism for a large debris flow (>100,000 yd 3) at Jones Creek
is a landslide dam outbreak flood originating from one of the deep-seated landslides.
To estimate the frequency and magnitude of past debris flows, a comprehensive
trenching program was conducted on the Jones Creek fan. A total of 18 trenches up to
16 ft (5 m) in depth were excavated on the fan, revealing a number of well-defined
debris flow deposits. Radiocarbon dating of these deposits identified a minimum of six
large debris flows over the past 7000 years. Comparison of the Jones Creek radiocarbon
dates with those on neighbouring fans suggests that large debris flows occur on a
regional scale with a return period of approximately 500 years.
In consultation with Whatcom County, a 500-year return period was selected as a design
criteria for debris flows at Jones Creek. This standard is consistent with recent practice in
British Columbia for creek hazards beyond clear water floods. The study concludes that
a 500-year return period debris flow at Jones Creek would have a peak discharge of
approximately 10,000 cfs (280 m3/s) and a total sediment volume of approximately
120,000 yd 3 (90,000 m3).
Debris flow runout on the Jones Creek fan was modelled with FLO-2D software in order
to estimate the flow depth and velocity on the fan for the design event. The deposition of
the design event was illustrated in map form (Figure 3-1). This map was used as a basis
for defining four hazard zones on the fan (Figure 3-2).
A wide range of mitigative measures was reviewed. In the absence of structural
mitigative measures, it would be appropriate to develop site-specific land use regulations
for the fan on the basis of Figure 3-2. Consideration should be given to a buy-out of all
properties within Zone 1, along the creek corridor, and possibly within Zone 2.
Consideration could also be given to construction of a deflection berm in conjunction
with a channel realignment that diverts Jones Creek to the north (subject to land
ownership and jurisdictional constraints). A number of other mitigative measures were
also identified for consideration in Section 4.8. These may be implemented by Whatcom
County with referral to other agencies where appropriate.
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STUDY AREA
Jones Creek is a 2.6 mi2 (6.8 km2) watershed that drains into the South Fork Nooksack
River near the south boundary of Whatcom County (Figure 1-1). The town of Acme with
approximately 250 residents is located on the Jones Creek fan. The primary study area
comprises the Jones Creek watershed and creek fan. Figure 1-2 shows the Jones Creek
watershed. A detailed map of the Jones Creek fan is included as Figure 1-3.
CREEK M ANAGEMENT ISSUES
Although people have lived on the Jones Creek fan for over a century, the potential risk
posed by debris flows has only recently been recognized. In January 1983, a moderatesized debris flow caused damage to bridges, roads, and private property near the fan
apex. A number of studies have since been completed on geomorphic hazards in the
watershed, including an analysis by Raines et al. (1996).
The Raines et al. (1996) report drew from previous work in the area and a reconnaissance
level field investigation. A detailed analysis was to follow if deemed necessary. Based
on the available evidence, Raines et al. were able to assign a return period of 60 to 70
years for the 1983 event. The potential for an event of greater magnitude than the 1983
event was noted based on trenching and dating of fan deposits on other creeks nearby.
However, the scope of their work did not allow for similar work at Jones Creek, leading
Raines et al. to qualify their work as a screening level analysis.
The Raines et al. report was never finalized as it contained detailed recommendations
based on the screening level analysis and a design event similar in magnitude to the 1983
event. Whatcom County is concerned that longer return period debris flows could have
severe consequences and decided to commission a detailed study to build upon the
analysis of Raines et al. (1996). This analysis would provide a more detailed assessment
of:
•
•

the frequency and magnitude of large historic debris flow events; and
result in improved delineation of hazard zones.

Whatcom County Flood Control Zone District (Whatcom County) retained Kerr Wood
Leidal Associates (KWL) to complete a comprehensive assessment of the hazard and risk
posed by debris flows at Jones Creek.
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CREEK HAZARDS
Steep mountain creeks, such as Jones Creek, are frequently subject to geomorphic
processes beyond clear water floods. Sediment and debris from watershed instability
may provide the impetus for debris flows or debris floods. Some background information
on debris flows and debris floods is provided in Appendix A. For the purposes of this
report, these events are generally defined as follows:
•

Debris Flow – A form of channelized landslide that usually occurs during a period of
wet weather on a steep mountain creek with abundant debris sources. Debris flows1
can reach up to 50 times the peak discharge of a 200-year return period flood (Jakob
and Jordan, 2001). Debris flows are typically initiated by a sideslope failure that
channelizes at impact with the main channel.

•

Debris Flood – A flood that carries an unusually high amount of sediment and/or
debris, but not to the extent that the event character is transformed from a flood to a
debris flow. Debris floods can reach 5 or more times the peak discharge of a 200year return period flood.

Debris flows can be distinguished from debris floods by water content. Debris floods
may be visualized as an extension of the flood process with largely turbulent flow,
whereas debris flows flow laminar due to a higher percentage of solids. Debris floods
typically have a volumetric sediment concentration of 15% to 35%, whereas debris flows
may have a sediment concentration of 45% to 75%. However, the water content of debris
flows is highly variable due to the heterogeneity of debris flow surges and the transition
from the dense and coarse-grained surge front to more fluid afterflow. Debris flows and
debris floods can transition downstream due to the bulking or debulking of channel
sediment.
While debris floods probably occur at Jones Creek, the available evidence indicates that
debris flows are the principal hazard:
1.

In the Pacific Northwest, debris flows typically occur in basins smaller than 2 mi2
(5 km2) where the mean channel gradient is greater than 18% (Hungr et al., 2001).
At lower slopes, a debris flow typically loses momentum, begins to deposit, and
transforms into a debris flood. Jones Creek has an average channel gradient of 22%
for a distance of 1 mile (1.6 km) above the fan apex, which is sufficient to transport
debris flow to the fan apex and beyond.

2. Trenching on the fan has identified a number of debris flow sequences. A general
lack of bedding is characteristic of events with sediment concentrations in excess of
40%. Bedding is typically more prominent in debris flood and flood deposits.

1

Coarse-grained debris flows of the Pacific Northwest have been referred to locally as debris torrents, but the use of this
term is discouraged (Slaymaker, 1988).
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3. Debris lobes and large boulders (>3 ft diameter) have deposited immediately
downstream of the fan apex in the wooded area.
Interestingly, channel gradients on the fan (2 to 6%) are indicative of largely fluvial
processes rather than debris flow activity. Fans at least partially constructed by debris
flows typically have slope gradients greater than 8% (Jackson, 1987). However, the
lower portion of the Jones Creek watershed is underlain by phyllite – a weak
metamorphic rock that easily weathers into small chips and clay-rich soils. Furthermore,
the postulated outbreak triggering mechanism for debris flows will result in a very large
amount of available water that will enhance the mobility of the debris flow. A high clay
content in combination with large amounts of available water explains the low average
fan gradient.

1.3

WORK PROGRAM
OBJECTIVES
The work program for this study was developed on the basis of the following objectives:
•

quantify the debris flow hazards;
assess the potential consequences;
establish the risk and the need to implement mitigation measures;
review risk mitigation alternatives;
provide concept sketches and cost estimates for mitigation alternatives; and
define key issues associated with implementation of mitigation measures.

•
•
•
•
•

With this information, Whatcom County can then consider implementation of mitigation
measures at Jones Creek.
WORK PROGRAM
The work program for this study is summarized in Table 1-1.
Table 1-1: Work Program for Jones Creek

1.

Work Task

Description

Data Review and
Field
Investigation

•

Review aerial photographs, previous reports and other
available data.

•

Prepare base maps of watershed and channel profile.

•

Perform a 2-day field investigation, including a channel
traverse.

•

Excavate longitudinal and latitudinal test trenches across
the fan to a depth of approximately 8 to 16 ft (consult with
River and Flood Division staff regarding permission to
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enter lands for excavation).

2.

3.

4.

Hazard Analysis

Risk Mitigation
Alternatives

Report
Preparation

KERR WOOD LEIDAL ASSOCIATES LTD.
Consulting Engineers
2039.001

•

Radiocarbon date organic materials to determine volume
and frequency of past debris flows.

•

Investigate major slope movements.

•

Investigate mechanisms of debris flow initiation.

•

Estimate debris flow frequency from radiocarbon dates.

•

Use trench data to estimate previous event magnitudes
(peak discharge and total volume).

•

Establish a frequency-magnitude relationship for debris
flows on Jones Creek.

•

Use FLO-2D hydraulic model to simulate previous debris
flow events and calibrate the model.

•

Model the 500-year return period debris flow event with
calibrated FLO-2D model.

•

Prepare multi-colour integrated hazard map for fan (to
reflect existing conditions).

•

Consider potential consequences on the fan in the event of
a design debris flow.

•

Select design event for risk mitigation (500-year return
period debris flow).

•

Consult with client to establish objectives for risk mitigation.

•

Determine the need for active and/or passive risk
mitigation measures.

•

Consider the applicability of various structures measures
including debris basin, debris barrier and deflection berm.

•

•

Review the merits of:
- leaving the north fan sector available for overflows;
and
- realigning the creek to flow toward two oxbow lakes.
Review options for upgrading the existing right bank berm.

•

Identify pros and cons of structural mitigative alternatives.

•

Review other apparent mitigative alternatives including
warning systems and watershed management actions.

•

Provide input to land use regulation activities.

•

Meet with River and Flood Division staff to:
- present field work and modelling results;
- discuss mitigative measures; and
- obtain direction for preparing the draft report.

•

Refine mitigative alternatives and prepare construction cost
estimates.

•

Consult with River and Flood Division staff regarding
preferred alternatives.

•

Develop potential risk mitigation strategy.

•

Prepare draft report including mitigative measures.

•

Submit report to client for review.

1-4
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•

Finalize and submit report following feedback.

•

Present report to local community, River and Flood
Division staff, and stakeholders.

REPORT FORMAT
This report includes technical appendices that document specific parts of the
investigation program (photographs, watershed description, landslides, hydrology, debris
flow probability and magnitude assessment).
Inclusion of most of the detailed technical content in the appendices allows the main
report body to focus on assessment and mitigation of debris flood risks.

1.4

PROJECT TEAM
This report was written by Matthias Jakob, Ph.D., PG, Hamish Weatherly, M.Sc., PG,
and Mike Currie, M.Eng., P.Eng. (BC), of KWL. Input on behalf of Whatcom County
was provided by Paula Cooper, PE, and Paul Pittman, PG.
KWL and Whatcom County also appreciate the assistance provided by Mr. Bob
Knudson, a long-time resident of the Acme Valley.
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JONES CREEK BACKGROUND
This section describes the recent flood history of Jones Creek and summarizes relevant
engineering studies, commencing with a description of the Jones Creek fan. This section
should be read in conjunction with Appendix B (a compilation of watershed
photographs), Appendix C (watershed description), Appendix D (landslide description),
and Figure 2-1 (a detailed map of mid to lower portions of the watershed).

2.1

JONES CREEK FAN
GEOMORPHOLOGY
Fans are depositional landforms that can develop where a steep mountain creek
discharges onto a floodplain or valley floor. Here, flows are no longer confined by steep
hillslopes and there is typically a sharp decrease in velocity, channel gradient and
sediment transport capacity, inducing rapid deposition. Sediment and organic debris can
be transported to a fan by a variety of geomorphic processes including debris flows,
debris floods, floods, and avalanches. The deposited sediment forms a characteristic
conical shape as the channel shifts across the fan in response to local accumulations of
sediment and organic debris.
Fans constructed predominantly by fluvial processes (floods or debris floods) are referred
to as alluvial fans. Where debris flows are the dominant mechanism, the fans are termed
colluvial or debris flow fans. Fans constructed by both alluvial and debris flow processes
are known as composite fans. Jones Creek is an example of a composite fan although the
stratigraphic evidence indicates that debris flows are the dominant mechanism.
PHYSICAL DESCRIPTION
The Jones Creek fan has an approximate area of 185 acres (85 ha), on which most of the
town of Acme is located. The fan extends radially from the fan apex an average of 0.6
miles (1 km) before coalescing with the floodplain of the South Fork Nooksack River
(Figure 1-3). Acme consists of about 100 buildings. A majority of the buildings are
single-family homes, with about a half dozen small farms. The largest public building is
the Acme Elementary School, which lies 0.4 mi (0.7 km) from the fan apex. Few of the
buildings are located in the vicinity of the fan apex, which is the most hazardous location
on the fan. Three permanent residences are located within 1,200 ft (365 m) of the fan
apex, while about 25 homes are within 2,000 ft (600 m).
A majority of the fan was cleared of trees by the mid 1900’s with little additional clearing
since then. A large wooded area of mixed second growth deciduous and coniferous trees
has been retained near the fan apex and covers about 35 acres (16 ha) (Figure 2-2).
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Infrastructure on the fan includes several roads (Galbraith Road, Turkington Road,
Hudson Road, and Highway 9) and the Burlington Northern-Santa Fe Railroad. The
railway crosses the lower half of the fan and is built on a 3 to 6 ft (1 to 2 m) high
embankment. Galbraith Road spans Jones Creek immediately downstream of the fan
apex at an elevation of approximately 425 ft (160 m). At this location, Galbraith Road is
privately owned and the creek crossing consists of a steel span structure (Photo 2).
Evidence of past debris flow activity in this area includes several large boulders (over 2 ft
or 0.6 m diameter) located in and adjacent to the channel. Sediment size decreases
significantly further downstream. Raines et al. (1996) reported that within 700 ft (230 m)
of the apex the maximum particle size observed in the upper two feet of the surface was
no larger than 1.2 inches (30 mm).
From the fan apex, Jones Creek flows to the northeast for about 1,650 ft (500 m) before
reaching a wooden bridge at Turkington Road. The average channel gradient through
this reach is 6%. Below Turkington Road, Jones Creek has been re-graded and diked for
its entire length down to the confluence with the South Fork Nooksack River, a distance
of about 2,500 ft (750 m). This work was completed following a damaging debris flow in
1983 with a bulldozer excavating sediment from the stream bed to form a 6 to 8 ft (1.8 to
2.4 m) high embankment (Raines et al., 1996). Through this 2% reach the active channel
is approximately 25 ft (8 m) wide.
The railway and Hudson Road intersect with Jones Creek immediately upstream of the
South Fork confluence. The Hudson Road crossing is a private wooden bridge, while the
railway crossing is approximately 20 ft (6 m) downstream. The creek crosses the railway
through a concrete-lined culvert. At the confluence, the left bank of the South Fork
Nooksack River has been armoured to protect the railway embankment.
PROPERTY VALUES
According to Whatcom County, the buildings on the fan have an assessed value of
approximately $6.8 million. The total assessed land value is approximately $10.1
million. Recent appraisals and purchases indicate that the market value could be
considerably higher.

2.2

1983 DEBRIS FLOW
The significance of debris flow hazards in Whatcom County was a heightened awareness
following a major winter storm on January 9 and 10, 1983. The storm was characterized
by intense precipitation, high antecedent precipitation, and melting snow (see
Appendix E). During the storm, debris flows and debris floods occurred on at least ten
creeks within the Lake Whatcom-Stewart Mountain area, including Jones Creek (Weden,
1983; Orme, 1989).
The 1983 event at Jones Creek was described by Raines et al. (1996) as a debris torrent
(debris flow) followed by sediment charged flooding (debris flood) from erosion of the
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scoured channel and sideslopes upstream. The initial front of the debris flow caused
significant damage. At the fan apex, the debris flow destroyed a log bridge on Galbraith
Road and flattened approximately 4 acres of mature trees. Most of the sediment
associated with the event was deposited in this zone to a depth of 3 to 6 ft (1 to 2 m). The
impacted area is presently covered by an even-age stand of young alders. At the margin
of the direct impact zone, there is a vertical difference of up to 6 ft (2 m) between the
1983 deposition and the surrounding terrain.
Part of the debris flow travelled approximately 300 ft (90 m) east down Galbraith Road
before a log jam formed and redirected flows back to the channel. At Turkington Road, a
blockage developed at the bridge, diverting water and sediment over the right bank for
about 1,500 ft (450 m) upstream of the crossing. The diverted flows were primarily
routed down Turkington Road into Acme. Damage included extensive sediment
deposition (mostly fines) and erosion of road shoulders, yards, and fields (Weden, 1983).
Following the event, 3 to 4 ft (0.9 to 1.2 m) of aggradation was observed between the two
upper bridges. A period of channel instability followed the 1983 debris flow because of
unstable sideslopes and a scoured channel that facilitated sediment transport to the fan
apex. Shortly after the event, the owner of the Galbraith Road crossing replaced the log
bridge with a railroad flat car. This bridge was reportedly dislodged from its footings by
a significantly smaller debris flow in 1985 (Raines et al., 1996).
ORIGIN OF EVENT
Aerial photographs taken in June and July 1983 indicate that the January 1983 debris
flow initiated in the upper watershed (Figure 2-3). The trigger mechanism of the event,
however, remains unresolved. The event may have been initiated by a small tributary
debris flow on the south side of the channel or by a debris avalanche on steep slopes
immediately adjacent to the main channel. Both types of slope failures are apparent at
the upper extent of the scoured reach. The tributary debris flow is situated below an
orphaned road and it is possible that drainage problems on that road contributed to the
slope failure.
Regardless of the precise trigger mechanism, the 1983 event may have initiated as a
landslide dam outbreak flood. Tributary debris avalanches and debris flows reaching the
main channel of Jones Creek are capable of either continuing as debris flows down the
channel or creating a temporary landslide dam that impounds a significant volume of
water. The first case is only likely where debris flows or debris slides enter the main
channel at oblique angles and where the channel gradient is sufficiently steep to convey a
debris flow (typically steeper than 20%) (Benda and Cundy, 1990). At the upper end of
the scoured reach, the channel gradient is only about 10% and there appears little
opportunity of an oblique impact capable of initiating a debris flow. Hence, a reasonable
assumption is that one (or both) of the observed failures created a natural landslide dam.
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A landslide dam at this upper location could impound a sufficient volume of water for an
outburst flood to occur due to the confined nature of the channel. An outburst flood
would entrain enough sediment and organic debris to be classified as a debris flood in
upper reaches but the relatively gentle channel gradient would prevent its transformation
to a debris flow (up to 70% sediment by volume). However, the channel gradient
steepens significantly further downstream (Figure C-1) and it is likely that enough
sediment was entrained that the event transformed into a debris flow about half way
along the mainstem channel. Due to the confined nature of the creek, a flood surge from
an outburst flood or debris flow would remain in the channel until reaching the fan apex.
Outburst floods that transform into debris flows are not uncommon events due to the
bulking of floodwaters with sediment and organic debris as the flood moves downstream
(Costa and Schuster, 1988). Potential bulking of flood flows appears to be an especially
important process in glacial and volcanic terrain where ample material is readily available
for mobilization (Clague et al., 1985; Scott, 1985). The average channel gradient of
Jones Creek is 22% for 1 mi (1.6 km) upstream of the fan apex.
DEBRIS FLOW MAGNITUDE
Debris Flow Volume

Raines et al. (1996) estimated the volume of the 1983 event based on debris flow research
in the Oregon Coast and Washington Cascade Ranges. Benda and Cundy (1990)
predicted that for every foot of travel along a creek, a debris flow will entrain an average
sediment volume of 86 ft3 (8 m3/m). Assuming a similar entrainment rate and a channel
length of 10,270 ft (3100 m) from the initiation zone, a total debris volume of 33,000 yd3
(25,000 m3) was estimated for the 1983 debris flow.
Assuming an average deposit thickness of 3 to 6 ft (1 to 2 m), Raines et al. calculated that
the estimated volume would cover an area between 3.4 and 6.8 acres (1.4 ha to 2.8 ha).
The observed deposition area of the 1983 event (about 4 acres) falls within this range and
was thought to provide a reasonable check on the estimated volume.
Although debris yield rates are highly variable from creek to creek, KWL considers the
86 ft3/ft (8 m3/m) to be a reasonable average yield rate compared to other recent debris
flows that have occurred in southwestern B.C. (Jakob, 1996). However, it is expected
that the channel yield rate may be as high as 200 ft3/ft (20 m3/m) for the lower reaches,
but only about 10 to 20 ft3/ft (1 to 2 m3/m) for the upper reaches. For a channel like
Jones Creek, channel yield rate and thus debris flow magnitude are strongly correlated
with the time elapsed since the last event. The more time passes, the more material will
accumulate in the channel and the larger will be a debris flow (Jakob et al., 2004).
Peak Discharge

Peak discharge for the event can be estimated using empirical relations between total
volume and peak discharge that have been derived by Jakob (1996) for bouldery and
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muddy debris flows in southwestern British Columbia. In general, muddy debris flows
are expected at Jones Creek given the phyllite bedrock that dominates the lower half of
the watershed and the fine-grained nature of debris flow deposits observed in trench
exposures. However, smaller debris flows such as the 1983 event are expected to be
transitory between a bouldery and a muddy flow (see Appendix F). To calculate the peak
discharge of bouldery to muddy flows, Jakob suggested the following equation:
Qp = (Vmax/50)0.87

(Eq. 1)

where Qp is the peak discharge (m 3/s) and Vmax is the total debris flow volume (m 3).
Applying Equation 1 to the 1983 Jones Creek debris flow, a peak discharge of
approximately 7,800 cfs (220 m 3/s) is calculated for a 33,000 yd3 (25,000 m3) debris flow
at the fan apex. This figure is 25 times higher than the estimated 100-year return period
flood flow of 310 cfs (9 m 3/s).
This peak discharge estimate is consistent with observations at the Galbraith Road
Bridge. The existing cross-section area of Jones Creek underneath the bridge is
approximately 344 ft2 (32 m2). The bridge was destroyed during the 1983 event,
suggesting that the debris flow had a discharge exceeding the channel conveyance.
Given a debris flow velocity range of 16 ft/s (5 m/s) to 32 ft/s (10 m/s), a peak discharge
of 5500 cfs (160 m3/s) to 11,000 cfs (320 m3/s) was likely reached in January 1983.
These values are consistent with those derived from Equation 1.
RETURN PERIOD
The January 1983 storm initiated a number of other debris flows in the vicinity of Jones
Creek. At Smith Creek, which discharges into Lake Whatcom (Figure 2-1), houses were
sheared off their foundations and access roads were cut off. In response to these events,
Orme (1989, 1990) attempted to establish a regional return period for “significant” debris
flows. Based on coring at Lake Whatcom and trenching of fan deposits, Orme assigned a
return period of 60 to 70 years for debris flows of similar magnitude to those observed in
1983. Orme also identified the potential for larger debris flows to occur. These larger
events have a return period of about 480 years.
In light of the above and in the absence of trenching on the Jones Creek fan, Raines et al.
(1996) assigned a return period of 60 to 70 years to the 1983 debris flow.
The aerial photograph record is in general agreement with a return period of 60 to 70
years for an event of similar magnitude to the 1983 event. Raines et al. inspected aerial
photographs dating back to 1943 and found no major channel disturbances even though
some streamside and upper slope failures were identified. They also noted that any
failures prior to 1943 must have occurred in the distant past because failure scarps would
otherwise still be visible. These observations suggest that the 1983 debris flow is the
largest event to have occurred in the past 80 years or so. Of note is that smaller creek
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events (debris floods or small debris flows) are known to have occurred in 1953 and 1990
(Section 2.3).
SUMMARY
The 1983 debris flow was likely triggered in the upper watershed by a small debris flow
or debris avalanche originating from a tributary that enters Jones Creek at a 90° angle.
The tributary event created a temporary landslide dam that impounded a significant
volume of water before failing. The resulting outburst flood increased in magnitude as it
travelled downstream and transitioned into a debris flow when the channel gradient
steepened. The estimated sediment volume of the debris flow is 33,000 yd3 (25,000 m3),
with an associated peak discharge of approximately 7800 cfs (220 m 3/s). Fortunately, the
debris flow caused minimal damage – no buildings were destroyed and no lives were lost.
The return period of the 1983 debris flow is estimated to range between 50 and 100 years.

2.3

OTHER CREEK EVENTS
Bob Knudsen has been a resident of the Acme Valley since 1937. As well as the 1983
event, Mr. Knudsen recalls a debris flow around 1953 that filled up the Mill Pond
(Figure 1-3). The debris flow also travelled further downstream, following an old
railroad spur.
About a year later, another debris flow or hyperconcentrated flow occurred. This event
also filled the Mill Pond and was diverted parallel to Turkington Road, almost reaching
the railway.
More recently, what appears to have been a debris flood occurred in November 1990.
The event resulted in complete aggradation of the Turkington Road Bridge (Photo 17),
and some flow approached Acme and the elementary school. Dredging of Jones Creek
was required following the event to restore channel capacity under the bridge.

2.4

REGULATION OF FAN HAZARDS
GROWTH MANAGEMENT ACT
Following the 1983 debris flows, Whatcom County attempted to regulate creek fan
hazards through an ordinance introduced in 1984. However, the ordinance was not
approved by Whatcom County Council. Fan hazards in Whatcom County received little
further study until Washington State established a Growth Management Act (GMA) in
1990.
Under state legislation enacted in 1990, colluvial and alluvial fans fall under the critical
areas classification of the Washington State Growth Management Act (GMA) as
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geological hazardous areas [WAC 365-190-080 (4) (d) (viii)]. The designation of critical
areas is intended to assure the long-term conservation of natural resource lands and to
prevent land uses and developments that are incompatible with critical areas. The Act
establishes minimum guidelines to assist in the classification of critical areas and requires
local governments to identify and regulate hazards on alluvial fans. The Act provides
considerable latitude as to how hazardous areas are best regulated, and does not designate
a design return period.
CRITICAL AREAS ORDINANCE
In 1992, Whatcom County prepared an inventory of creek fans in an effort to adopt a
Critical Areas Ordinance (CAO) pursuant to the GMA (Fox et al., 1992). This inventory
identified 150 alluvial fans in Whatcom County based on topographic maps, written
reports, Soil Conservation Service soil surveys, and first hand accounts. Forty-eight of
these fans were prioritized for field inventories on the basis of known historic events and
development.
Jones Creek was visited in the field and a preliminary hazard map was prepared with
large debris event and flood hazard zones delineated. Included in the debris zone are
areas at the fan apex and the channel flanks that were affected by the 1983 event.
Potential avulsion routes were identified at the fan apex on both sides of the channel.
One route parallels Galbraith Road, the other trends northwest along the fan margin.
Areas outside the debris zone were delineated as susceptible to flood damage.
With respect to risk, Fox et al. (1992) state that the entire town of Acme as well as
Turkington Road and Highway #9 are threatened by damage should a debris flow of
similar magnitude to the 1983 event reoccur. Those homes and sections of road located
at the fan apex, along Galbraith Road, and along the main channel were considered to be
at the highest risk.
On May 26, 1992, after extensive public input, Whatcom Council adopted an interim
CAO.
Critical Areas Regulations

In 1995, a new section was added to the GMA to ensure that counties and cities consider
reliable scientific information when adopting policies and development regulations to
designate and protect critical areas. The new GMA section (RCW 36.70A. 172) requires
all counties and cities in Washington to include the best available science in developing
policies and development regulations to protect the functions and values of critical areas.
In addition, counties and cities shall give special consideration to conservation or
protection measures necessary to preserve or enhance anadromous fisheries.
The current Whatcom County CAO with amended Critical Areas Regulations was
adopted on November 3, 1997. The purpose of the CAO is defined under WCC
16.16.100:
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“The purpose of this chapter is to carry out the goals of the Whatcom County
comprehensive land use plan by identifying and managing environmentally critical
areas and ecosystems. This chapter seeks to maintain harmonious relationships
between human activity and the natural environment.”

By regulating development and alterations to critical areas, the CAO seeks to:
1.
2.
3.

Protect the health, safety and welfare of the public.
Reduce potential losses to property and human life.
Protect the public from harm due to landslide, subsidence, erosion, seismic, flooding and
other natural hazards.
4. Protect the public against losses from unnecessary maintenance of public facilities, property
damage and cost for emergency rescue relief operations.
5. Minimize adverse impacts to the quality and quantity of water resources.
6. Alert appraisers, assessors, real estate agents, owners, potential buyers or lessees, and
other members of the public to natural conditions which limit development of critical areas.
7. Prevent destruction to the natural resources necessary to maintain the viability of natural
ecosystems.
8. Protect and restore critical areas, and/or mitigate impacts to critical areas by regulating their
development.
9. Protect unique, fragile and valuable elements of the environment, including fish, shellfish,
and wildlife habitats.
10. Protect the beneficial functions of wetlands, rivers and streams and avoid, minimize, or
mitigate for damage to wetlands, rivers or streams whenever practicable.
11. Provide county officials with information to approve, condition, or deny project proposals.
12. Protect private property rights and allow for adequate and appropriate public services and
facilities. Where property rights or public services are seriously compromised by the goal of
critical area protection, adverse impacts may be permitted provided appropriate mitigations
measures are taken.
Regulatory Requirements

Jones Creek falls under Article III of the CAO, Geologically Hazardous Areas. The
purpose of Article III (WCC 16.16.300) is:
A.

To minimize hazards to the public and to reduce the risk of property damage from
development activities on or adjacent to geologically hazardous areas; and

B.

To regulate land use so as to avoid the need for construction of flood control devices on
alluvial fans and allow for natural hydrologic change.

By definition, Jones Creek is an alluvial fan hazard area (WCC 16.16.340):
“… those areas on alluvial fans where flooding, boulder floods, and/or debris torrents
have the potential to damage or harm the health or welfare of the community. They
include the area generally corresponding to the path of recent and potential future
stream flooding, boulder flooding, and/or debris torrents as determined by local
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topography, hydrology, and depositional history on the fan. Alluvial fan hazard areas
are geologically hazardous areas and therefore critical areas.”

Regulatory requirements for alluvial fan hazard areas include (WCC 16.16.350):

2.5

A.

No critical facilities shall be constructed or located in geologically hazard areas without fully
mitigating the hazard.

C.

Projects shall be engineered and/or constructed to fully mitigate the hazard, and protect
the building and occupants from the hazard.

H.

All projects on an alluvial fan hazard area must be engineered and constructed to
withstand alluvial fan hazards and/or flooding equivalent to the largest known event evident
on the fan as determined by professional assessment.

I.

Clearing within alluvial fan hazard areas is prohibited without adequately addressing the
significance of tree retention in an assessment report.

JONES CREEK ALLUVIAL FAN ASSESSMENT
The most comprehensive previous assessment of debris flow hazards at Jones Creek was
completed by Raines et al. in 1996. The Raines et al. report provides a thorough analysis
of debris flow hazards on the Jones Creek fan and recommendations for hazard
mitigation. This sub-section provides a summary of that report.
HAZARD ASSESSMENT
The 1996 hazard assessment of Jones Creek is summarized as follows:
•

The estimated volume of the 1983 event was 33,000 yd3 (25,000 m3). An upper limit
of this volume estimate was made by assuming a 1983 type event could initiate
further upstream in the watershed, yielding a volume estimate of 43,000 yd3
(33,000 m3). This upper limit estimate was adopted as the design event and was
assigned a return period of 60 to 70 years based on trenching and dating of
neighbouring fan deposits.

•

Unstable slopes in the upper watershed are potential initiation sites for future debris
flows.

•

Areas of deep-seated instability in phyllite bedrock in the lower half of the watershed
contribute sediment to Jones Creek from episodic mass wasting off the toe of the
slides and chronic erosion of the toe scarps. Slopes underlain by phyllite supply
sediment to the fan in an amount disproportionate to their area (Appendix D).

•

The deep-seated slides have an unknown potential to fail catastrophically (possibly by
a large seismic event), which could create a debris flow of an order of magnitude
greater than the 1983 event.
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The potential for a debris flow of greater magnitude than the 1983 event is predicted
from trenching and dating of regional fan deposits. These larger events have a return
period of 560 years but were not confirmed with trenching on the Jones Creek fan.

HAZARD ZONES
Raines et al. divided the Jones Creek fan into three different hazard zones. The
characteristics of each zone are summarized in Table 2-1 and the corresponding fan
hazard zones are shown on Figure 2-4. Zone 1a is the direct impact zone at the fan apex
where the greatest energy dissipation occurs (the knock-down zone of the 1983 debris
flow). Zone 2 is an area where extensive scour and sediment deposition may be
expected. Zone 3 is most likely to experience water flooding with relatively minor
sediment deposition. The hazard zones are based on the design debris flow estimate of
43,000 yd3 (33,000 m 3).
Table 2-1: Hazard Zones of Raines et al. (1996)
Hazard Zone

Hazard Source

Description of potential damage

1a

dam burst flood;
debris flow;
hyperconcentrated
flow

Destruction of tree cover and structures; heavy impact
from large boulders (up to 5 ft) and trees (up to 3 ft
diameter). Depth of deposit varies from 3 to 10 ft.

2

hyperconcentrated
flow; water flood
following initial debris
flow deposition
upstream

Deposition of up to 8 ft of boulders, gravel, sand, trees
and woody debris; locally severe scour holes and
possible channel avulsions; moving bedload and debris
causing minor structural damage; channel constrictions
likely to plug. Estimated maximum flooding depth of
3 ft and a velocity of 7 ft/s.

3

water flood resulting
from sediment
deposition upstream

Flooding by muddy water; minor scour; deposition of up
to 2 ft of mainly fines; ponding behind obstructions.
Estimated maximum flooding depth of 3 ft and a
velocity of 7 ft/s.

Raines et al. noted that their analysis had a number of limitations:
•

The return period of the 1983 event was extrapolated from trenching and dating on
regional fans. Thus, the return period represents trends in regional fan-building
processes rather than those specific to Jones Creek. Improved confidence would be
obtained from a trenching program on the Jones Creek fan.

•

The delineation of the hazard zones was based in part on limited exposures on the fan.
In the absence of trenching, the zone boundaries are approximate.

•

Zone boundaries reflect existing obstructions to geomorphic events. Any changes in
these conditions, such as clearing, major grading, or removal of channel constrictions,
would affect zone boundary interpretations.
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HAZARD MITIGATION OPTIONS
To mitigate the hazards associated with future debris flow events, Raines et al. made a
number of recommendations. These recommendations can be divided into land use
planning considerations (hazard prediction, hazard reduction and hazard avoidance) and
structural measures.
Hazard Prediction

1.

Conduct a more detailed investigation of the deep-seated landslides by a qualified
geotechnical specialist for the purpose of recommending monitoring or
instrumentation.

Hazard Reduction

2.

Monitor forest practices for compliance with available mass wasting hazard
mapping.

3.

Work with land owners to encourage forest road maintenance and road deactivation
in the upper watershed.

Hazard Avoidance

4.

Implement land use planning measures as inexpensive and effective protection
measures against debris flow hazards. For example, maintain the “fence effect”
provided by the stand of trees at the fan apex. Mature trees act as a barrier to a
debris flow by dissipating energy and forcing deposition of larger debris (as noted
during the 1983 event). The authors recommended a prohibition on logging in
Hazard Zone 1a and restricted clearing and grading in Hazard Zone 2. The
recommended allowable uses in the fan hazard zones are summarized as follows:
Table 2-2: Recommended Allowable Uses in Fan Hazard Zones –Raines et al. (1996)
Hazard
Zone

Allowable uses

1a

Minor or major repairs to existing structures only. No building reconstruction,
extensions or new structures. All tree removal to be minimized to maintain
the protective function of the forest. Any tree removal subject to permits
issued by Whatcom County.

2

Repairs, reconstruction, and extension allowed. Up to 25% expansion of floor
area allowed, conditioned on locations factors and protective works (e.g.
reinforced concrete foundation a minimum of 3 ft above pre-existing ground
surface). New structures subject to geotechnical engineering assessment.
All tree removal to be minimized and subject to permits.

3

New construction allowed. Rezoning at higher than current density to be
conditioned on location and protective works (e.g. reinforced concrete
foundation a minimum of 2 ft above pre-existing ground surface).
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Structural Measures

5.

Construct a series of chevron berms on the right bank at Galbraith Road to deflect
debris flows back toward the existing channel.

6.

Install protective berms and structural bank reinforcement along identified avulsion
paths between the fan apex and the Turkington Road Bridge.

7.

Replace the Turkington Road Bridge with a structure that allows for overtopping and
containment of a sediment-laden flood within the channel.

8.

Consider a buy-out of the property situated on the left bank immediately upstream of
Turkington Road (Figure 1-3).

9.

If a buy-out is not an option:
•
•

reinforce the eroding fill between Jones Creek and the mill pond; and
use the mill pond as a debris basin or designed overflow channel.

The latter alternative would require periodic sediment removal, maintenance of the
bank protection between Jones Creek and the pond, enlarging the outlet culvert from
the pond, acquiring the pond property, and an alternative access to the residence.
10. Set back existing dikes along the lower reach of Jones Creek a minimum of 100 ft
(33 m).
11. Create overflow areas at low points in the existing dykes to direct stream overflow
and sediment deposition away from existing development on the right bank
(alternative or interim measure to the above).
The report was never finalized and as such, none of the above recommendations have
been implemented.

2.6

ACME WATERSHED ANALYSIS (1999)
In November 1994, a detailed watershed analysis was initiated for the Acme Watershed
Administrative Unit (WAU). The Acme WAU encompasses the lower 20% of the South
Fork Nooksack watershed and includes the Jones Creek watershed. The watershed
analysis was instigated by the Trillium Corporation to assess hillslope hazards, stream
channels, and public resources. The purpose of the analysis was to help guide sustainable
forestry development within the WAU. A final draft of the report was completed in
1999. A detailed summary of the study is provided in Appendix D.
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This section provides a risk analysis for debris flow hazards on Jones Creek. This
includes:
•
•
•

analysis of debris flow and flood hazards;
assessment of the potential consequences; and
establishment of risk and the need to implement mitigation measures.

The primary purpose of this section is to identify the risk management issues that are
important to Whatcom County in considering possible implementation of mitigation
measures. The overall risk is defined as the combination of hazard and consequence,
where:
•

hazard represents the occurrence of creek events, expressed in terms of probability
and magnitude; and

•

consequence represents the elements at risk and their vulnerability to damage during
an event.

The level of risk, and therefore the need to consider the implementation of mitigation
measures, depends on both the degree of hazard and the potential consequence.

3.2

DEBRIS FLOW AND FLOOD HAZARDS
This sub-section is a summary of Appendices E and F. It quantifies the hazards posed by
debris flows and floods at Jones Creek. The hazard assessment represents an evaluation
of the watershed capability to produce these types of events, independently of the
potential consequences of such events. Floods are dealt with first because flood
magnitude is a useful contrast to the assessment of debris flow hazards.
DESIGN FLOOD EVENT
Design of mitigation works for flood hazards requires that the design flood event be
quantified. In Washington State, the 100-year return period flood is the accepted
standard for flood protection measures. Appendix E provides a hydrologic analysis for
Jones Creek, including a review of previous studies. The following peak instantaneous
flow estimates are suggested:
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Return Period
(years)

Jones Creek
Peak Flow
(cfs)

Peak Flow
(m3/s)

2

100

2.9

25

227

6.4

100

300

8.5

In addition to the peak flow magnitude, it is necessary to consider the potential for flood
flows to be accompanied by bedload and wood debris.
DEBRIS FLOW PROBABILITY AND M AGNITUDE
Appendix F provides a comprehensive analysis of the probability and magnitude of
debris flows on Jones Creek.
In general, a probability can be attached to the occurrence of debris flows of a particular
magnitude. This is a physical assessment of the hazard, independent of the consequences
of such an event. In many situations, different debris flow magnitudes may occur on a
particular creek with varying probabilities. For example, small or medium size debris
flows usually occur more frequently than larger ones, particularly for creeks with
multiple tributary branches and large amounts of debris.
Frequency-magnitude relations are largely controlled by the watershed type (i.e. the
amount of sediment available for transport). Watersheds with a quasi-infinite amount of
stored debris respond more readily to triggering hydroclimatic events and show a very
large range of possible debris flow magnitudes. Watersheds with a limited amount of
stored debris have to recharge after each significant event, and hence the amount of
available debris at any given time may be limited.
Jones Creek falls into the former watershed type with a phyllitic bedrock in lower reaches
supplying a quasi-infinite amount of sediment. The highly folded and faulted phyllite is a
mechanically weak rock that easily weathers into small chips and clay-rich residues. As
a consequence of these physical properties, the phyllite is prone to deep-seated rotational
failures. Other factors influencing the frequency/magnitude relations of debris flows are
the severity of hydroclimatic events, the watershed morphometry, and vegetation cover.
Seismic events can also potentially influence the frequency and magnitude of debris
flows by initiating landslides, particularly under saturated conditions (Keefer, 1999).
For purposes of this report, Appendix F defines the following probability classifications
for debris flows:
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Probability

Return Period

Probability of at Least One
Occurrence in 50 Years1

Very High

less than 20 years

more than 90%

High

20 to 100 years

40% to 90%

Medium

100 to 500 years

10% to 40%

Low

greater than 500 years

less than 10%

1

Probabilities are rounded to the nearest 5%.

The return period is defined as the average recurrence interval for a particular event magnitude.
Greater return periods indicate less frequent but larger magnitude events.

DESIGN STANDARD FOR DEBRIS FLOWS
For development of debris flow mitigation measures, a design debris flow event is often
selected. In Washington State, however, there is no established design standard. Alluvial
fan hazard areas are addressed by the Federal Emergency Management Agency (FEMA)
in their guidelines for high risk flood hazard areas (FEMA, 1987). At present, the
regulatory 100-year return period flood levels for setting insurance rates are based on
flood frequency analyses of clear water floods. While this may be an appropriate design
standard for rivers that are primarily subject to floods, it is not considered an appropriate
design standard for mountain creeks that are subject to debris flows. Floods show poor
correlation to the frequency and magnitude of debris flows. For example, debris flows
can reach up to 50 times the peak discharge of the estimated 200-year return period clear
water flood (Jakob and Jordan, 2001).
While there is heightened awareness of the hazards associated with fans in Whatcom
County, the return period for the design event of debris flows has not been designated
(see Section 2.4). In British Columbia, there is increasing consensus that the design
debris flow should be based on a 500-year return period (10% in 50 years probability of
occurrence), that correlates to the upper level of the medium probability event.
With respect to other related hazards, the US Army Corps of Engineers uses a 500-year
return period for artificial dam failures. In addition, the US Geological Survey has
recently attempted to plan for 500-year return period lahars (volcanic debris flow) in
areas around Mount Rainier (Scott, pers. comm., 2003).
For the purpose of this report, Whatcom County has selected the 500-year return period
debris flow as the design event for Jones Creek.
DEBRIS FLOW MAGNITUDES FOR JONES CREEK
Large debris flows in Jones Creek are most likely initiated by a temporary blockage of
the channel from a landslide dam. If the dam is high enough, a significant volume of
water can be impounded and rapid failure of the landslide dam is conceivable. An
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outburst flood in combination with the mobilization of the collapsed dam is likely to
initiate a debris flow, particularly in a confined channel such as Jones Creek. The
following processes could lead to temporary blockage of Jones Creek:
•
•
•

a debris slide or debris avalanche from adjacent sideslopes;
a debris flow from a tributary at close to perpendicular impact (such as the 1983
event); and
a large failure at the toe of several deep-seated landslides identified in lower reaches.

To estimate the frequency and magnitude of past debris flows, a comprehensive trenching
program was conducted on the Jones Creek fan. The objective of the test trenching was
to date debris flow deposits and to determine their thickness and areal extent. A total of
18 trenches up to 16 ft (5 m) in depth were excavated on the fan, revealing a number of
well-defined debris flow deposits (Appendix G). Organic material was extracted from
the debris flow layers and buried paleosols for radiocarbon dating.
Based on analysis of the trenching program results, six large debris flows (>100,00 yd3)
were identified over the past 7000 years with volumes of up to 335,000 yd3 (255,000 m3)
and estimated peak discharges of up to 28,000 cfs (790 m3/s). Comparison of the Jones
Creek radiocarbon dates with those on neighbouring fans suggests that large debris flows
occur on a regional scale with a return period of approximately 500 years.
The large debris flows most likely originate from significant bedrock failures in the lower
watershed where phyllite bedrock outcrops. The highly folded and faulted phyllite is a
mechanically weak rock that is prone to deep-seated rotational failures. A number of
these deep-seated rotational failures (both active and inactive) were identified from aerial
photographs and site visits (Figure 2-1). The largest of these landslides, the Darrington
Slide, has a very active toe scarp and a deep-seated failure could block Jones Creek to a
height in excess of 60 ft (18 m).
Debris flows (or debris floods) in Jones Creek could also be initiated by tributary
landslides impacting the mainstem channel at an oblique angle, directly transferring
momentum to the creek. However, the large debris flows that have been dated would
require much larger volumes of water that can only be explained by the collapse of a
landslide dam.
Estimated debris flow magnitudes for various probability classifications on Jones Creek
are summarized as follows:
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Debris Flow

Probability

Probability of
Occurrence in 50
Years

Volume
(yd3)

Peak Discharge
(cfs)

Peak Discharge
(m3/s)

High

40% to 90%

40,000

10,000

280

Medium

10% to 40%

120,000

10,000

280

Low

less than 10%

245,000

20,400

575

Note: Very high probability events are likely floods or minor debris floods. Also, damaging debris floods can occur as
high probability events (e.g. 1953).

Based on the above data and the medium probability criterion, a peak discharge of
10,000 cfs (280 m3/s) is selected as a design debris flow event for Jones Creek. The
corresponding volume is approximately 120,000 yd 3 (90,000 m 3).
In contrast, the debris flows (and debris floods) that occurred in 1953, 1983 and 1990 are
considered high probability events (100-year return period) that are estimated to have a
peak discharge of up to 10,000 cfs (280 m3/s) and a volume of up to 40,000 yd3
(30,000 m3). While the 1983 debris flow reflects the upper end of this probability class,
the smaller events in 1953 and 1990 indicate that damaging creek events can occur at a
frequency of two to three decades.
Of note is that the high probability debris flow has the same peak discharge as the
medium probability event but a significantly lower volume. At Jones Creek, two
populations of debris flows have been identified. The first is a direct transition of a
landslide into a debris flow or a very rapid (and complete) breach of a small landslide
dam (e.g. 1983). The second is an irregular breach of a landslide dam across the channel.
In the first case, high sediment concentrations (50% to 70% by volume) are expected
which will result in a pronounced surge front characterized by a higher boulder content
and higher flow depth. A debris flow of this type (high probability event) will likely
have a very steep and short hydrograph. The second type will be characterized by lower
sediment concentrations (30% to 50% by volume) and a hydrograph with multiple surges
and comparatively lower peaks. The multiple surges will result from periods of rapid
landslide dam incision interspersed with short periods of quiescence. The large debris
flows (i.e. medium and low probability events) on Jones Creek are considered to be of
this type.

3.3

DEBRIS FLOW MODELLING
FLO-2D MODEL
The hydraulic model FLO-2D was used to model maximum debris flow depth and
velocity in order to assess the hazard posed by the design event at Jones Creek. FLO-2D
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is a two-dimensional flood routing model
flooding. However, it is also useful for
such as unconfined flows over complex
FLO-2D is on FEMA’s list of approved
insurance studies.

that is commonly applied to predict overbank
analyzing unconventional flooding problems,
topography, debris floods, and debris flows.
hydraulic models for unconfined flow flood

MODEL SET-UP
The FLO-2D model for the Jones Creek fan is summarized as follows:
•

The topography was represented by a digital terrain model (DTM) of the fan that was
transformed into a 50 ft grid. The DTM was the basis of a 2 ft contour map of the fan
obtained from Whatcom County. The model was started several hundred feet
upstream of the fan apex.

•

The distance travelled and mobility of debris flows is governed by a number of
factors. Viscosity and effective yield stress of the flow are particularly important
variables because they determine the dynamics and runout distance of debris flows.
The magnitude of these variables is determined by the input of four coefficients. For
Jones Creek, these variables were adjusted until the modelled debris flow
characteristics resembled the extent of mapped debris flow deposits.

•

The input debris flow hydrograph was based on the design event: a peak discharge of
10,000 cfs and a volume of 120,000 yd3. The design hydrograph was modelled as a
series of surges that occur over a period of 30 minutes.

The model was calibrated by adjusting the viscosity and effective yield stress to reflect
the observed runout of the radiocarbon dated large debris flows.
MODEL RESULTS
The model results for the design event are illustrated by Figure 3-1. The debris flow
impact zones are based on the following definitions:
Definition
Zone
v (ft/s)

d (ft)

D (ft)

Description

Red

> 12

>8

>2

Orange

6 – 12

2–8

1–2

Indirect impact zone

Yellow

<6

<2

<1

Sedimentation zone

Direct impact zone

Areas of nuisance flooding or sedimentation are not specifically delineated.
v = maximum flow velocity, d = maximum flow depth, D = maximum boulder size (diameter)

The impact zones shown on Figure 3-1 are not exact, but are best estimates based on the
model results and experience. It should be recognized that debris flows on Jones Creek
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could result in debris deposition that results in unpredictable avulsions. As a result, the
debris flow deposition could vary from that illustrated by Figure 3-1. Areas of yellow
could become orange and vice-versa, particularly with the rapidly varying flow
characteristics of a debris flow. Areas outside the yellow zone could also be impacted.
It is very important to understand that the zones delineated on Figure 3-1 reflect existing
conditions. If a debris flow were to occur that caused significant aggradation, the zones
would have to be redefined on the basis of the subsequent channel conditions. For
example, the 1983 debris flow deposited a significant amount of sediment in the vicinity
of the fan apex. Under existing conditions, this lobe of material preferentially deflects a
majority of the modelled debris toward the northern portions of the fan with far less
sediment being transported to the east. Another debris flow of similar magntiude to the
1983 event could significantly change this configuration.
HAZARD M AP
The modelling results for the design debris flow event (Figure 3-1) can be used to define
hazard zones on the fan. Figure 3-2 presents a hazard map for the Jones Creek fan. Four
hazard zones are defined:
Zone 1

The highest hazard zone, potentially subject to severe debris impact during a
debris flow. In the event of a debris flow, there is an increased risk for loss of
life and property. Not recommended for land development without regional
off-site flood control works or engineered works designed to mitigate for a
flow depth up to 12 ft (3.6 m), a flow velocity up to 24 ft/s (7 m/s), and a
boulder diameter up to 3 ft (0.9 m).

Zone 2

Area potentially subject to direct debris impact during a debris flow. In the
event of a debris flow, there is an increased risk for loss of life and property.
Not recommended for land development without regional off-site flood
control works or engineered works designed to mitigate for a flow depth up to
8 ft (2.4 m), a flow velocity up to 12 ft/s (3.6 m/s), and a boulder diameter up
to 2 ft (0.6 m).

Zone 3

Area potentially subject to moderate debris flow impact: depth of up to 4 ft
(1.2 m), a flow velocity of up to 6 ft/s (1.8 m/s), and a sediment diameter up to
1 ft (0.3 m). Land development should be subject to an engineering report
with on-site mitigative measures.

Zone 4

Potentially subject to flooding and deposition during a debris flow to a depth
of up to 2 ft (0.6 m), a flow velocity of up to 3 ft/s (0.9 m/s), and a sediment
diameters up to 0.5 ft (0.15 m). Land development is subject to elevating
buildings above the surrounding ground elevation.
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This hazard map provides a tool for Whatcom County to regulate land development on
the Jones Creek fan.

3.4

POTENTIAL CONSEQUENCE
This sub-section provides an assessment of the potential debris flow consequences on
Jones Creek for the 500-year return period event. Understanding these impacts is
important as they determine the risk that forms the basis for consideration of mitigation
measures.
CONSEQUENCE R ATING SYSTEM
The overall potential consequences of debris flows are rated as follows:
Consequence
Very High

Description
Direct debris impact with extensive structural damage.

High

Direct or indirect debris impact with some potential for structural damage
along with significant sediment deposition and flooding.

Medium

Indirect debris impact. No structural damage but damage to houses and
property from sediment deposition and flooding.

Low
Very Low

Sediment deposition and flooding with minor property damage only.
Virtually no damage.

While this rating system focuses on structural and property damage, the potential for
injury and loss of life should also be considered. In general, this will decrease in
accordance with the consequence rating.
DEBRIS FLOW IMPACTS AT JONES CREEK
There are a number of significant potential debris flow consequences at Jones Creek in
the event of a 500-year return period debris flow. These are listed below:
•

Destruction of the bridge crossings at Galbraith Road (private) and Turkington Road
(county). Injury or loss of life is possible if vehicles drive into the resulting chasm.

•

Several homes near the fan apex could be destroyed by direct debris impact. Injury or
loss of life is possible. Under existing conditions, the building located adjacent to the
Mill Pond is at the greatest risk.

•

Inundation and debris deposition on all parts of the Jones Creek fan, to the degree
indicated by Figure 3-2.
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•

Avulsion at the fan apex with overflow down Galbraith Road. Several buildings
would be impacted and could be destroyed. Injury or loss of life is possible.

•

Widespread deposition of fine-grained debris on the fan would cause nuisance
erosion and flooding with major cleanup operations necessary.

•

The railway crossing immediately upstream of the confluence with the South Fork
Nooksack River could be undermined leading to collapse of the railway. Injury or
loss of life is possible in the event of a train derailment.

In the event of a debris flow or debris flood with a return period of 100 years or less (high
probability event such as occurred in 1953, 1983 and 1990), most of the damage will be
confined to the creek corridor. Damage could be sustained to any of the creek crossings
with the potential for injury or loss of life. Channel overflows could cause nuisance
erosion and flooding, and deposition of fine-grained sediment.
The above potential consequences are not unique to the Jones Creek fan. Virtually all
developed debris flow fans have the potential for loss of life and extensive property
damage. Extreme examples occur in South America where active volcanism can produce
large debris flows. In 1985 for example, a debris flow from Volcán Nevado del Ruiz
killed 21,000 people in the city of Armero, Columbia (Pierson et al., 1990). Elsewhere,
an average of 90 deaths per year are caused by debris flows in Japan (VanDine, 1985).
The risk from debris flows is less apparent in North America as large debris flows tend to
have a frequency of several hundred years or greater (e.g. Jones Creek). Given the short
history of European settlement, the hazards posed by debris flows on many fans remain
unrecognized. However, damaging events have occurred in North America. A high
intensity storm in central Virginia on June 27, 1995 triggered approximately a thousand
debris flows in an area of about 50 mi2 (130 km 2). The debris flows were responsible for
a number of deaths and extensive damage to buildings (Wieczorek et al., 2000).

3.5

POTENTIAL DEBRIS FLOW R ISKS
DEFINITION AND CLASSIFICATION OF RISK
Natural hazard risk can be defined as the combination of hazard (event probability and
magnitude) and consequence (vulnerability to damage). Assessment of both hazard and
consequence, and therefore risk, can be performed qualitatively on the basis of analysis
and judgement. For this study, the hazard probabilities are defined on the basis of return
periods in Appendix F and Section 3.2. Consequence is rated according to the table in
Section 3.4.
Qualitatively, risk can be assessed for a fan area by using the following matrix:
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Consequence

Hazard
Probability

Very High

High

Medium

Low

Very Low

High

Very High

High

Medium High

Medium

Low

Medium

High

Medium High

Medium

Medium Low

Low

Low

Medium

Medium

Medium Low

Low

Very Low

EXISTING LEVEL OF RISK AT JONES CREEK
Based on the above table and the detailed debris flow analysis (trenching, modelling,
extent of the 1983 event, etc.), the existing level of risk at Jones Creek is as follows:
Existing Conditions

Hazard
Probability

Consequence

Risk

High

High

High

Medium

Very High

High

Low

Very High

Medium

The above table illustrates that under existing conditions, the design event (a medium
probability debris flow) at Jones Creek poses a high risk (bold row). The implication is
that events having return periods of 100 to 500 years (40% to 10% chance in 50 years)
will cause damage to multiple houses by debris impact.
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Section 3 documents creek-related hazards, defines the potential consequences of creek
events, and describes the risks that arise from the combination of creek hazards and
potential consequences. Based on those findings, this section reviews alternative
strategies that may be considered for risk mitigation at Jones Creek. For the purposes of
considering possible applications, the focus is on events in the order of the design debris
flow – a peak discharge of 10,000 cfs (280 m3/s) and a debris volume of 120,000 yd 3
(90,000 m3).
While the focus of this section is on the medium probability design event, the high
probability event should not be discounted when considering risk mitigation. High
probability debris flows are estimated to have a discharge of up to 10,000 cfs (280 m3/s)
and a volume of up to 40,000 yd 3 (30,000 m3). This estimate reflects the upper end of the
high probabilty event (e.g. 1983 debris flow). However, it should also be recognized that
events smaller in magnitude than the upper end of the high probability class are expected
at a frequency of two to three decades. The 1953 and 1990 events (Section 2.2) are
examples of such events that can cause significant damage along the creek corridor.
ALTERNATIVE STRATEGIES
There are two general strategies for mitigating debris flow hazards:
•
•

passive measures to avoid the hazard, such as land use planning; or
active measures to prevent or minimize the consequences of a hazardous process.

Active measures are typically implemented in situations where a debris flow hazard
affects a developed area. Passive measures can complement active measures to provide a
more comprehensive approach to risk mitigation, and are critical in ensuring risks do not
increase over time due to new development.
At a minimum, Whatcom County wants to ensure the risk at Jones Creek does not
increase over time. From a technical perspective, active measures can be implemented to
reduce the existing level of risk. The availability of funding and the long-term benefits
resulting from a potential project influence whether active measures are appropriate
mitigation for the Jones Creek fan.
CONSIDERATION OF M ITIGATIVE M EASURES FOR JONES CREEK
The specific mitigative measures considered in this section for application at Jones Creek
are as follows:

KERR WOOD LEIDAL ASSOCIATES LTD.
Consulting Engineers
2039.001

4-1

W HATCOM C OUNTY FLOOD CONTROL ZONE DISTRICT
•
•
•
•

JONES C REEK DEBRIS FLOW S TUDY
FINAL REPORT
MARCH 2004

land use planning and development (including land acquisition);
warning systems;
watershed management actions; and
debris flow mitigation structures.

A preferred approach to risk mitigation is suggested at the end of the section.

4.2

L AND U SE P LANNING AND D EVELOPMENT
Land use planning is the primary passive measure for natural hazard mitigation. In cases
where fans are already developed, such measures are best considered for implementation
in conjunction with active measures to minimize risk.
ZONING
In some cases, a fan may be delineated into zones of varying hazards, either with or
without mitigation measures. This may result in portions of a fan being designated as:
•
•
•

suitable for land development;
suitable for land development, subject to conditions; or
unsuitable for land development.

Appropriate land use planning measures can be implemented on the basis of such a
zoning system. For comparison, Table 4-1 shows land use regulations in Switzerland for
new and existing developments.
Table 4-1: Land Use Regulations for Existing and New Developments in Switzerland
Degree of Hazard

New Residential Development

Existing Development

High

Construction of new buildings is
prohibited.

Building maintenance permitted.
Alterations permitted if number of
persons in building is not
increased.

Medium

No new development. Existing
housing lots permitted with
covenants.

Alterations only with increased
floodproofing measures (elevated
entrance, no bedrooms in
basement, etc.)

Low

Local protection recommended for
essential buildings.

No restrictions.

At Jones Creek, Figure 3-1 shows the impact of the design debris flow under existing
conditions. Figure 3-2 defines four debris flow hazard zones for the Jones Creek fan, and
is based on a generalization of modelling results of the 500-year debris flow. Figure 3-2
provides a tool for Whatcom County to regulate land development on the Jones Creek
fan.
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LAND ACQUISITION
In many cases, acquisition of land subject to a hazard to preclude development is an
effective alternative to constructing mitigation structures. Land acquisition can also be
effective in keeping critical areas under public ownership (i.e. lands that may be needed
in the future for construction of works or creek maintenance).
Land acquisition is consistent with the Critical Areas Ordinance for Whatcom County
that stipulates: “regulate land use so as to avoid the need for construction of flood control
devices on alluvial fans and allow for natural hydrologic change” (WCC 16.16.300, see
Section 2.4).
At Jones Creek, acquisition of properties within Zone 1 and Zone 2 could be effective
because it would incorporate most of the highest risk areas on the fan (Figure 3-2).
According to Whatcom County, the total assessed value of lots within Zones 1 and 2 are
approximately $660,000 and $365,000 respectively. The assessed value for Zone 1
includes the two properties along the creek corridor downstream of the Turkington Road
Bridge. Market values can be considerably higher than assessed values, so using a
market value of two times the assessed value provides a cost estimate range.
DEVELOPMENT OF EXISTING LOTS
Figure 3-2 provides a basis for Whatcom County to implement site-specific land use
regulations for the Jones Creek fan. It is suggested that this involve:
Zone 1

Not recommended for land development without regional off-site works or
engineered works designed to mitigate for a flow depth up to 12 ft, a flow
velocity up to 24 ft/s, and a boulder diameter up to 3 ft. Accordingly,
most of this zone could be considered for buy-out.

Zone 2

Not recommended for land development without regional off-site works or
engineered works designed to mitigate for a flow depth up to 8 ft, a flow
velocity up to 12 ft/s, and a boulder diameter up to 2 ft. Some of this zone
could be considered for buy-out.

Zone 3

Development requires an engineering report with site-specific mitigative
measures (anticipated to include a specified building elevation above the
surrounding grade, plus erosion protection measures).

Zone 4

Development may proceed with building elevations above the surrounding
grade. Such elevations may be prescribed by Whatcom County such that
there is no need for owners to obtain engineering reports. Specific
attention needs to be given to any localized swales or depressions that may
be present.
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Such an approach would need to be integrated into the existing regulatory framework of
Whatcom County.
FOREST M ANAGEMENT ON F AN
Trees can provide an important role in dissipating some of the energy of a debris flow on
a fan. At Jones Creek, it would be best to retain the existing tree cover in the upper fan
area, which is owned by several individuals.

4.3

W ARNING S YSTEMS
Systems can be installed to provide warning of an impending debris flow (advance
warning system), a debris flow occurring (event warning system), or after a debris flow
has occurred (post-event warning system).
The three types of warning systems and their applicability to Jones Creek are discussed
below.
ADVANCE W ARNING S YSTEMS
Advance warning systems can involve real-time monitoring of precipitation and creek
flow data to determine when hydrological conditions approach a threshold for regional
landslide occurrence and debris flow activity. Activities in high-risk areas may then be
restricted and public notification considered. The period of notice may range from a few
hours to a day or two. Warnings will typically apply to all creeks in a regional area as
opposed to any specific creek. False warnings may occur relatively often. An advance
warning system in the form of a hydroclimatic threshold for landslide initiation has
recently been developed for use on the North Shore Mountains of Vancouver (Jakob and
Weatherly, 2003).
An advance warning system based on hydroclimatic thresholds would not be suitable at
Jones Creek, as there is insufficient data on the correlation of hydroclimatic events and
the movement of the deep-seated landslides. Furthermore, given the high likelihood of
false warnings, it would not provide an effective means for temporarily relocating
residents.
An advance warning system could alternatively include monitoring of key landslide sites.
An array of geotechnical instrumentation could be implemented at the main deep-seated
landslides at Jones Creek (e.g. Darrington Slide). Such instrumentation could include:
•
•
•
•

extensometers (to monitor the opening of tension cracks);
tiltmeters (to monitor rotations of the landslide mass);
piezometers (to monitor hydrostatic pressures changes in the landslide mass); and
differential global positioning systems (to monitor surficial movement).
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These ground-based systems could be replaced or complemented by air-borne or satellitebased systems such as LIDAR and INSAAR.
Geotechnical instrumentation would have to be installed at a number of sites to provide a
high degree of reliability. Such a system would be costly to install and maintain, but
would be effective in indicating acceleration of slope movement. A major drawback is
that an accelerating landslide mass does not necessarily imply catastrophic failure.
However, thresholds of landslide movement could be defined upon which management
reactions could be invoked. The period of notice may range from a few hours to a day or
two.
EVENT W ARNING S YSTEMS
Event warning systems may provide warning of an event in progress. Such systems
would typically involve cables (tripwires) or sensors (geophones, ultrasonic devices) in a
creek channel which emit a signal when displaced by a debris flow or triggered by
vibration during a debris flow. An event warning system could be designed for Jones
Creek, but it would be difficult to achieve more than a few of minutes warning before
debris flow impact on the fan.
An event warning system could be designed on the premise of Jones Creek being
dammed by one of the deep-seated landslides. Such a system could consist of an
automated streamflow gauge located at the Galbraith Road Bridge. In the event of a
landslide dam, creek discharge would decrease abruptly to a trickle. A computer
program could be written that defines a critical rate of discharge decrease and initiates a
warning. The warning could come in the form of a siren or an electronic communication
to Whatcom County Public Works. In either case, immediate and rapid evacuation along
previously identified routes to a safe location should follow. False warnings could occur
periodically, eroding public confidence in the system.
POST-E VENT W ARNING S YSTEMS
Post-event warning systems may be useful in providing notice of a service disruption of
critical infrastructure, such as bridges. Such systems are widely used by railways where
electrical currents run through the train tracks. If the tracks are severed by a landslide or
flood event, a signal alerts the trains to stop until the site has been checked.
Such a system would have been effective in preventing multiple deaths in 1981 on the
Squamish Highway in British Columbia, resulting from several vehicles driving
unknowingly into a gorge following a bridge washout (a similar situation also occurred
on Rutherford Creek in British Columbia in October 2003).
At Jones Creek, the Galbraith Road and Turkington Road crossings would probably be
destroyed during the design debris flow. A bridge collapse could trigger a gate to close
automatically or a warning light to illuminate, thereby preventing cars from inadvertently
driving into the channel following an event.
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In addition to probable false warnings, concerns with warning systems include:
•
•
•

4.4

finding a recognized authority to accept management responsibility;
protecting the authority from excessive liability exposure; and
ensuring uninterrupted system operation.

W ATERSHED M ANAGEMENT A CTIONS
A number of watershed management actions can be considered at Jones Creek.
WATERSHED STABILIZATION
Watershed stabilization activities can be considered to reduce the level of debris flow
hazard. Such measures attempt to tackle the problem at the source area where debris is
generated.
Along Jones Creek, potential instabilities include deep-seated landslides, tributary gully
systems and inner gorge headwall scarps. Stabilization efforts at these locations would
not likely be effective because of very difficult access and the very high costs involved in
such works. Furthermore, these measures are not likely to prevent the occurrence of
every potential landslide.
In order to minimize the risk of future instabilities, road construction and timber
harvesting within the watershed should be minimized, particularly in the lower reaches
where the Darrington Phyllite outcrops. The latest logging cycle began in the late 1990s
when large areas to the north of Jones Creek were cut. Logging did not include two of
the deep-seated landslides (the Darrington Slide and the Cutblock Slide) that were
obviously recognized as unstable terrain. However, the cutblocks between the landslides
are situated on top of older landslide deposits (Figure 2-1). These cutblocks will lower
the factor of safety of the adjacent hillslopes over the next 10 to 15 years, and will
therefore increase the probability of landsliding during the next significant hydroclimatic
event.
Because of the very high consequences of a debris flow to the town of Acme, it would be
best to avoid future logging in the entire groundwater recharge zones of the active or
inactive deep-seated landslides identified on Figure 2-1. The Acme Watershed Analysis
(1999) presently recommends that for harvesting within the groundwater recharge zone,
clearcut logging must leave an uncut buffer along the upper margin of the active area,
covering an area equivalent to 50% of the active portion (Appendix D). Past case studies
have demonstrated that higher consequence areas require different logging standards than
usual (e.g. Squier and Harvey, 2000). Logging in Washington is regulated by the
Washington State Forest Practices Act (FPA) and under the sole authority of the
Washington State Department of Natural Resources.
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Given that some instabilities remain from previous logging in the Jones Creek watershed,
it may also be appropriate to perform a stability assessment and implement any
appropriate mitigative actions. For example, the forestry road above the Cutblock Slide
and the Darrington Slide should be fully deactivated to avoid future drainage problems
that could develop.
LANDSLIDE M ONITORING
A likely trigger for future large debris flows on Jones Creek is a large rotational slide at
the toe of the Darrington Slide. Such a slide could block Jones Creek and result in a large
outbreak flood (and thereby initiate a debris flow). Given this possibility, it would be
appropriate to monitor the movement rates of the Darrington Slide using one of the
methods described in Section 4.3.
Any significant trends in movement of any of the deep-seated landslides may warrant
future review of the risk analysis for the Jones Creek fan.

4.5

D EBRIS F LOW MITIGATION STRUCTURES
There are several types of mitigation structures that can be constructed to mitigate debris
flow risks. This sub-section provides a brief description of such structures and their
potential application at Jones Creek.
Debris Basin

A debris basin is a constructed storage area in which the sediment and
woody debris of a debris flow is contained above a critical area. A
debris basin includes a concrete/steel outlet structure that can be
designed to allow passage of debris below a certain size.

Debris Barrier

A debris barrier consists of an open steel grillage or concrete slot
structure that is anchored to bedrock in a confined section of a creek.
Its function is to ‘filter’ large boulders and trees or root wads, while
allowing smaller debris to pass.

Deflection Berm A deflection berm (or training berm) deflects a debris flow from a
critical area and allows it to deposit in an area where it will cause
minimal damage. As opposed to channelization works which are
constructed in the channel, a deflection berm is constructed outside of
the creek channel which results in less environmental impact.
This section reviews the application of all three structural concepts and some
combinations of these for the design event. Conceptual design drawings and construction
cost estimates are also provided. Design concepts and cost estimates are to a preliminary
level, intended solely for comparison among alternatives.
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DEBRIS BASIN
The most promising debris basin location is below the Galbraith Road Bridge
(Figure 4-1). A debris basin would require a storage volume of up to 120,000 yd 3. The
basin would consist of a containment berm across the upper fan with an outlet structure
located at Jones Creek some 150 yards downstream of the bridge. Overflow from the
basin would continue down the existing channel. Some acquisition of private property
would be required for construction. Galbraith Road could serve as the access road by
grading the road to the berm height and dropping it on the upslope side to the elevation of
the existing bridge. The bridge would be expected to be destroyed in the design debris
flow. The west bridge access could be used as a secondary access road or abandoned as
access to this area can be provided via a spur off of Turkington Road.
It is anticipated that a large amount of water would be incorporated in a debris flow
initiated by an outbreak flood. Hence, it is important that the water be removed from the
debris mass in the basin to prevent surges from overwhelming the toe berms. To dewater the basin, a series of culverts could be incorporated in the berm at different
elevations (in addition to the outlet structure). These culverts would flow into drainage
channels that direct water back into Jones Creek (Figure 4-1).
The steep slopes adjacent to the fan apex would facilitate debris basin construction
because only a terminal berm would be needed. A 120,000 yd 3 debris basin would
occupy a lot of space and would have to be deep. However, a significant portion of the
excavated material could provide most of the berm material. The potential site would be
relatively well hidden from view and the downslope side of the basin could be vegetated
for an aesthetically pleasing appearance.
Channel upgrading would be required downstream of the debris basin to ensure the
ensuing water flood is contained. The purpose of the channel works would be to pass at
least a 100-year return period flood, with provision for some sediment deposition.
During this upgrade, bioengineering techniques could be used to improve fish habitat
along lower Jones Creek and stabilize the creek banks. Partially buried logs and small
rock weirs could be constructed to provide a step-pool morphology.
Debris basins are a favoured type of mitigation option because the risk can usually be
reduced to a satisfactory degree on the entire fan, rather than being transferred from one
area to another. With a sufficiently large debris basin in place, further development could
proceed on the fan.
The cost of a debris basin would be roughly $1.4 million, including the associated
channel works and fish habitat enhancement. Maintenance work would also be necessary
for periodic removal of sediment and organic debris from the basin.
A potential concern of a debris basin is that it might create a barrier to fish passage. Bull
trout and steelhead are presumed to use Jones Creek upstream of the fan apex (John
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Thompsom pers. comm.). Providing passage would probably be required by the
Washington State Department of Fish and Wildlife and the Federal Services, and a formal
consultation would be required under the Endangered Species Act (ESA). Provision for
fish passage could be incorporated into a debris basin design, but the construction cost
would likely increase.
DEBRIS BARRIER AND D EBRIS BASIN
At Jones Creek, a debris barrier by itself cannot contain the design debris flow because it
would have to be several tens of feet in height. A debris barrier would therefore only be
appropriate in combination with either a debris basin or a deflection berm.
The debris basin concept shown in Figure 4-1 includes a debris barrier. The storage
volume upstream of such a barrier could be approximately 20% of the total design
volume or 24,000 yd 3 (18,000 m3). The identified debris barrier location is a good site
because it is located at the downstream end of a confined canyon. The barrier would be
well hidden from view as it could only be seen from the Galbraith Road Bridge. To
construct the barrier, road access could be provided by constructing a spur road from
Galbraith Road west of Jones Creek. This road would have to be constructed into a steep
and potentially unstable hillside and would therefore be expensive. Clearing significant
debris from the basin would require removal of a section of the steel grillage. As with a
debris basin, periodic maintenance work would be necessary.
A debris barrier in conjunction with a debris basin own would cost approximately $1.7
million. The greater the storage volume above a debris barrier, the lesser may be the
channel works downstream. A cost benefit analysis would have to be carried out to
determine the ideal ratio between debris barrier and debris basin storage volume. Again,
the issue of fish passage would have to be addressed.
DEFLECTION B ERM
A third structural option is to construct a deflection berm on the east side of the creek
roughly paralleling it (Figure 4-2). The berm would confine a debris flow to the creek
corridor to protect developed sections of the fan. The berm would be tied into high
ground at the fan apex and would not connect with the existing berm downstream of
Turkington Road. The existing berm is unsatisfactory on a number of counts.
The existing berm is not engineered, and therefore has some structural deficiencies.
Furthermore, it is situated too close to the creek. The artificial confinement of the
channel effectively cuts off the creek from the natural overbank fan area. Sediment
storage on the fan is therefore focused into a narrow corridor, leading to the potential for
overtopping at undesired locations.
Given these concerns, the existing berm should be relocated further to the east. The
relocated berm could stop short of the railway, thereby providing additional area for flood
overflows and deposition (Figure 4-2).
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A deflection berm would have to be at least 10 ft (3.0 m) high near the fan apex because
of the high debris flow velocity and potential runup and superelevation of the debris. The
berm could then taper to approximately 6 ft (1.8 m) at its downstream end. Without any
further mitigation, the majority of the debris would deposit in the berm section of Jones
Creek while a substantial portion of the debris would be directed towards the railway. To
keep the berm height to a minimum near the fan apex, a series of deflection spurs could
be constructed on the right hand side of the channel immediately below the fan apex.
Construction of a deflection berm would require considerable land acquisition including
the property adjacent to the Mill Pond and the buildings located to the immediate north of
the confluence with the South Fork Nooksack River.
It could be argued that a deflection berm as shown in Figure 4-2 would increase the risk
of railway embankment failure, which could lead to train derailment. A viable option to
prevent risk transfer would be to construct a new channel that diverts Jones Creek to the
north with connection to two small ponds (Figure 4-3). The creek could be routed along
what appears to be an old channel location southwest of the larger pond. Small channels
could then be created that exit the ponds and connect to Jones Creek.
The new channel would be a meandering, low gradient creek with trees and shrubs
planted along the creek corridor to provide shading for aquatic habitat. Due to
considerable channel simplification over the past century, there has been a significant
loss in off-channel habitat for juvenile salmonids and resident fish in the South Fork
Nooksack River. The proposed channel realignment and connection with the small ponds
would create valuable rearing habitat. The proposed channel would require acquisition of
the property to the north of Jones Creek.
Construction of the deflection berm would cost about $750,000, with the channel
realignment costing an additional $1,300,000.

4.6

S UMMARY OF A LTERNATIVE D EBRIS F LOW MITIGATION M EASURES
Table 4-2 provides a summary of the advantages and disadvantages of some debris flow
mitigation structures at Jones Creek, with land acquisition also included for comparison.
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Table 4-2: Debris Flow Mitigation Alternatives at Jones Creek
Option

Advantages

Disadvantages

Debris Basin
(Upper Fan)

•

Stores full debris flow above
development area

•

•

Relatively hidden from view

Possible public safety
concern at debris barrier and
outlet structure

•

The creek crossings would
require minimal upgrading

•

Cost

•

Possible barrier to bull trout
and steelhead. Formal
consultation required under
ESA.

$1.4 million

Debris Basin
with Debris
Barrier

$1.7 million

Deflection Berm
with Channel
Realignment
1

$2.1 million

Land
Acquisition
Zone 1 $660,000 to $1.3
million
Zone 2 $365,000 to
$730,000
1

•

Stores full debris flow above
development area

•

Difficult maintenance access
to debris barrier

•

Two lines of defence

•

•

Lowest downstream risk

•

Relatively hidden from view

Possible public safety
concern at debris barrier and
outlet structure

•

Could be constructed in phases

•

Cost

•

The creek crossings would
require minimal upgrading

•

Possible barrier to bull trout
and steelhead. Formal
consultation required under
ESA.

•

Provides a large area for debris
storage north of Jones Creek

•

Requires considerable land
acquisition

•

Makes use of existing berm

•

Some visual impact

•

Easy access for maintenance

•

Cost

•

Possibility to create fish habitat

•

Creek crossings remain at
risk

•

Uncertain environmental
approval requirements

•

Consistent with the CAO for
Whatcom County

•

Risk remains for portions of
the fan not acquired

•

Allows for natural stream
processes (environmental issues
do not need to be addressed)

•

Creek crossings remain at
risk

•

•

An ongoing maintenance
authority for any structural works
is not required

Risk will increase over time if
no channel maintenance is
done

Estimated cost does not include property acquisition.

If any of the debris flow mitigation structures were to be considered at Jones Creek, the
following practical aspects would need to be addressed:
•
•

the area of construction must be acquired or covered by an easement;
an appropriate financial mechanism needs to be developed for construction, routine
maintenance, and post-event maintenance;
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a lead proponent needs to be identified who will administer the construction program;
an ongoing maintenance authority needs to be identified;
an appropriate design needs to be completed, involving a stakeholder consultation
program;
environmental issues need to be addressed and environmental approvals need to be
obtained; and
an operation and maintenance manual needs to be developed to identify monitoring,
inspection and maintenance activities.

These measures are necessary to ensure effective design, construction, and long-term
operation.

4.7

C REEK M ANAGEMENT M EASURES
The preceding sub-sections have discussed risk mitigation against the 500-year return
period debris flow. However, events in 1953, 1983 and 1990 demonstrate that the creek
corridor is susceptible to lower magnitude debris flows and debris floods on a more
frequent basis (two to three decades). As such, there are additional creek management
measures to consider.
CREEK CROSSINGS
The creek crossings at Galbraith Road, Turkington Road, Hudson Road and the railway
are at risk of aggradation and washouts during both the design event and lower magnitude
events. Depending on the long-term approach to risk mitigation at Jones Creek, there are
several scenarios to consider:
1. A deflection berm is constructed.
In the event that a deflection berm is constructed, the four creek crossings could still
be severely damaged during a design debris flow. The bridges could also be damaged
during lower magnitude events. For example, the 1990 debris flood covered the
Turkington Road Bridge in sediment, and the crossings at Hudson Road and the
railway are known to be undersized for events of lower magnitude than the design
debris flow when associated sedimentation is taken into account.
A potential solution is to abandon the Turkington Road crossing and upgrade the
Hudson Road crossing to provide access to property owners who would be cut off by
the bridge removal. This work would need to be co-ordinated with the railway
crossing (5 ft high by 14 ft wide culvert). Hudson Road would need to be extended
and tied into an existing right-of-way.
2. A deflection berm is constructed with channel realignment.
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Similar to above but a new crossing of the realigned channel would be required along
the Hudson Road extension.
3. A debris basin/debris barrier is constructed.
For this scenario, the road crossings at Turkington Road, Hudson Road and the
railway would not be impacted by aggradation. However, the crossings at Hudson
Road and the railway may require upgrading to convey peak flows.
4. Land acquisition only or no mitigation scheme.
The preferred option is to remove the Turkington Road Bridge and upgrade the
downstream crossings. If this is not considered feasible, the bridge should be
replaced with an overtopping design. An overtopping design would be less
susceptible to potential blockages that could divert water down Turkington Road
toward denser development. The approaches to the bridge should also be lowered to
provide a low saddle for overland flow along the creek corridor. The overflow could
be designed to divert flow north of the bridge (away from the town of Acme). An
overflow design could be combined with acquisition of the land parcel north of the
creek, which could serve as a sediment retention area. A disadvantage of this option
is that residents to the north of Jones Creek would be without road access if the bridge
was inundated during an event.
In the absence of any mitigation scheme, the three bridges are potentially at risk of
washout. Hence, it may be appropriate to erect signs warning motorists that debris flows
could occur during periods of unusually wet weather.
REMOVAL OF EXISTING BERM AND C HANNEL CONFIGURATION
If a structural mitigation scheme is not chosen, the following additional creek
management measures should be considered:
•

The existing berm downstream of Turkington Road presently represents a significant
channel constriction. Downstream sediment storage is currently confined into a
narrow corridor that prevents overflow flooding and deposition during a significant
creek event. As well as acquiring the adjacent lands for event overflows, it would be
appropriate to remove the existing berm.

•

Regardless of whether the Turkington crossing is abandoned, consideration should be
given to reconfiguring Jones Creek at this location to prevent channel overflows from
being directed down the road.
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P REFERRED RISK MITIGATION A LTERNATIVES
The purpose of this report is not to select one of the mitigation alternatives for
implementation. However, it is appropriate to indicate which alternatives have merit at
this time. Following a review of the available risk mitigation alternatives at Jones Creek
(and in consideration of engineering issues, environmental issues, aesthetics and cost),
viable mitigation measures include the following:
Land Use:

Adopt the hazard zones of Figure 3-2 for land use planning
and regulate accordingly.

Land Acquisition:

Consider a buy-out of all properties within Zone 1 and along
the creek corridor. Consider acquiring additional lands
within Zone 2 as opportunities arise in the future.

Fan Management:

Preclude logging in the forested area on the upper fan
(which is owned by several individuals).

Watershed Management:

Avoid logging in areas within the entire groundwater
recharge zones of the active or inactive deep-seated
landslides identified on Figure 2-1.

Watershed Stabilization:

Review previous instabilities from logging and road
building to determine whether restoration measures are
warranted at this time. The forestry road above the
Cutblock Slide and the Darrington Slide should be fully
deactivated to avoid future drainage problems that could
develop.

Monitoring:

Monitor movement rates of the Darrington Slide using
simple survey methods or more complex geotechnical
instrumentation.

Inspection:

Perform periodic inspections of the Jones Creek channel and
watershed, particularly after any extreme event.

Deflection Berm:

Consider constructing a berm on the right-hand side of the
channel to protect a majority of the fan against debris flow
damage.

Removal of Existing
Berm:

Consider removing the existing berm downstream of the
Turkington Road Bridge. Downstream sediment storage is
currently confined into a narrow corridor that prevents the
dissipation of overflow flooding and deposition during a
significant creek event.
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Creek Crossings:

Consider abandoning the Turkington Road Bridge and
upgrading the crossings at Hudson Road and the railway.

Channel Realignment and
Land Acquisition:

Consider diverting Jones Creek to the north, with small
channels providing connection to two ponds. A new
channel would create valuable off-channel habitat for
juvenile salmonids, reduce the risk of railway embankment
failure, and increase the storage area for a potential debris
flow. This measure would require acquisition of the
property to the north of Jones Creek.

Some of these measures would be appropriate for direct implementation by Whatcom
County, while others would be more appropriately referred to other agencies.
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The key points in this report are summarized as follows:
JONES CREEK
1.

Jones Creek is defined as the watershed upstream of its confluence with the South
Fork Nooksack River. The total watershed area is 2.6 mi2 (6.8 km 2).

2.

Key features in the mid to lower reaches of the watershed are a number of large,
deep-seated landslides. The landslides are located within the Darrington Phyllite
complex, a mechanically weak rock that easily weathers into small chips and
clay-rich residues.

3.

A significant debris flow occurred on Jones Creek in 1983.

HAZARD ASSESSMENT
4.

Appendix E provides a hydrologic analysis which results in the 100-year return
period peak instantaneous flood flow being estimated at 300 cfs (8.5 m 3/s).

5.

A watershed investigation has been performed to identify geomorphic factors that
may influence debris flow occurrence. A detailed map of the mid to lower
reaches of the watershed has been produced to document geomorphic conditions
(Figure 2-1).

6.

The primary mechanism for a large debris flow (>100,000 yd3) at Jones Creek is a
landslide dam outbreak flood originating from one of the deep-seated landslides.

7.

To estimate the frequency and magnitude of past debris flows, a comprehensive
trenching program was conducted on the Jones Creek fan. A total of 18 trenches
up to 16 ft (5 m) in depth were excavated on the fan revealing a number of welldefined debris flow deposits.

8.

Organic material was extracted from the debris flow layers and buried organic
soils for radiocarbon dating. Based on this analysis, six large debris flows were
identified over the past 7000 years.

9.

Comparison of the Jones Creek radiocarbon dates with those on neighbouring
fans suggests that large debris flows occur on a regional scale with a return period
of approximately 500 years.
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10.

Appendix F provides an analysis of debris flows, resulting in the following 500year return period (10% chance in 50 years) magnitude estimates:
Event Type
Jones Creek

Debris Flow

Peak Discharge

Volume

10,000 cfs

120,000 yd3

(280 m3/s)

(90,000 m3)

This magnitude is defined as the ‘design event’ for the purposes of this report.
11.

Debris flow runout at Jones Creek was modelled under existing conditions using
FLO-2D software to determine the potential flow depth and velocity for the
design event (Figure 3-1).

12.

A derivative hazard map was created (Figure 3-2) to illustrate four hazard zones.

RISK ASSESSMENT
13.

For the purpose of this report, risk is defined as the combination of the hazard
severity (probability and magnitude) and potential consequence (i.e. vulnerability
to damage should an event occur).

14.

The consequence of a debris flow for the design event at Jones Creek under
existing conditions is rated as very high (i.e. direct debris impact with extensive
structural damage).

15.

A large debris flow at Jones Creek is likely to cause structural damage to a
number of homes near the fan apex. There is potential for loss of life. The
bridges at Galbraith Road (private) and Turkington Road (county) would likely be
destroyed. The railway embankment could be undermined, potentially leading to
trail derailment. Flooding and debris deposition could occur on all parts of the
Jones Creek fan

16.

The existing level of risk at Jones Creek for the design event under existing
conditions is rated as high. This level implies a high priority for mitigative
measures.

RISK MITIGATION
17.

The hazard zones on Figure 3-2 may be used as a basis for site-specific regulation
of lands on the Canyon Creek fan.

18.

Consideration could be given to acquiring all properties located within Zone 1 and
along the creek corridor.
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19.

Consideration could be given to constructing a deflection berm along the righthand side of the channel that extends from the fan apex to below Turkington Road
(subject to land ownership and jurisdictional constraints). To prevent risk transfer
to the railway and create off-channel fish habitat, Jones Creek could be realigned
to the north with a small channel connecting to two ponds. Realignment of the
channel would require acquisition of the property to the north of Jones Creek.

20.

Other risk mitigation measures are also identified for consideration:
•
•
•
•
•
•
•
•
•

acquire additional lands within Zone 2 as opportunities arise;
preclude logging in the upper fan area;
preclude logging in areas within the entire groundwater recharge zones of the
active or inactive deep-seated landslides identified on Figure 2-1;
review previous forestry instabilities in the watershed to determine whether
restoration measures are warranted;
deactivate the existing forestry road above the Cutblock Slide and Darrington
Slide;
monitor movement rates of the Darrington Slide;
perform periodic inspections of the Jones Creek channel and watershed;
remove the existing berm downstream of the Turkington Road Bridge; and
abandon the Turkington Road Bridge and upgrade the crossings at Hudson
Road and the railway.

Some of these measures would be appropriate for direct implementation by
Whatcom County, while others would be more appropriately referred to other
agencies.

5.2

RECOMMENDATIONS
It is recommended that the Whatcom County disseminate the results of this study as
follows:
1.

Advise property owners and residents on the Jones Creek fan regarding the
contents of this report.

2.

Submit copies of this report to relevant agencies, possibly including the
following:
•
•
•
•
•
•

Crown Pacific Corporation;
Washington State Department of Natural Resources;
Washington State Department of Fish and Wildlife;
Washington State Department of Ecology;
Lummi Nation; and
Nooksack Tribe.
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In terms of mitigative measures, it is recommended that Whatcom County:
3.

Implement site-specific land use regulations on the basis of Figure 3-2.

4.

Consider a buy-out of all properties within Zone 1, along the creek corridor, and
possibly within Zone 2.

5.

Consider constructing a deflection berm that commences at the fan apex and
extends below Turkington Road (subject to land ownership and jurisdictional
constraints).

6.

In conjunction with a deflection berm, consider a channel realignment that diverts
Jones Creek to the north. The channel realignment would include creating a small
channel that connects Jones Creek to two ponds. This option would require
acquisition of the property to the north of Jones Creek.

7.

Consider implementation of the other risk reduction measures identified in
Section 4.8 with referral to other agencies where appropriate.
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Appendix A
Background Information on Debris Flows and Debris Floods

DEFINITION
Steep mountain creeks are typically subject to a spectrum of events, ranging from pure
water floods to debris flows to falls as shown by Figure A-1. Slides and falls are not
confined to stream channels but can follow channels for part of their descent.
Debris flows are a form of rapid water-saturated channelized landslide. Velocities
typically range between 5 and 10 m/s, but some fine grained debris flows have been
known to travel up to 20 m/s. They are most likely to occur on small, steep creeks that
have abundant sources of debris. Debris flows are sometimes alternatively referred to as
debris torrents where they are particularly coarse in nature and carry large amounts of
organic debris or mudflows where they are particularly fine in nature. Volcanic debris
flows are referred to as lahars.
Debris floods are a very rapid, surging flow of water, heavily charged with debris, in a
steep channel (Hungr et al., 2001). The sediment may, furthermore, be transported in the
form of massive surges, leaving sheets of poorly sorted debris ranging from sand to
cobbles or small boulders. Sediment surges in a debris flood are propelled by the tractive
forces of water overlying the debris and flow velocities are comparable to those of water
floods. Discharges of debris floods are commonly 2 to 5 times higher than water floods
of 100 to 200-year return periods (Jakob and Jordan, 2001).
OCCURRENCE
Debris flows and debris floods tend to occur in wet weather, but are not necessarily
coincident with record rainfall or flood events. Recent research has shown that a
complex interaction of antecedent moisture, total storm rainfall, rainfall intensitiy and
snowmelt input has to exist for the initiation of shallow landslides and thus debris flows.
Debris flow and debris flood occurrence can be described by three consecutive processes
as follows:
•

Initiation where a mass movement is triggered at the source area in the creek
headwaters. Possible trigger mechanisms include debris slides, logjam release, flood
surges, and creek bed instability. Initiation may occur through direct momentum
transfer from a failure or by temporary damming of the creek channel and subsequent
dam outbreak flood.

•

Transport of the debris flow down the creek channel. The transport zone is
characterized by substantial bulking (increase in sediment volume and peak discharge
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by scour and debris entrainment). Channel yield rates (amount of material scoured by
unit channel length) strongly depend on the time passed since the last debris flow
which allows mineral and organic material to accumulate.
•

Deposition where either the channel becomes laterally unconfined, or the creek
gradient flattens to the point that there is insufficient energy for continued movement.
Depositional landforms are known as colluvial fans. The runout distance of debris
depends on the debris flow volume, sediment concentration and composition, the
geometry of the creek fan and the roughness of the fan surface (houses, trees, terrain
undulations). Damage in creek fan areas during debris flow deposition can be
catastrophic. The nature of the deposited material is highly variable, but typically
covers a wide range from mud to boulders, and usually also includes a significant
wood debris component. Debris flow deposition may also result in flooding of
adjacent areas as a result of the creek channel avulsions.

DEBRIS FLOW AND DEBRIS FLOOD PROBABILITY
While significant floods occur virtually every year on a creek system, debris flows and
debris floods are usually an intermittent occurrence. Typical debris flow and debris flood
return periods range from 5 to 50 years, however, occurrences at lower or higher return
periods have been recorded in the Pacific Northwest. Debris flow occurrence can be put
into perspective by considering geomorphological processes since the most recent
glaciation about 10,000 years ago. In the first several hundred years following glaciation,
the landscape was unforested and littered with glacial debris. Debris flow activity is
believed to have been considerably higher than today during the early Holocene epoch.
As the landscape became forested and watersheds stabilized, debris production and debris
flow activity gradually decreased. However, there is reason to believe that if the present
trend of increasingly wetter conditions in coastal areas continues, debris flow occurrence
will increase in frequency and possibly magnitude. Changes in landuse such as forestry
activities, ski area development or mining can drastically change frequency-magnitude
relationships. Similar changes can be caused by natural triggers such as massive
windthrow or fire.
In general, the frequency of debris flows on a particular creek is a function of:
•

availability of debris supply sources that contribute materials to the main creek
channel and its tributaries (necessity to differentiate drainage basins between material
supply-limited vs. material supply-unlimited);

•

degree of instability and level of activity of the debris supply sources;

•

characteristics of the debris supply source (fine vs. coarse material, consolidated vs.
unconsolidated);

•

existence of potential triggers of debris flows (debris slides, rockfall, avalanches);
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•

capability of a creek channel to transport a debris flow (gradient, channel crosssection, longitudinal profile, channel roughness);

•

frequency of hydroclimatic events that have the capability of triggering debris flows;

•

history of debris flows in the basin; and

•

landuse changes, massive windthrow and fire.

As debris accumulates, a system gradually becomes "ripe" for a debris flow. The rate at
which debris accumulates in a channel is a function of basin type, bedrock composition
and distribution, landuse, fire history and Quaternary history of the watershed.
Basin Types

Recent research (Jakob, 1996) has identified two distinctly different basin types. One
type, referred to as weathering-limited or supply-limited, is characterized by those basins
that have a limited source of sediment and thus require recharge after a debris flow event
for the next one to occur. In other words, even an exceptionally intensive storm will not
trigger a debris flow if not enough sediment has accumulated to produce a debris flow.
The other basin type is referred to as transport-limited or supply-unlimited. In those
basins, there is a quasi-infinite amount of sediment available for transport and a debris
flow can be triggered as soon as a critical climatic threshold (rainfall, rain-on-snow) is
exceeded.
From the above description, it is clear that transport-limited basins witness a higher
frequency of debris flows than weathering-limited basins. Examples for transport-limited
basins are young volcanic complexes that rapidly shed material into the channel system,
or basins with massive Quaternary deposits in the source area of debris flows.
Weathering-limited basins are found primarily in slow weathering plutonic rock.
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Appendix B
Photographs
Photo 1

View toward fan of Jones Creek and the floodplain of the South Fork of the Nooksack
River. The approximate fan boundary is delineated in red. February 2003.

Photo 2

Downstream view of Galbraith Road Bridge at the fan apex of Jones Creek.
February 2003.

Photo 3

Downstream view of Jones Creek about 0.25 miles upstream of the fan apex. Note
the moderately steep to steep sideslopes that narrowly confine the creek. February
2003.

Photo 4

Headscarp of rock slump (100 ft wide and 25 ft high) situated on the left side of Jones
Creek about 0.25 miles above the fan apex. The rock block has not failed
completely. February 2003.

Photo 5

Typical log jam approximately 0.3 miles upstream of the fan apex. February 2003.

Photo 6

Toe failure of Darrington Slide about 0.55 miles above the fan apex. Recent slide
material has deposited on a terrace immediately left of Jones Creek. February 2003.

Photo 7

Toe scarp of the Darrington Slide approximately 0.7 miles upstream of the fan apex.
Here ongoing slide movement has confined the creek to a 6 foot channel. Movement
is slow, but occasional larger failures appear possible. February 2003.

Photo 8

Exposed phyllite bedrock at the toe scarp of the Darrington Slide. Note that the
failure plane is perpendicular to the foliation of the phyllite. February 2003.

Photo 9

Toe scarp of Darrington Slide about 0.72 miles upstream of the fan apex. The fallen
trees are indicative of recent movement. February 2003.

Photo 10

Large graben (tension crack developed by lateral spreading) that has developed near
the toe of the Darrington Slide (mile 0.75). February 2003.

Photo 11

Fresh scarp within the Darrington Slide complex. This photo was taken about halfway between the top of the slide and Jones Creek. February 2003.

Photo 12

Pistol-butted and leaning trees that indicate slope instability on the left (north) side of
Jones Creek about 0.95 miles upstream of the fan apex. These trees form a portion
of a narrow vegetation buffer that was retained between two cut-blocks. February
2003.

Photo 13

Canyon section of Jones Creek about 1 mile above the fan apex. February 2003.

Photo 14

Downstream view of Jones Creek about 1.05 miles upstream of the fan apex.
Downstream of this location the channel gradient steepens significantly. February
2003.
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Photo 15

Depositional zone of Jones Creek situated 1.1 miles upstream of the fan apex. The
large boulders were probably transported during the 1983 event. The dense stand of
alders have re-vegetated the disturbed channel. February 2003.

Photo 16

Impact scar on a hemlock situated on the left side of the channel about 1.3 miles
upstream of the fan apex. The scar dates to the 1983 debris flow. The dashed red
line indicates the approximate flow surface of the 1983 debris flow. February 2003.

Photo 17

Aggradation at the Turkington Road Bridge following the November 1990 debris
flood.
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Appendix C
Watershed Description
INTRODUCTION
This appendix provides a description of the Jones Creek watershed including an overview
of watershed characteristics, geology, and a description of the mainstem channel and fan.
OVERVIEW OF WATERSHED CHARACTERISTICS
Jones Creek is a tributary of the South Fork Nooksack River located about 20 mi east of
Bellingham in Whatcom County. The watershed has an area of 2.6 mi2 (6.8 km2) and
drains the southeast slopes of Stewart Mountain. Elevations in the watershed range from
3,250 ft (990 m) at the southern end of Stewart Mountain to 285 ft (85 m) at the
confluence with the South Fork Nooksack River (Figure 1-2). Due to episodic debris
flow, debris flood, and flood activity, a relatively large composite fan has developed
where the creek discharges onto the broad floodplain of the South Fork Valley. Most of
the town of Acme, approximately 100 buildings, is located on this fan.
The mainstem channel is about 3.1 mi long (5 km) and originates at an elevation of
2,800 ft (855 m). From here, the creek flows in southerly direction to an elevation of
2,250 ft (760 m) where a sharp channel bend directs the creek to the east (Figure 1-2). At
about 1,250 ft (380 m) the creek turns gradually to the north before reaching the fan apex
at 430 ft (130 m) elevation. At the fan apex, the creek gradually curves back to the east
before flowing under the railway grade of the Northern Burlington railway and
discharging into the South Fork Nooksack River.
The channel gradient averages 17.5% between the fan apex and the origin of the creek
with significantly steeper local gradients. The fan gradient ranges between 6% and 2%.
Past disturbances to the watershed include intensive logging, extensive stand-replacing
wildfires, and debris flows. Timber harvesting began in the late 1800s and was originally
concentrated at lower elevations. Logging has since undergone several cycles during
which all the old growth in the watershed has been clearcut. Logging during the past 20
years has focused on second growth. Because of forestry activities, there is good access
to the watershed through a network of roads.
The watershed is prone to a variety of geomorphic processes including deep-seated
rotational failures in phyllitic bedrock, complex rotational failures in massive weathered
soils, shallow debris avalanches, minor rockfall, debris floods, and debris flows.
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GEOLOGY
The upper 60% of the Jones Creek watershed is underlain by sedimentary rocks of the
Chuckanut Formation. This formation is one of the thickest non-marine sedimentary
sequences in North America, representing an extensive fluvial system in western
Washington during most of the Eocene epoch (Johnson, 1984). After deposition, the
formation underwent deformation into north-northwest trending open folds.
Bedrock outcrops in the watershed have been mapped as the Bellingham Bay Member,
which is the oldest stratigraphic unit of the Chuckanut Formation with an age of
approximately 50 million years. The lithology of the Bellingham Bay Member is
characterized by alternating coarse-grained sandstone, minor conglomerate, fine-grained
mudstone with minor sandstone, black shale, and coal organized into fining-upward
cycles. These sequences are interpreted as deposits of meandering rivers within a broad
floodplain (Johnson, 1984).
The lower 40% of the Jones Creek watershed is underlain by the Darrington Phyllite,
which is separated from the Chuckanut Formation by a prominent northeast trending fault
(Figure 1-2). The Darrington Phyllite is the youngest unit of the Shuksan Metamorphic
Suite which is part of the metamorphic core of the North Cascades (Brown, 1987). The
highly folded and faulted phyllite is a mechanically weak rock that easily weathers into
small chips and clay-rich residues. As a consequence of these physical properties, the
phyllite is prone to deep-seated rotational failures, creep, and slow block glide (Thorsen,
1989).
More recently, repeated glaciations have altered the landscape with at least four
glaciations in the last 2.5 million years (Easterbrook, 1971). The fourth and most recent
advance, the Fraser Glaciation, lasted from 20,000 to 10,000 years ago. These glaciations
left thick deposits of outwash sediment on the valley floors and mantles of colluvium and
till on the hillslopes. The South Fork Nooksack River valley is composed of Holocene
alluvium (river deposits) over a Pleistocene outwash plain (Dragovich et al., 1997).
Since deglaciation, episodic debris flows and floods on Jones Creek have formed a
relatively large composite fan that coalesces with the floodplain deposits of the South
Fork Valley.
LAND USE
In the 1880’s the arrival of the first permanent Euro-American settlers in the South Fork
Valley began a period of logging and land clearing on the floodplain that lasted into the
mid 1900’s. Development in the area was assisted by the extension of a railroad line into
the valley in 1891. Logging at this time may have been minimal at Jones Creek as a large
wildfire occurred around 1884 and burned much of the forests in the vicinity of Acme
(Raines et al., 1996). The general area is prone to stand-replacing wildfires with return
periods of 100 to 400 years (deLaChapelle, 2000).
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The early part of the 1900s also saw extensive changes on the floodplain of the South
Fork Nooksack River as the land was cleared for agriculture. The river was significantly
altered by filling of wetlands, elimination of secondary channels, removal of large woody
debris, and reinforcement of the mainstem channel banks. The mainstem channel today
is far less complex than it was in its natural state.
By the 1940’s, most of the valley bottom, including fan surfaces, had been cleared for
agriculture use. Aerial photographs from this period show that extensive portions of the
Jones Creek watershed had been recently logged (Raines et al., 1996). Logging at this
time originated from a small saw mill located near the Turkington Road Bridge over
Jones Creek. A mill pond constructed at the site still exists (Figure 1-3). Logs were
transported to the mill via a cable that extended more than 2 mi (3.2 km) up the north side
of Jones Creek. A powerline easement was also cleared in the early 1940s and covers a
400 ft (120 m) wide corridor through the upper watershed (Figure 1-2).
No additional harvest occurred until the late 1980’s when slopes on the south side of
Jones Creek were logged. Since then significant portions on the north side of the
watershed have been logged. Forest land on the south side of Jones Creek is Washington
State Trust Lands managed by the Department of Natural Resources. To the north, the
land is privately owned by Crown Pacific, a timber company.
CREEK CHANNEL CHARACTERISTICS
This section should be read in conjunction with the overview map of Figure 1-2 and the
channel profile (Figure C-1). Jones Creek has been subdivided into four reaches.
Table C-1 gives a brief description of each of these reaches.
Table C-1 : Channel Description of Jones Creek

Reach

1

2

3

Length
(mi)/(km)

elevation
(ft)/(m)
Start

finish

1.45

2250

1550

(2.3)

(685)

(470)

1.23

1550

430

(2.0)

(470)

(130)

0.31

430

335

(0.5)

(130)

(100)
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slope
(%)

Description

10

Debris flows are unlikely to be initiated through this
reach due to low channel gradients. However, the
creek is confined by moderately steep sideslopes and
landslide dams can occur as in 1983.

22

Large debris flows (as a consequence of landslide
dams) are most likely to form in Reach 2 due to
phyllitic bedrock and steep confinement. The
channel is generally less than 12 ft (4 m) wide and
the channel gradient is up to 40% in some sections.

6

Reach 3 extends from the fan apex down to
Turkington Road. Immediately below the fan apex,
Jones Creek is spanned by a private bridge on
Galbraith Road. The creek is incised about 10 ft
(3 m) into the fan deposits at the upstream end of
Reach 3 and becomes progressively less incised in a
downstream direction.
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Reach

4

Length
(mi)/(km)

elevation
(ft)/(m)
Start

finish

0.47

335

285

(0.75)

(100)

(85)

slope
(%)
2

Description

Reach 1 is situated between the creek mouth (the
South Fork Nooksack River confluence) and the
Turkington Road Bridge. A 6 to 8 ft (1.8 to 2.4 m)
high embankment extends along much of this reach
along the right bank. The active channel is ~ 25 ft
(8 m) wide.

A description of Jones Creek commences at an elevation of approximately 2250 ft
(685 m) where the channel makes a sharp bend to flow to the east (Figure 1-2). Below
this elevation, the average channel gradient is 10% for a distance of about 1.45 mi
(2.3 km). A majority of Reach 1 lies within the Chuckanut Formation (Figure C-1).
At about 1550 ft (470 m) elevation, Jones Creek steepens significantly down to the fan
apex. The average channel gradient through Reach 2 is 22% with some steeper sections
of 40%. A number of deep-seated landslides are situated on either side of the creek and
the underlying bedrock is the Darrington Phyllite. Sideslope gradients are moderately
steep to steep confining Jones Creek to a channel that is generally less than 12 ft (4 m)
wide (Photo 3). Reach 2 is also characterized by abundant large woody debris that forms
small log jams (Photo 5).
Jones Creek loses confinement at the fan apex at an elevation of approximately 430 ft
(130 m). Immediately downstream, Galbraith Road spans Jones Creek (Figure 1-3). The
road is privately owned here and the crossing consists of a steel span structure with an
opening of approximately 344 ft2 (32 m2) (Photo 2). From the bridge, the creek flows to
the northeast for about 1,650 ft (500 m) before reaching Turkington Road (Reach 3). The
average channel gradient through this reach is 6%. Jones Creek is incised about 10 ft
(3 m) into the fan deposits at Galbraith Road and becomes progressively less incised in a
downstream direction. A private road parallels Jones Creek for about 500 ft (150 m)
upstream of Turkington Road on the left bank. The road sits atop up to 6 ft (1.8 m) of fill
and separates Jones Creek from the Mill Pond, a former site of logging activity. Bank
erosion at this site has the potential to divert Jones Creek into the pond with overtopping
at the downstream end. This possibility is greatest at the upstream end of the pond where
there is less than 20 ft (6 m) of separation (Figure 1-3).
Below the Turkington Road Bridge (a wooden structure), Jones Creek has been re-graded
and diked for its entire length down to the confluence with the South Fork Nooksack
River, a distance of about 2,500 ft (750 m) (Reach 4). The channel works were
completed following a damaging debris flow in 1983 with a bulldozer excavating
sediment from the stream bed to form a 6 to 8 ft (1.8 to 2.4 m) high embankment (Raines
et al., 1996). Through this reach, the active channel is approximately 25 ft (8 m) wide
and the average channel gradient is 2%.
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The railway and Hudson Road intersect Jones Creek immediately upstream of the South
Fork confluence. The Hudson Road crossing is a private wooden bridge with a crosssectional area of 56 ft2 (5.2 m 2). Approximately 20 ft (6 m) downstream, a concrete-lined
culvert passes underneath the railway. The 5 ft (1.5 m) high and 13 ft (4 m) wide culvert
has an approximate area of 65 ft2 (6 m2). At the confluence, the left bank of the South
Fork Nooksack River has been armoured to protect the railway embankment.
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Appendix D
Mass Movement Processes

INTRODUCTION
Slope instabilities have had significant impacts on sediment delivery to Jones Creek in
the last several decades. The 1983 debris flow was likely started by a small tributary
debris flow that temporarily dammed Jones Creek. It is therefore considered very
important to investigate potential instabilities that could lead to a reoccurrence of the
1983 event. As part of this investigation, particular attention is given to land use
practices that may have detrimental effects on slope stability in the vicinity of Jones
Creek. This closer focus is deemed necessary because of the very high consequences that
a large debris flow may have on the town of Acme.
There have been a number of slope stability studies carried out in the Acme area to date.
This section provides a summary and evaluation of previous studies and a description of
landslides encountered by KWL.
SLOPE STABILITY – THORSEN ET AL. (1992)
The first slope stability analysis of the Jones Creek watershed was completed by G.W.
Thorsen and Associates in 1992. Thorsen et al. were retained by the Washington State
Department of Natural Resources to assess relative slope stability in the watershed for a
proposed land exchange between the State and the Trillium Corporation. KWL was
unable to locate a copy of the report but according to Raines et al. (1996), the report
identified five slope stability classes with progressive degrees of instability. The work
was based on aerial photographs and supported by field investigations conducted over a
nine-year period.
ACME WATERSHED ANALYSIS (1999)
In November 1994, a detailed watershed analysis was initiated for the Acme Watershed
Administrative Unit (WAU). The Acme WAU encompasses the lower 20% of the South
Fork Nooksack watershed and has an approximate area of 36 mi2 (90 km2). Jones Creek
is situated within the WAU. The watershed analysis was instigated by the Trillium
Corporation, the owner of more than 10% of the land within the WAU. In October 1997,
Crown Pacific purchased the lands within the WAU owned by Trillium, at which time
sponsorship of the watershed analysis shifted to Crown Pacific. The purpose of the
watershed analysis was to assess hillslope hazards (mass wasting, surface erosion, peak
flows, and riparian conditions), stream channels, and public resources (fisheries habitat,
water supplies, and public works). The analysis was completed using Level 2
methodologies in accordance with the Washington Forest Practices Board Standard
Methodology (WFPB, 1994).
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While the watershed analysis commenced in 1994, it has undergone a lengthy review
process. In 1998, changes were made to logging prescriptions because Crown Pacific felt
that the draft prescriptions were too loosely defined and thus difficult to interpret for
landowners and regulators. Mass wasting was at the heart of the discussions. After
several field visits, the mass wasting module was rewritten and submitted for peer
review. Prescriptions of May 21, 1999 are in draft form and will remain in effect until
the SEPA review is complete and the prescriptions are final.
The following sub-sections describe the results of the mass wasting module in more
detail. The mass wasting module was completed by Benda and Coho (1999).
Landslide Inventory

An inventory of mass wasting was performed using aerial photographs from 1970, 1978,
1983, 1987, 1991, 1995, and by field observations. A total of 191 landslides were
identified of which 20 are located within the Jones Creek watershed (Figure D-1). Mass
wasting was differentiated into debris avalanches, debris flows, deep-seated landslides,
and sandstone bedrock slab failures.
The deep-seated landslides are of particular interest to this study as these were noted to
be concentrated in the phyllite formation. A convexity or bulge in the longitudinal
profile of Jones Creek and transverse hummocky topography indicated the existence of a
deep-seated landslide area centred in the Jones Creek watershed. Numerous smaller
deep-seated landslides were noted within this central area, which is consistent with the
observations of Thorsen et al. (1992). Many of the smaller deep-seated landslides were
difficult to identify from aerial photographs due to a dense forest canopy and were only
identified during field surveys. As a result, the watershed analysis acknowledges that
some of the deep-seated landslides were not mapped. However, the steep toe slopes (i.e.
inner gorges) associated with the deep-seated landslides are prone to shallow debris
avalanches. Hence, some of the smaller deep-seated landslides may have been mapped
as shallow debris avalanches in the inventory.
Jones Creek has a prominent inner gorge that extends along much of its length. The inner
gorge is defined as “the local hillslope area adjacent to stream channels and valley floors
that commonly contain very steep slopes with a high likelihood of delivery of sediment
and wood in the event of landsliding”. Quantitatively it is defined as the first slope break
greater than 40o (> 84%) that is encountered moving away from the channel. Limited
field surveys by Benda and Coho (1999) suggests that the slope length of the inner gorge
ranges between 26 ft (8 m) and 170 ft (52 m).
Mass Wasting Map Units

Ten mass wasting map units were developed for the Acme WAU to differentiate areas
having different landslide processes, natural susceptibilities to landslides, sensitivities to
forest practices, and delivery of sediment to streams or engineered structures. At Jones
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Creek, four of these units have been mapped (Figure D-1) and are summarized as
follows:
Table D-1: Description of Mass Wasting Map Units at Jones Creek
Map Unit

Description

MWMU #1

Initiation zone of shallow debris avalanches and debris flows. Debris deposits
may trigger dam outbreak floods. The unit is defined as convergent
topography (bedrock hollows) with slope gradients > 36 o and includes bedrock
hollows, channel heads, and inner gorges of generally first-order channels
(channel gradient > 20%). Sediment delivery is possible to fish-bearing
streams and/or occupied fans.
Hillslopes within MWMU #1 are susceptible to timber harvesting and road
construction. The unit appears to be most susceptible to logging roads, in
particular road fill failures and concentrated drainage.

MWMU #2

Initiation zone of shallow debris avalanches and debris flows. Debris deposits
may trigger dam outbreak floods. The unit is defined as the inner gorges of
second- and higher-order channels with slope gradients > 36 o in convergent
areas and >40o on planar or divergent slopes (Chuckanut Formation). In
phyllite terrain, the inner gorge has slopes > 36o. Sediment delivery is possible
to fish-bearing streams and/or occupied fans.
Hillslopes within MWMU #2 are susceptible to timber harvesting and road
construction.

MWMU #9

Active and dormant deep-seated landslides. Sliding along rotational failure
planes but shallow failures along over-steepened toes is likely. Failures into
Jones Creek may trigger dam outbreak floods.
Dormant areas are
characterized by hummocky topography and evidence of past failures. In
some cases, tipped and deformed trees and small tension cracks (inches)
indicate slow deformation. Active areas are characterized by large ground
ruptures (feet), fresh slide scarps, and downed trees. These slides are
generally most active near toes along channels. The deep-seated landslides
may be the largest sediment source to the Jones Creek fan.
It is unresolved to what extent forestry activities affect the stability of the deepseated landslides.

MWMU #10

Shallow debris avalanches, debris flows, and to a lesser extent small deepseated landslides. Landslides are generally uncommon in this unit, although
the possibility exists. Slope gradients generally range between 31 o and 35o.
The unit may contain unmapped inclusions of map unit #1. Mostly planar
topography with some broadly convergent areas.
This unit with deep soils and moderate gradients is most sensitive to logging
roads through fillslope failures and poor road drainage management. Because
unmapped deep-seated landslides can occur in this unit, road layout and
construction engineers should be aware of the risk of reactivating deep-seated
landslides.

Hazard ratings were also applied to the mass wasting units to provide guidance to logging
operations.
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Summary of Findings

The principal findings from the watershed analysis are summarized as follows:
•

Shallow debris avalanches and debris flows triggered by landslide dam outbreak
floods are the most significant mass wasting processes in the Acme WAU. These
processes are the largest threats to fish habitats, public works, and private property.

•

Landslide activity was concentrated in the late 1970s to mid 1980’s coinciding with
logging, road construction, and large winter storms.

•

Of all landslides catalogued, 32% were associated with clearcuts (loss of root
strength), 45% with logging roads (rerouted drainage and oversteepened fill slopes),
and 16% with mature forest (predominantly in inner gorges).

•

The majority of shallow debris avalanches and debris flows occurred within bedrock
hollows, channel heads, and steep inner gorges.

•

88% of the inventoried landslides had slopes > 36o while 12% had slopes between 31o
and 35o.

•

Convergent areas steeper than 36o have the highest likelihood of failure. Shallow
landsliding becomes more probable on slopes greater than 36o because shallow soils
(< 6 ft thick) can easily become saturated during intense precipitation and the friction
angle of soils is typically 35o.

•

Based on an inventory of 26 landslides in inner gorges of the Chuckanut Formation, a
40o cutoff is chosen to represent the highest landslide-prone area in inner gorges for
planar and divergent slopes (36o for convergent bedrock hollows).
-

The 40o cutoff may not apply to the weaker rocks of the phyllite formation. Here
field evidence of shallow landsliding, small rotational slumps, tension cracks, and
tipped and deformed trees should be used to identify landslide-prone areas.

•

Map units #1 and #2 have been rated as high hazard because of the combination of
natural susceptibility to landslides, high sensitivity to forestry activities, and high
potential for sediment delivery to streams, public works, or occupied fans.

•

Deep-seated landslides that show signs of recent activity and that deliver sediment to
streams are ranked as a high hazard. Other deep-seated landslides that appear to be
dormant are ranked as a low hazard with respect to timber harvest alone and a high
hazard with respect to road construction where large volumes of sediment are to be
removed.
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•

It is unclear to what degree forestry activities are affecting the stability of the deepseated landslides in Jones Creek.

•

Mass wasting map units may not completely identify all of the potential unstable
areas. The slope stability and hazard maps are to be used as a general guide to the
types and location of potentially unstable terrain.

Logging Prescriptions

Because of the high percentage of landslides associated with logging, the watershed
analysis contains a number of number of recommendations for future forestry activities.
With respect to clearcut logging at Jones Creek, these recommendations are summarized
as follows:
Table D-2: Logging Prescriptions for Acme WAU
Unit

Note

Inner gorges of first-order
streams

No harvest within 75 ft slope distance of the high-water mark or to
the first break in slopes < 36 o (73 %), whichever is least. No inner
gorge trees shall be used as tail-holds.

MWMU #1
Inner gorges of secondand higher order streams

Harvesting shall not occur within inner gorges. No inner gorge
trees shall be used as tail-holds.

MWMU #2

Bedrock hollows that extend upslope from the 40o break in slope
will continue to be considered a high hazard slope form.

High hazard bedrock
hollows

Harvesting shall not occur in the potentially unstable zone of high
hazard bedrock hollows where landslides are predicted to reach
water or fish habitat.

MWMU #1, #2
Steep slopes outside of
inner gorges and high
hazard bedrock hollows

No harvesting on slopes ≥ 36o where significant signs of instability
exist and landslides are predicted to reach water or fish habitat.

The inner gorge definition was redefined in August of 1998 (Acme Watershed Analysis,
Appendix 11-3, Supplementary Study – Inner Gorge Topography, Landslide Inventory,
and Management Practices). The original definition of inner gorge topography covered
hillslopes >36o located in close proximity to stream channels of second-order or higher.
In the module and prescriptions, Crown Pacific felt that the landslide hazard associated
with planar slopes >36o was somewhat ambiguous and depended on site-specific
information.
Accordingly, a total of 26 landslides located in inner gorges of the Chuckanut Formation
were visited in the field. Based on this analysis, the inner gorge was redefined as the first
slope break > 40o that is encountered moving away from the stream channel. Bedrock
hollows that extend upslope from the 40o break in slope and that are ≥ 36o were still
considered to be a high hazard form.
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This redefinition allowed planar and divergent slopes between 36o and 40o in close
proximity to streams to be considered for logging, in the absence of field evidence for
landsliding. According to the supplementary study, “partial cutting may be employed as
a strategy to reduce perceived landslide risk and delivery to streams, particularly when
differences of opinion occur. In other words, if there is doubt that the terrain is prone to
landsliding, partial cutting may be an acceptable compromise.
Logging Prescriptions for Areas with Deep-seated Landslides

For areas with deep-seated landslides (MWMU #9), logging prescriptions are quite
different. The watershed analysis states that the triggering mechanisms for these slides
are not well understood, because the large scale feature is mostly dormant. The study
notes that:
•

harvesting of trees on the active portion of a slide can reduce evapo-transpiration,
which can potentially lead to accelerated movement; and

•

logging in the groundwater recharge zone (GRZ) can also potentially increase creep
or failure rates.

Despite these potential impacts, the AWA states that the effect of reduced evapotranspiration on either the active slide area or in the GRZ in the Acme WAU is unknown
at present. Hence, an approach is taken that focuses mitigation (no or partial harvest) on
the active portion of the slide with a lesser emphasis on the GRZ. Specific
recommendations are:
•

No road construction through the active portion of a deep-seated failure.

•

For roads constructed through the GRZ, road drainage should be designed to
minimize water accumulation in ditches and prevent diversion between subdrainages.

•

No logging in the active portion of the slide.

•

Logging within the GRZ can occur under any of the following conditions:
-

Clearcut logging must leave an uncut buffer along the upper margin of the active
area, covering an area equivalent to 50% of the active portion.
Selective logging must preserve a minimum relative density of 35 among residual
stems > 25 years old.
A detailed study by a geotechnical specialist indicates that slide activity did not
increase following prior logging or road construction.

The last point referring to a detailed study is unlikely to result in technical consensus.
There would be enormous challenges in establishing whether prior forestry activities
have had an impact on slide activity given the long history of disturbance in the
watershed and a lack of base-line information. The watershed analysis notes that recent
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logging has occurred on portions of these slides. The analysis recommends that recent
harvesting be assessed through periodic air photograph analysis and field surveys to
determine whether logging or road construction contributes to increased activity within
deep-seated landslides. This is the situation in Jones Creek where there has been
considerable logging in the dormant portion of a number of deep-seated landslides in the
last 15 years.
KWL ASSESSMENT OF DEEP-SEATED FAILURES IN THE JONES CREEK WATERSHED
The Jones Creek watershed is anomalous because of its high number of deep-seated
landslides. The existence of these landslides can be explained by the geotechnical
characteristics of the Darrington Phyllite, which is very brittle and can deform plastically
under stress. Furthermore, the Quaternary history of the Nooksack River Valley has
contributed to slope instability. Many of the tributaries draining into the South Fork
Nooksack River are hanging valleys with much steeper lower watersheds than the
average longitudinal gradients. The hanging valleys were created during deglaciation
when the tributary watersheds had lost their ice cover while stagnant ice still occupied the
main valley. As this ice finally downwasted, a new base level for the tributaries was
quickly introduced and the tributaries began to incise into glacial deposits to reach a new
equilibrium thus resulting in steep slopes.
Continuing adjustment of channel slope along Jones Creek causes undercutting of the
phyllite rock masses. In turn, the undercutting causes stress relief higher up, which is
accomplished by the opening of fissures and tension cracks against the rock foliation
(Photo 8 and 10). The geometry of the blocks is rotational indicating a failure surface or
deformation surface at depth. This stress relief causes a domino effect higher up with a
step-like progression of rotational failures (Photo 11).
Rotational failures are
characterized by inward sloping failure scarps with trees leaning upslope (Photo 12).
Bulging and failing toe slopes are also characteristic of this failure type and were
observed at several locations (Photos 6, 7, and 9).
To better delineate the deep-seated landslides, a 10 ft contour map was created for the
lower watershed (Figure 2-1). Four active slides are apparent on this figure: the
Darrington Slide, the Cutblock Slide, the South Slide and the Straight Slide. The
Darrington Slide is by far the largest of the four and could translate into a large failure
capable of damming the creek to tens of feet. At one location, a toe slope failure at the
base of the Darrington Slide has confined Jones Creek to a channel that is less than 6 ft
(2.0 m) wide (Photo 7). Older failures have also been identified in clearcut areas west
and east of the active failures. Here, bowl shaped depressions and associated drainage
networks indicate previous or ongoing ground movement.
Deep-Seated Landslides and Logging

Over the last century, the Jones Creek watershed has undergone several cycles of
logging. The last cycle began in the late 1990s when large areas to the north of Jones
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Creek were cut (see inset of Figure 2-1). Exceptions were made at the Darrington Slide
and the Cutblock Slide where it was obviously recognized that movement is presently
occurring. However, the recent logging appears to be contrary to one of the
recommendations of the Acme Watershed Analysis:
•

For harvesting within the groundwater recharge zone (GRZ), clearcut logging must
leave an uncut buffer along the upper margin of the active area, covering an area
equivalent to 50% of the active portion.

For the Darrington Slide, there is a minimal GRZ upslope of the top of the slide
(Figure 2-1). However, an uncut buffer was not retained upslope of the Cutblock Slide.
KWL does not support any logging within the vicinity of the deep-seated landslides. In
particular, logging in and around the Darrington Slide and the Cutblock Slide may have
exacerbated watershed instability. The cutblocks are located between very active
landslides and are situated on top of older landslide deposits (Figure 2-1). Furthermore,
the cutblocks are within the Darrington Phyllite, which weathers into fine-grained
particles and will therefore provide for longer runout distances than in granular
weathering products. In KWL’s opinion, these cutblocks will lower the factor of safety
of the adjacent hillslopes over the next 10 to 15 years, and will therefore increase the
probability of landsliding during the next significant hydroclimatic event.
Because of the very high consequences of a debris flow to the town of Acme, it would be
best to avoid future logging in the entire groundwater recharge zones of the active or
inactive deep-seated landslides identified on Figure 2-1. Past case studies have
unambiguously demonstrated that higher consequence areas require different logging
standards than usual. A case in point is a publicized fatal occurrence in Oregon where
logging took place in an area previously classified as unstable (Squier and Harvey, 2000).
November 2003 Debris Flow

The sensitivity of slopes underlain by the Darrington Phyllite was demonstrated by a
recent debris flow to the immediate south of Jones Creek. During the night of November
17, 2003, a large storm resulted in a debris flow initiating in an easterly facing creek
situated east-southeast of the South Slide. The trigger was a 300 ft logging spur
constructed in October 2003. Ditch water of an existing road was directed off of a
switchback into a small swale. The new spur picked up the runoff from the swale and
directed the water onto a new area about 200 ft from the swale. According to Kip Kelley,
Deming Unit Forester for the DNR, no slope stability problems were expected on the
terrain that the ditch exited onto. The headwall scarp of the initial slope failure occurred
about 270 ft below the spur on a planar slope with a gradient less than 55%. However,
the concentrated runoff was sufficient to initiate a debris flow that discharged onto the
South Nooksack valley floor to the immediate south of the Jones Creek fan (Figure 2-1).
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Most of the sediment associated with the event deposited upstream of Highway #9,
infilling the channel. A home adjacent to the channel was subject to some flooding and
the highway was inundated with fine sediment and water.
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INTRODUCTION
The 1983 debris flow demonstrated that Jones Creek is susceptible to processes other
than clear water floods. At Jones Creek these processes are likely debris flows caused by
landslide dam failures. This process has been well documented in the Pacific Northwest
(Coho and Burges, 1994; Jakob and Jordan, 2001). The discharge of a debris flow can be
up to 50 times as high as a clear water flood for comparable return period (Jakob and
Jordan, 2001). The implication is that peak flow estimates of clear water floods using
frequency analysis may be are inappropriate for creeks that are subject to debris flows.
However, peak flow estimates for clear water floods are still of interest for Jones Creek
as they provide a useful contrast to debris flows.
This appendix documents the climate and hydrology of Jones Creek to assess its relation
to debris flow activity and the potential magnitude of clear water floods.
CLIMATE
Jones Creek is located in the foothills of the Cascade Mountains and is characterized by a
temperate marine climate. Peak flows in the area generally occur during the fall and
winter when Pacific cyclones cause prolonged, orographically enhanced precipitation.
These storms can last for several days and are often the cause of flooding in the Pacific
Northwest. The associated flooding can be exacerbated by rapid rises in freezing level
associated with warm fronts from the central Pacific.
Due to its geographic position in the foothills, a high percentage of the Jones Creek
watershed lies within the “transient snow zone” where winter precipitation can occur
either as snow or rain. In western Washington, the transient snow zone generally occurs
at elevations ranging between 1,200 ft and 4,000 ft (365 m to 1220 m) (Washington
Forest Practices Board, 1997). Within the transient snow zone, it is not uncommon for
shallow snowpacks to develop several times each year. These shallow snowpacks are
subject to rapid melt when warm fronts from the central Pacific move into the area.
Depending on the snowpack characteristics (e.g. water equivalent and meteorological
conditions during a storm), the amount of additional meltwater released from snowpacks
can be significant. Rain-on-snow conditions are considered to be the primary cause of
peak flows throughout much of the western Washington Cascades (Acme Watershed
Analysis, 1999).
For significant flooding, the worst case scenario is then a heavy rainstorm with high
rainfall intensity paired with significant snowmelt on previously saturated or partially
saturated soils (Jakob and Weatherly, 2003). Because the maximum elevation in the
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Jones Creek watershed is only 3,250 ft, the watershed is particularly sensitive to rain-onsnow events.
The closest climate stations to Jones Creek (with long records) are located at Sedro
Wooley, Clearbrook, and the Nooksack Hatchery. A summary of climate data from these
stations is as follows:
Table E-1: Summary of Climate Station Data near Jones Creek
Average
Max
Temp
(oF)

Average
Precip.
(inches)

Average
Snowfall
(inches)

1931 present

59.0

46.3

14.6

60

1931 –
present

59.7

46.2

8.8

410

1964 present

no record

65.0

ID #

Lat

Long

Elev.
(ft)

Record
length

Clearbrook

451484

48o50’

122 o20’

60

Sedro
Wooley

457507

48o31’

122 o14’

5876

48o54’

122 o09’

Station

Nooksack
Salmon
Hatchery

While no climate station is positioned within the Jones Creek watershed, the above
stations are situated in close enough proximity that they represent approximate conditions
within the watershed. Precipitation is expected to be greater at higher elevations due to
orographic effects.
As demonstrated by Figure E-1, a majority of precipitation in the area occurs during
October to March. Rain-on-snow events are most likely to occur from November to
March when conditions are cool enough for a transient snowpack to develop.
HYDROLOGY
Because there are no discharge records for Jones Creek, indirect measures have to be
used to estimate peak flows of varying return periods. Raines et al. (1996) utilized
discharge from Skookum Creek as the basis for flood frequency estimates on Jones
Creek. Skookum Creek is a 23.1 mi2 (59.1 km 2) watershed located on the opposite side
of the South Fork valley that was gauged by the United States Geological Survey (USGS)
between 1949 and 1969. Using the annual peak instantaneous flow record from this
gauge, Raines et al. completed a flood frequency analysis and transferred the results to
Jones Creek. To account for differences in watershed area, the Skookum Creek peak
flows estimates were adjusted by an area correction factor of 0.11.
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Table E-2: Instantaneous Peak Flow Estimates for Jones Creek (Raines et al., 1996)
Return Period
(years)

Peak Discharge
(cfs)

(m3/s)

2

130

3.7

5

170

4.8

10

210

5.9

25

240

6.8

50

280

7.9

100

310

8.8

Raines et al. cautioned that the large difference in watershed area may not represent an
appropriate comparison in estimating peak flows. However, their estimates appeared to
be validated by USGS regional regression equations (Cummans et al., 1975). The two
methods were reported to compare favourably with estimates to within 10%, although the
regression estimates were not included in the report.
USGS Regional Regression Equations

A common method of estimating peak flows for ungauged watershed is regional
regression equations developed by the USGS. The equations are derived by relating peak
flow estimates from gauged watershed to physical and climatic characteristics.
For Washington State, the most recent regression equations were developed using annual
maximum instantaneous discharge data from over 500 gauging stations with at least 10
years record (Sumioka et al., 1998). Flood frequency estimates were completed for each
of these stations and the results were used with selected physical and climatic
characteristics to develop generalized least-squares regression equations for estimating
peak flows of ungauged watersheds. Washington State was divided into nine hydrologic
regions and a separate set of equations was developed for each region. Basin
characteristics determined most significant in predicting peak discharge were
contributing watershed area and mean annual precipitation. The analysis of Sumioka et
al. included peak flow data collected through the 1996 water year and is an update and
refinement of previous work by Williams et al. (1985) and Cummans et al. (1975).
The generalized form of the regression equation for Jones Creek (Zone 2) is:
Q = aAbPc

(Eq. E-1)

where Q is peak instantaneous discharge (cfs); A is total drainage area (mi2); P is mean
annual precipitation (inches); a is a regression constant; b and c are regression coefficients.
In using the above equation, the constant and co-efficients vary both with hydrologic
zone and return period. The equations can be used to estimate peak flows for return
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periods of 2, 10, 25, 50, and 100 years. In order to verify the results of Raines et al.,
KWL applied Equation F-1 to Jones Creek. The results of this analysis are summarized
as follows:
Table E-3: Instantaneous Peak Flow Estimates for Jones Creek Using USGS Regional
Regressions Equations
Return Period
(years)

Peak Discharge
(cfs)

Peak Discharge
(m3/s)

Standard error of
Prediction (%)

2

101

2.9

56

10

183

5.2

53

25

227

6.4

53

50

268

7.6

53

301

8.5

54

100

2

Note: A watershed area of 2.6 mi and a mean annual precipitation of 60 inches were used in the
analysis.

The above results compare favourably with the peak flow estimates of Raines et al.
(1996).
Rain-on-Snow Analysis

A detailed rain-on-snow analysis was provided in the Acme Watershed Analysis (1999)
to assess the effects that logging may have on peak flows (Beschta, 1995). Excerpts of
this analysis are included in this report because:
•

water discharging from the bottom of the snowpack during a rain-on-snow event has
a strong influence on streamflow in mountain streams; and

•

increased availability of moisture may increase the pore water pressure of soils and
underlying materials and potentially decrease slope stability.

In addition to soil thickness and antecedent climatic conditions, runoff can also be
affected by forest openings caused by fire, windfall, or logging. These factors can
change the area’s hydrology because they may influence snow accumulation and changes
in heat transfer from the surrounding air to the snowpack during rainfall.
With regard to snow accumulation, Beschta (1995) has reported that accumulation
patterns associated with clearcuts in the transient snow zone of the Pacific Northwest
have been little studied. However, research in snow-dominated areas has shown that
forest openings can cause increased snow water equivalents of 5% to 40% (Troendle,
1983). Outflow at the bottom of a snowpack will also be affected by the presence or
absence of forest vegetation. Coffin (1991) investigated 11 rain-on-snow events and
demonstrated that snowpack outflow from forest openings were 21% to 138% greater
than the outflow measured for a forest snowpack. It was also shown that the openings
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accounted for an average of 1.1 inches (28 mm) of excess moisture. For approximately
80% of the events, the additional moisture was less than 1.5 inches (38 mm).
Beschta (1995) completed rain-on-snow analyses for the east and west sections of the
Acme WAU and Jones Creek. Jones Creek was analyzed separately as 86% of the
watershed lies within the transient snow zone. For the analysis, the five largest storms
between 1976 and 1990 were selected from the Nooksack Salmon Hatchery precipitation
record. Three general forest cover conditions were simulated for each area:
1. Fully forested - a forest cover of hydrologically mature vegetation (trees > 25 years
old) was assumed;
2. Existing conditions - a mixed stand of forest age classes; and
3. Entirely clearcut – a forest cover of hydrologically immature vegetation (< 10 years
old) was assumed.
The above situations represent the potential range of forest cover conditions that might
influence peak flows during rain-on-snow events. Table E-4 summarizes the results from
the rainfall/runoff simulations for Jones Creek. Details of the methodology can be found
in the Acme Watershed Analysis (1999).
Table E-4: Changes in Jones Creek Peak Unit Flow for Rain-on-Snow Simulations
Watershed
Conditions
range
average
1

Fully Forested
(m3/s/km2)

Existing Conditions (1994)
(m3/s/km2)

Entirely Clearcut1
(m3/s/km2)

0.98-1.48

1.02-1.54

1.18-1.77

1.24

1.31

1.56

Increases assume that regrowth is less than 10 years of age.

The above table indicates that peak flows in Jones Creek could increase on average 26%
for clearcut conditions. In contrast, accelerated snowmelt associated with current
watershed conditions (23% of the watershed was hydrologically immature in 1994) could
potentially increase peak flows an average of 6% in comparison to an undisturbed
watershed. Based on a frequency analysis of annual peak flows for two gauged
watersheds in the region, Beschta (1995) predicted a 6% increase in peak flows would
increase the magnitude of a 10-year event to that of a 12-year event or less. Given the
inaccuracies of the analysis and the variability of stream flow, such an increase would be
hard to detect.
Hydrological Effects of Logging on Mass Movements

Even though the rain-on-snow analysis showed that the present degree of logging has
little effect on peak flows at Jones Creek, the hydrological effects of logging may have
detrimental consequences for mass movements. For shallow soils on steep slopes, an
increase in the amount of moisture available to soils during large storms due to forest
openings can destabilize slopes because of increased pore water pressures. The same is
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true for deep-seated landslides that tend to respond to prolonged periods of above normal
precipitation.
At Jones Creek, there are several zero-order subwatersheds that have been recently
logged and are situated upslope of landslide prone terrain. Although the impacts can not
be quantified with any precision, the available research indicates that increased moisture
may contribute to local slope instability and increased landslide frequency. Furthermore,
road drainage may concentrate runoff into an area prone to landslides.
The hydrologic recovery of logged terrain is relatively slow. Following logging, the
establishment and growth of trees begins to reduce the potential for rain-induced
snowmelt in clearcut openings. Figure E-2 shows the relation between hydrologic
recovery and stand age based on a study from the Western Cascades of Oregon (Beschta,
1995). This relation is likely transferable to conditions at Jones Creek and it
demonstrates that significant hydrologic recovery does not begin until stands are 10 to 15
years old.
Management Implications

Given the high consequences of a debris flow generated from a landslide dam outbreak
for the town of Acme any logging operations that could affect slope stability near Jones
Creek should be carried out with extremely conservative standards. KWL agrees with the
assessment of the AWA that if private residences exist downstream from landslide-prone
areas, voluntary management prescriptions should be considered.
The effects of the clearcuts in the Jones Creek watershed may not directly trigger a debris
flow that reaches the town of Acme. However, forestry operations are likely to increase
the magnitude of a debris flow by having increased peak flow and increased soil moisture
and pore water pressures in unstable terrain which will favour landsliding. It is possible
that logging in the watershed has also increased the likelihood of landsliding for the next
decade or so. A low frequency - high intensity rainstorm with ample antecedent moisture
during the next few years has increased likelihood of triggering shallow landslides.
CLIMATIC CONDITIONS OF THE 1983 DEBRIS FLOWS
Climatic conditions associated with the January 10, 1983 debris flows were investigated
by both Orme (1989) and Raines et al. (1996). The catalyst for the regional debris flows
was provided by a major winter storm that moved off the Pacific Ocean and stalled over
western Whatcom and Skagit counties. Orme reported that some valley precipitation
gauges recorded over 5.9 inches (150 mm) of rainfall in two days. Orme also noted that:
•

The major debris flow activity was coincident with the axis of maximum precipitation
that extended NNW-SSE from Stewart Mountain to Lyman Hill.

•

At higher elevations, the storm probably yielded 7 to 10 inches (18 to 25 cm) of
rainfall over the 24 hours of most intense precipitation.
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•

On January 5, 1983, the snowline on Stewart Mountain lay around 1,310 ft (400 m)
with 16 inches (40 cm) of snow at 1,900 ft (580 m) and 30 inches (75 cm) of snow at
2,950 ft (900 m).

•

During the storm, the freezing level rose from about 2,100 ft (640 m) to over 6,500 ft
(2,000 m).

•

The shallow snowpack may have provided between 2 to 6 inches (4 to 16 cm) of
equivalent water at 1,900 ft elevation and 4 to 12 inches (7.5 to 30 cm) at 2,950 ft.

Raines et al. (1996) also investigated climatic conditions associated with the 1983 debris
flows. The authors performed a frequency analysis of recorded precipitation at regional
climate stations, the results of which are summarized in Table E-5:
Table E-5: Frequency Analysis of the January 10, 1983 Storm (after Raines et al., 1996)

Station

24 hr
Precip.

24 hr
Return
Period
(years)

72 hr
Precip.

72 hr
Return
Period
(years)

Monthly
Precip.

Monthly
Return
Period
(years)

Clearbrook

1.67 in

2 to 5

2.79 in

5 to 10

7.22 in

2 to 5

66 mm
Nooksack
Hatchery
Sedro
Wooley

4.5 in

71 mm
25 to 50

114 mm
2.64 in

8.4 in

183 mm
n/a

213 mm
25 to 50

67 mm

4.45 in
113 mm

16.7 in

10 to 25

424 mm
25 to 50

9.93 in

10 to 25

252 mm

The results of the frequency analysis indicate that the January 1983 storm was relatively
unusual in intensity (> 25 year return period). The 24-hour precipitation at Sedro Wooley
ranked as the second highest of record for the month of January and the highest at the
Nooksack Salmon Hatchery. The storm cell was relatively localized as above normal
rainfall was not recorded at Clearbrook.
Antecedent Conditions for Debris Flows

Reasonably reliable prediction of landsliding occurrence based on climatic thresholds has
been accomplished in Japan, New Zealand, Canada, the United States, Portugal, and Italy
where abundant weather stations are located at different elevations, and where sufficient
data were available on the spatial and temporal occurrence of landslides to allow
statistically meaningful analysis (see Jakob and Weatherly, 2003 for review).
In the Pacific Northwest, a number of factors add complexity to the task of developing
climatic thresholds for landslide initiation. A common problem for landslide prediction
is localized cells of extreme intensity that can only be recorded with a dense network of
rain gauges (Deganutti et al., 2000). The poor prediction of landslides via climatic
thresholds is also associated with the small number of high elevation rain gauges
(orographic uplift results in greater rainfall at higher elevations). Furthermore, accurate
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dates for landslide occurrence are seldom available because large areas of the Pacific
Northwest remain unpopulated. Numerous other nonclimatic factors influence shallow
landsliding and the occurrence of debris flows. These factors include the availability of
debris in creeks prone to debris flows, land use in the watershed, natural disturbances,
recharge mechanisms and recharge rates, thickness and composition of soil cover, slope
drainage pattern, type and density of vegetation, and slope geometry.
Jakob and Weatherly (2003) were able to develop a hydroclimatic threshold for landslide
initiation on the North Shore mountains of Vancouver, British Columbia. Their study
was aided by a network of rain gauges and discharge records from a small watershed that
synthesized the hydrologic results of rain, rain-on-snow, snowmelt, and antecedent
moisture. As well as the discharge record, the hydroclimatic threshold incorporated the
total 4-week rainfall prior to a significant storm, the maximum 6-hour rainfall during a
storm, and rainfall intensities that exceeded 2 inches/hr. Jakob and Weatherly’s analysis
did not include landslides that were the result of anthropogenic disturbances.
Establishing a hydroclimatic threshold becomes more difficult in a small watershed such
as Jones Creek because:
•

Hydroclimatic thresholds are usually applied on a regional scale. High intensity or
long-lasting hydroclimatic events do not necessarily trigger debris flows at a specific
watershed. For example, the November 1989 and 1990 storms that triggered debris
flows and debris floods in many areas of southwestern B.C. and northwestern
Washington only caused flooding at Jones Creek.

•

There are no rain gauges with hourly precipitation records in close proximity to Jones
Creek.

•

A potential mechanism for debris flows at Jones Creek is movement of the deepseated failures that may temporarily dam the creek. However, there is a complex
interaction of multiple factors such as antecedent conditions and pore water pressures
that influence the movement of deep-seated failures. To gain a better understanding
of these interactions, a network of rain gauges and piezometers would have to be
installed in the watershed and monitored over extended periods. Over time such a
monitoring program may allow the prediction when accelerated ground movement
can be expected. For accurate forecasts, a series of landslides would have to occur
over the monitoring period. This, however, may require decades of expensive
observations and data analysis.
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Appendix F
Debris Flow Probability and Magnitude
INTRODUCTION
This appendix provides an assessment of the debris flow hazard at Jones Creek, with
estimates of expected return period, total volume, and peak flow. The debris flood
hazard is not addressed in detail at Jones Creek because debris flows from landslide dam
outbreaks will be of larger magnitude and will therefore be more destructive 1.
The technical information provided in this appendix is important in determining the need
for and type of mitigative measures.
PREVIOUS STUDIES
Several creek fans in close proximity to Jones Creek have been studied in detail with
respect to debris flow frequency and their hazard potential (Orme, 1989; Orme, 1990;
deLaChapelle, 2000). These studies are reviewed for this study as they provide a useful
contrast to Jones Creek with respect to regional activity.
Orme (1989)

The January 1983 storm that caused 20 debris flows in Whatcom County and Skagit
County led to research by Orme (1989, 1990) to estimate return periods of debris flows
on composite fans in the region. The 1989 study was conducted on Mills Creek, which
was impacted by a debris flow in 1983 and is located about 6 mi (10 km) south of Jones
Creek (Figure 1-1). Mills Creek has similar watershed characteristics to Jones Creek:
•
•
•

a watershed area of 1.7 mi2 (4.4 km2);
much of the watershed is underlain by phyllite; and
the watershed is subject to recurrent debris flow activity.

In order to provide temporal perspective to the 1983 event, five trenches were excavated
on the fan. These trenches encountered numerous deposits including the 1983 debris
flow and a larger event that is coincident with a major recorded rain-on-snow event in
December 1917 that triggered debris flows throughout the area. Datable material was
only found in two of the trenches. These charcoal deposits were dated to 430 BP and
1720 BP. The charcoal deposit dated to 1720 BP is overlain by seven discrete events,
indicating that significant debris flows occur frequently. The exposed deposits also
suggested that some events are only partially recorded while others are removed by

1

The rheological differentiation between debris floods and debris flows due to landslide dam outbreaks is based on
sediment concentration of the moving mass. An initial debris flow may dilute and be transformed to a debris flood
during the downstream descent. Sideslope failures due to undercutting could introduce additional sediment, reversing
flow characteristics back to a debris flow and so forth. In this report, the event resulting from landslide dam outbreak
floods will be classified as a debris flow to avoid unnecessary confusion.
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erosion. Net rates of aggradation based on the dated charcoal deposits (1720 BP to
present) were estimated to about 7.5 ft ka-1 (2.3 m ka-1). Orme (1989) also noted that the
stratigraphic record indicates that large precipitation events are capable of triggering
debris flows regardless of land use.
Orme (1990)

Orme expanded upon his work in 1990 by trying to establish a regional pattern of debris
flow frequency. To supplement the investigations on Mills Creek, ten cores were
obtained from Lake Whatcom close to the Smith Creek delta, and two cores from deeper
water. Smith Creek is a good study site because of its history of documented large debris
flows (1917 and 1983). The Bellingham Herald for December 29, 1917 recorded that
“the house in which the Nash family lived, on Smith Creek, was washed into the lake by
a flood that had been held for hours behind a log jam in the creek”. A survivor of that
event recalled that the weather had been warm and rainy with some snow in the foothills,
and that boulders and large organic debris swept across the Smith Creek fan in a debris
flow 40 ft (12 m) deep that destroyed the local railway bridge (Orme, 1990). The
climatic conditions are of note because similar conditions characterized the 1983 regional
debris flows.
The deeper cores provided a better record of past debris flow activity, as the sediment
record was not disturbed by subaqueous sediment flows. In one of these cores, wood
fragments dated to 3370 years BP were found at depth. Overlying this organic material
were six other very pronounced deposits (organic-rich sands or sandy silts and muds,
some with small wood fragments). Based on this record, Orme (1990) interpreted that
very large regional debris flows have a return period of 480 years and major events occur
every 67 years.
Orme (1990) also found an in-channel debris flow deposit in Anderson Creek, 2 mi NNW
of Stewart Mountain. Organic material in this deposit was dated to 1150 years BP.
deLaChapelle (2000)

Another detailed study was conducted by deLaChapelle (2000) on three composite fans
(Sygitowicz, Radonski, and Hardscrabble) on the eastern slopes of Stewart Mountain.
These creeks are situated less than 3.5 mi north of Jones Creek (Figure 1-1). Sygitowicz
Creek (2.1 mi2) is of similar watershed size to Jones Creek, while Radonski Creek
(0.14 mi2) and Hardscrabble Creek (0.85 mi2) are significantly smaller. While the
Darrington phyllite does not outcrop in any of the three watersheds, the three creeks have
each experienced at least two major debris flows since 1979 (Table F-1).
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Table F-1: Known Debris Flow Events for deLaChapelle (2000) Study Creeks
Year of debris flow

1917

1979

1982

1983

Sygitowicz Creek

x

x

x

x

Radonski Creek

?

x

x

Hardscrabble Creek

?

x

x

To study the aggradation histories of these watersheds, ten trenches were excavated to a
depth of 10 to 16 ft (3 to 5 m) on the three fans. Nineteen radiocarbon dates were
obtained from six of the ten trenches with a maximum age of 6,000 years BP. The
principal findings of deLaChapelle were:
•

Debris flows and hyperconcentrated flows are the principal processes responsible for
fan development (totalling 39% and 37% of average vertical exposures, respectively).

•

Return periods for debris flows or hyperconcentrated floods are 875 years at
Sygitowicz Creek, 465 years for Radonski Creek, and 1650 years for Hardscrabble
Creek.

•

Rates of fan aggradation and the frequency of debris flows have increased toward the
present.

•

Numerous forest fires occurred throughout the Holocene as evidenced by charcoal in
deposits and paleosols.

Little is said in this thesis with respect to hazard potential on the three fans studied,
except from the notion that debris flow deposits were found on the distal parts of the fan
at depth. This is an important finding because it shows that no area of a creek fan should
be classified as no hazard.
DEBRIS SUPPLY SOURCES
A determination of debris supply sources to the channel is important for several reasons.
First, debris supply sources should be identified in the event that individual point sources
require stabilization. Second, point sources may have been caused by poor watershed
management (e.g. logging practices, road construction) or by natural factors (windthrow,
fire). Identifying these sources is necessary to stabilize potentially unstable point sources
and to avoid debris production above natural levels.
Irrespective of slope instabilities related to logging or forest road construction, the
watershed of Jones Creek is subject to naturally occurring debris slides, debris flows and
deep-seated landslides. Steep sideslopes are present on both sides of the mainstem
channel throughout the lower and middle watershed and are referred to as the “inner
gorge”. These sideslopes either consist of bedrock (phyllite in the lower watershed and
sandstone and mudstone in the upper watershed) or are overlain by a veneer (< 3 ft) of
colluvium and are subject to episodic debris flows and debris slides. These mass
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movement processes typically occur during periods of extended wet weather, particularly
in the late fall when the soils are partially saturated from antecedent rainfall and
snowmelt and when frontal system yield cells of high intensity rainfall.
Ongoing movement of the deep-seated landslides is most likely related to a continual
adjustment of the channel slope along Jones Creek, which causes undercutting of the
phyllite rock masses. In turn, the undercutting causes stress relief higher up, which is
accomplished by the opening of fissures and tension cracks against the rock foliation (see
Appendix D). This stress relief causes a domino effect higher up with a step-like
progression of rotational failures.
DEBRIS FLOW INITIATION
Moderate to large debris flows in Jones Creek are most likely to be initiated by a
temporary blockage of the channel due to a landslide dam. If the dam is high enough to
impound a lake of substantial size (several tens to hundred thousands of cubic yards), a
catastrophic failure of the landslide dam is conceivable (Jakob and Jordan, 2001). An
outburst flood in combination with the mobilization of the collapsed dam is likely to
initiate a debris flow, particularly in a confined channel such as Jones Creek. The
following processes could lead to temporary blockage of Jones Creek:
•
•
•
•

debris slide from a sideslope failure;
debris avalanche2 from an adjacent non-convergent slope;
debris flow from a tributary at close to perpendicular impact direction; and
a large bedrock failure (block slide, rotational failure).

These four modes of creek damming are associated with different dam heights and breach
mechanisms. Debris slides from sideslope failures will transport small amounts
(hundreds of cubic yards) of material in the channel, and will likely cause only minutes of
blockage before the landslide dam is overtopped and incised rapidly. Outbreak floods
from this process are unlikely to exceed the 200-year return period flood at Jones Creek.
Debris avalanches and debris flows from tributaries may deliver thousands of cubic yards
to Jones Creek and create a landslide dam of up to 20 ft (6.1 m) in height (depending on
the impact location). Because of the saturated nature of the impacting material, these
landslides are likely to spread out as they impact the creek, creating a long and narrow
landslide deposit. This type of landslide dam will be overtopped and rapidly incise due to
its grain size composition and partial saturation. Outbreak floods of this type will likely
generate debris flows as they entrain landslide dam material and bulk with existing
channel sediment downstream. The 1983 debris flow is believed to have been initiated
by this process.

2

A debris avalanche is distinguished from a debris slide by complexity and size. A debris avalanche is defined as a very
rapid to extremely rapid shallow flow of partially or fully saturated debris on a steep slope, without confinement in an
established channel (Hungr et al., 2001). Before internal distortion, a debris avalanche may be referred to as a debris
slide.
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Finally, a large bedrock failure could occur as a rotational failure in phyllite bedrock (e.g.
Darrington Slide, Upper Slide) or as an intact block slide (e.g. Straight Slide). Field
evidence for both failure mechanisms was encountered at Jones Creek. Rotational
failures are characterized by inward sloping failure scarps with trees leaning upslope
(Photo 12). Bulging and failing toe slopes are characteristic of this failure type and were
observed at several locations (Photos 6, 7, and 9). Evidence of block slides is provided
by recent movement at the Straight Slide (Photo 4). Deep-seated rock slope failures
could block Jones Creek to a height of approximately 60 ft (18 m) at the Darrington Slide
(Figure 2-1). The impounded water volume could reach 60,000 yd3 (45,000 m3). Such a
landslide dam would be laterally confined, as it will not liquefy at impact with the main
creek channel. At a 25-year return period flow, filling of the reservoir could take up to 2
hours.
Failure of a 60 ft (18 m) high landslide dam in highly jointed and foliated weak phyllitic
rock could occur as a toe failure, and subsequently collapse in tens of minutes (Schuster
and Costa, 1988). An outbreak flood of this type would likely cause complete scour of
the channel downstream, and trigger numerous sideslope failures in undercut colluvial
slopes. Furthermore, slopes inundated during the filling of the landslide reservoir will
have saturated as they submerged but will not likely drain at the same rate as the reservoir
empties. As a consequence, pore water pressure in the sideslope materials will not be
offset by hydrostatic pressures of the reservoir and instability can be expected along the
base of the slopes upstream of the landslide dam. This material will also be likely
entrained in the debris flow. This latter scenario is the most likely scenario for a high
return period event even though no evidence of this occurrence has been observed in the
field.
As well as channel blockages, debris flows (or debris floods) at Jones Creek could be
initiated by a tributary landslide impacting the creek at an oblique angle and transferring
its momentum to the channel. Debris flows initiated by a transfer of momentum are
expected to be of considerably smaller magnitude than outbreak floods, but their
occurrence is expected to be much more frequent.
Source of Debris Flow Initiation

Because of the channel slope and geology of the watershed, debris flows are most likely
to initiate in the lower half of the watershed.
The lower half of the watershed is underlain by the Darrington Phyllite, which is prone to
greater slope instabilities than the Chuckanut Formation. These slope instabilities
enhance the potential for landslide dams to form and for tributary landslides impacting
the channel at an oblique angle. Figure 2-1 shows the location of potential landslide
dams. The magnitudes of outbreak debris flows associated with the collapse of landslide
dams are considered later in this appendix.
The channel gradient of Jones Creek is also a important control on debris flow initiation.
Figure C-1 is a profile of Jones Creek and it is apparent that channel gradients within the
Darrington Phyllite (10 to 40%) are considerably greater than upstream reaches within
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the Chuckanut Formation (7 to 19%). Debris flows typically require channel gradients in
excess of 20% for conveyance (Benda and Cundy, 1990). While the 1983 debris flow did
initiate within the Chuckanut Formation, it probably initiated as a landslide dam outbreak
flood. An outbreak flood in the upper reaches would probably entrain enough sediment
and organic debris to be classified as a debris flood but the relatively gentle channel
gradient would prevent its transformation to a debris flow. Because of steeper channel
gradients further downstream within the phyllite, it is likely that significant sediment was
entrained that the 1983 event was transformed into a debris flow about half way along the
channel.
Of note is that other watersheds on the flanks of Stewart Mountain are also prone to
frequent debris flow activity (e.g. Smith Creek). These other watersheds are largely
underlain by the Chuckanut Formation and debris flows are typically initiated by
landslides initiating from inner gorges and colluvial hollows. While the Chuckanut
Formation in the upper watershed is a potential source for debris flows at Jones Creek (as
witnessed by the 1983 event), debris flows probably initiate much more frequently within
the Darrington Phyllite given the steeper channel gradients and its mechanically weak
nature.
DEBRIS FLOW PROBABILITY
Debris flow hazard is defined by a combination of probability and magnitude. This subsection determines the probability or frequency of debris flows at Jones Creek. Debris
flow probabilities are defined as per Table F-2.
Table F-2: Debris Flow Probabilities and their Significance
Return
Period
(years )

Relative Term
of Probability

Probability of at
Least One
Occurrence in
50 Years

< 20

Very High

more than 90%

The hazard is imminent, and very likely to occur within
the lifetime of a person or structure. There will generally
be clear and relatively fresh signs of disturbance.

20 to 100

High

40% to 90%

The hazard is likely to happen within the lifetime of a
person or structure. Disturbances are clearly identifiable
from deposits and vegetation, but may not appear fresh.

100 to 500

Medium

10% to 40%

The hazard occurrence within a given lifetime is possible.
Signs of disturbance such as vegetation damage may
not be easily noted.

500 to 2500

Low

less than 10%

Significance of Probability

The hazard lies outside the probability used for
management and decision making in Washington.

Four dating methods were investigated to determine the frequency of past debris flows at
Jones Creek. These are aerial photograph analysis, dendrochronology, eye-witness
reports, and radiocarbon dating.
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Aerial Photograph Analysis

Aerial photograph chronosequences dating back to 1940 were inspected. The most
striking features on the aerial photographs are the consequences of intensive logging
activities in the 1960s and 1970s. Approximately 20 landslides were triggered in the
watershed between 1970 and 1995, most of which occurred within the inner gorge of the
mainstem channel (Figure D-1). While some of these landslides are undoubtedly natural
in origin, a majority are associated with logging. The only obvious debris flow that
reached the fan area is the 1983 event.
Dendrochronology

The second dating method is dendrochronology. Boulders or logs transported in debris
flows can impact trees and leave scars in the cambium, which subsequently begin to
overgrow if the tree was not killed at impact. Cutting a wedge from this scar tissue or
extracting a tree core via an increment borer allows the reconstruction of the year of
damage. For the latter case, counting back to a ring sequence that is very narrow enables
the researcher to determine the date of the damaging creek event. For Jones Creek, no
suitable trees were found due to intensive logging of the watershed.
Eyewitness Accounts

Bob Knudsen has been a resident of the Acme Valley since 1937. As well as the 1983
event, Mr. Knudsen recalls a debris flow around 1953 that filled up the Mill Pond (the
pond is a legacy of old logging and is situated about a quarter-mile below the fan apex on
the left bank). This debris flow also travelled further downstream, following an old
railroad spur.
About a year later, another debris flow or hyperconcentrated flow occurred. This event
also filled the Mill Pond and was diverted parallel to Turkington Road, almost reaching
the railway.
More recently, a debris flood occurred in November 1990. The event resulted in
complete aggradation of the Turkington Road Bridge (Photo 17), and some flows were
diverted toward Acme and the elementary school. Dredging of Jones Creek was required
following the event to restore channel capacity under the bridge. The source of this event
is not known and its classification as a debris flood is based on photographs obtained
from fan residents.
Radiocarbon Dating

A fourth possible method to determine the age of older (> 250 years) debris flows is
radiocarbon dating (C 14) of organic material. Dating and estimating debris flow volumes
is important in establishing a frequency-magnitude relation for debris flows. This
method requires the location of organic material at depth that was unquestionably
deposited by a debris flow or debris flood. A detailed radiocarbon dating program was
undertaken for this study on the basis of trench excavations on the fan.
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JONES CREEK RADIOCARBON DATING PROGRAM
Sample Collection

For radiocarbon dating at Jones Creek, 18 trenches up to 16 ft (5 m) in depth were
excavated on the fan with the aid of an excavator. Trenching locations are shown on
Figure F-1. The trenches revealed a number of well-defined debris flow deposits
separated by paleosols. Detailed stratigraphic logs for each trench are summarized in
Appendix G. Organic material (wood fragments and charcoal) was extracted from the
debris flow layers and paleosols where possible. Of the 34 samples collected, 23 were
sent for dating to the Radiocarbon Dating Laboratory at the University of Waikato in
New Zealand. The depth and extent of deposits were also mapped to determine
associated debris flow magnitudes.
Dating Results

Table F-3 provides the radiocarbon dates and the calibrated dates of the selected samples.
Radiocarbon ages do not equal calendar ages (i.e. calibrated dates) due to small
fluctuations in atmospheric C 14 concentration through time. These fluctuations have been
identified by cross-dating tree rings and corals. By quantifying these fluctuations,
radiocarbon researchers have generated a calibration curve that enables the correction of
radiocarbon dates to calendar time. In interpreting Table F-3, it is important to
understand that the process of calibration is hampered by two factors:
•

radiocarbon standard errors (the +/- value) can make it difficult to distinguish the
corresponding calendar date for a radiocarbon measurement, and

•

small fluctuations in the calibration curve can result in multiple possible age ranges.

Figure F-2 provides an example of sample 9D to clarify the calibration process. The
radiocarbon date was determined via a normal distribution (y-axis) intercepting the
correction curve at 3793 years BP. One standard deviation on either side of the intercept
results in an error of +/- 47 years. The probability distribution of the calibrated date is
shown in solid black. The one (68.2%) and two standard deviations (95.4%) are shown
below the distribution and are reported in the upper right hand corner of the graph. In
this example, the two standard deviations on either side of the distribution yield a
calendar age range from 3980 BP to 4360 BP. That is, there is a 95% probability that the
debris flow occurred between these two dates. All further interpretations are based on
calendar years thus determined.
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Table F-3: Summary of Radiocarbon Dating
Age
(14C year
BP)

Calibrated
age
(cal yr BP)

Lab
Number

1572 + 42

1350 – 1540

Wk12749

1B

soil, organics

AMS (minimum age)

1038 + 42

790 – 1060

Wk12751

2B

soil, organics

AMS (minimum age)

730 + 50

550 – 740

Wk12752

3A

wood

radiometric (maximum age)

398 + 36

310 – 520

Wk12753

4A

charcoal

radiometric (maximum age)

3105 + 53

3160 – 3470

Wk12754

4B

soil, organics

937 + 37

760 – 930

Wk12755

5A

wood

3573 + 50

3690 – 3990

Wk12758

7B

soil, organics,
charcoal

AMS (maximum age)

3241 + 47

3360 – 3580

Wk12759

8A

soil, organics

AMS (maximum age)

3572 + 59

3690 – 4080

Wk12760

8B

soil, organics

AMS (minimum age)

465 + 40

450 – 560

Wk12761

9A

wood

radiometric (maximum age)

331 + 37

300 – 480

Wk12762

9B

wood

radiometric (maximum age)

3793 + 47

3980 - 4050

Wk12768

9D

soil, organics
and charcoal

122.7

120

Wk12770

10 C

wood

2066 + 50

1890 - 2160

Wk12768

11 A

soil, organics

106 + 55

-10 – 280

Wk12770

13 A

wood

AMS (dropped into trench)

144 + 36

-10 – 290

Wk12771

14 A

wood

radiometric (1983 event)

205 + 37

-10 - 320

Wk12772

14 B

wood

radiometric (1983 event)

3091 + 52

3160 – 3450

Wk12774

15 A

soil, organics
and charcoal

AMS (maximum age)

2127 + 54

1950 – 2310

Wk12776

16 B

soil, organics

AMS (maximum age)

316 + 38

290 – 470

Wk12778

17 A

wood

radiometric (maximum age)

1715 + 51

1510 – 1780

Wk12779

17 B

soil, organics
and charcoal

radiometric (maximum age)

138.4

140

Wk12758

17 C

wood

AMS (1953 or 1983 event)

6172 + 73

6790 – 7230

Wk12758

18 B

soil, organics
and charcoal

Sample
Number

Dated
Material

Comment/Interpretation

AMS (minimum age)
radiometric (minimum age)

AMS (minimum age)
AMS (dropped in trench)
AMS (maximum age)

AMS (maximum age)

Notes:
Radiocarbon ages errors are reported to one standard deviation.
Calibrated age is reported to two standard deviations.
AMS stands for accelerator mass spectrometer, a method used for a very low sample weight.

Of note are two anomalous samples (10C and 13A) that were analyzed as modern
samples (last couple of hundred years) despite being situated at depth in the stratigraphic
record. These samples are interpreted as near surface organic material that fell into the
trench. Some of the samples were very difficult to gather due to the steepness of the
trench wall and concerns of a cave-in. Many of the units were sampled rapidly and
surface contamination is conceivable. Not coincidentally, the two anomalous samples
had very low sample weights.
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Figure F-2
Radiocarbon Calibration to Calendar Years for Sample 9D

Interpretation of Results

The calibrated dates of Table F-3 allow the compilation of a debris flow chronology on
Jones Creek for the last 7000 years. Table F-3 has been condensed and simplified by
assuming that every overlapping age range represents the same event. Depending on the
position of the organic sample (e.g. Trench 10, Appendix G) a minimum or maximum
age was assigned to individual debris flow deposits. Table F-4 summarizes interpreted
debris flow events at Jones Creek.
Table F-4: Summary of Dated Debris Flow Events on Jones Creek
Calibrated
Age
(cal yr BP)

Assumed
Age

0-320

?

14A, 14B, 17C

290 - 740

400

3A, 4A, 9A, 9 B, 17A

760 - 1780

900

1B, 2B, 5A, 17B

1890 - 2310

2100

11A, 16B

3160 - 3580

3400

4B, 15A

3690 – 4080

3900

7B, 8B, 9D

6790 – 7230

7000

18B

KERR WOOD LEIDAL ASSOCIATES LTD.
Consulting Engineers
2039.002

Sample(s) No.

Interpretation
Probably the 1983 AD or 1953 debris flow

F-10

APPENDIX F
W HATCOM COUNTY FLOOD CONTROL ZONE DISTRICT

JONES CREEK DEBRIS FLOW STUDY
FINAL REPORT
MARCH 2004

Table F-4 illustrates that 8 debris flows can be distinguished over the past 7000 years on
Jones Creek, which implies an average return period of approximately 875 years. Two of
these events (1953 and 1983) are of significantly lower magnitude (< 100,000 yd3) than
the other events dated. For this reason, only 6 large debris flows are counted over the
past 7000 years, implying a return period of approximately 1200 years.
The above frequency analysis is based on the following assumptions:
•

all dated events represent debris flows and not streamflow, hyperconcentrated floods
or floods on Nooksack River; and

•

the dated events accurately reflect all debris flow events on Jones Creek.

The first assumption is reasonable given the stratigraphic information that was logged
during the trenching. The second assumption, however, is not likely to be valid and most
likely depends on the number and depth of trenches as well as the number of radiocarbon
dates obtained. For example, had trench 18 not been excavated (e.g. the landowner may
not have granted permission), the record would only extend to 4000 years BP and the
return period would be 800 years. Therefore, it is reasonable to assume that the 6 large
debris flows recorded over the past 7000 years are a minimum rather than the actual
number of events. Furthermore, deposits of older events are located at a depth that may
lie outside the reach of the excavator or cannot be viewed due to interception with the
water table.
Considering all the limitations stated above, it is interpreted that large debris flows (in
excess of 100,000 yd3) occur on Jones Creek with a return period of approximately 400 to
600 years. Based on observed events in the last half century, smaller debris flows or
debris floods (10,000 yd3 to 50,000 yd3) may have return periods ranging from 20 to 100
years. However, it is possible that smaller debris flows have increased in frequency due
to logging in the watershed and an associated reduction in slope stability.
Comparison with Other Radiocarbon Dated Debris Flows on Nearby Fans

Radiocarbon dating has been completed on several other fans in the vicinity of Jones
Creek (Orme, 1989 and 1990; deLaChapelle, 2000). Table F-5 summarizes these
radiocarbon dates and compares them with the present study. Each row is interpreted to
date the same debris flow.
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Table F-5: Radiocarbon Dates (non-calibrated) of Debris Flows on Nearby Fans
Number

deLaChapelle (2000)

1

280

Orme (1989, 1990)

This Study

430

320, 330, 400, 470

2
3

620

730

4

920, 1170, 1320

1150

940, 1040

5

1690

1720

1570, 1720

6

2000, 2140

7

2720

8

3370

9

3840

10

4400, 4510

11

4960, 5290

12

5980

13

6270, 6270

2070, 2130
3370

3090, 3110, 3240,
3570
3790

6170

Note: All numbers are rounded to the nearest ten.

Table F-5 suggests that of the 13 debris flows dated by deLaChapelle and Orme, all of
the debris flows from the present study are replicated. This observation indicates that
storms that are able to trigger large debris flows occur on a regional scale. Table F-5 also
suggests a regional debris flow return period of 480 years (eight coincident events over
3800 years), which coincidentally is the same return period reported by Orme (1990) for
large debris flows.
Summary

Eight debris flows were recorded on the Jones Creek fan by radiocarbon dating with the
oldest at 7000 years BP. Two of these events (1953 and 1983) are of significantly lower
magnitude than the other events dated. For this reason, only 6 large debris flows are
counted over the past 7000 years, implying a return period of approximately 1200 years.
However, deposits of older events are located at a depth that may lie outside the reach of
the excavator or cannot be viewed due to interception with the water table. Excluding the
oldest date (7000 years BP) results in a return period of 780 years (5 large debris flows
over the past 3900 years). Because it is unlikely that the trenching program intercepted
all large debris flows, it is reasonable to assume that the 5 large debris flows recorded
over the past 3900 years are a minimum. Comparison of the Jones Creek radiocarbon
dates with those on neighbouring fans suggests that large debris flows occur on a regional
scale with a return period of approximately 500 years.
While the focus is on large debris flow events, smaller events like the 1953 and 1983
debris flows (and 1990 debris flood) indicate that the watershed is also prone to smaller
events that occur on a more frequent basis (on a scale of decades). Because the areal

KERR WOOD LEIDAL ASSOCIATES LTD.
Consulting Engineers
2039.002

F-12

APPENDIX F
W HATCOM COUNTY FLOOD CONTROL ZONE DISTRICT

JONES CREEK DEBRIS FLOW STUDY
FINAL REPORT
MARCH 2004

extent of such events is not extensive, their preservation in the stratigraphic record is less
likely.
DEBRIS FLOW MAGNITUDE
Determination of debris flow magnitude involves consideration of both the total volume
of a debris flow and the peak discharge. There is reasonable evidence that high
magnitude debris flows in Jones Creek are initiated by outbreak floods from landslide
dams. Due to the confined nature of the creek, a flood surge from an outburst flood
would remain in the channel to the fan apex.
The hydraulic model FLDWAV can be used to estimate peak discharges from dam
outbreak floods. However, a complicating factor in the downstream routing of floods
from natural dam failures is the bulking and debulking of floodwaters with sediment as
the flood moves downstream (Costa and Schuster, 1988). At Jones Creek, it is assumed
that an outburst flood will transform rapidly into a debris flow as it entrains sediment
from the dam itself and downstream channel reaches. The peak discharge at the fan apex
will therefore be significantly higher than the peak discharge from the dam failure.
Accordingly, modelling outbreak floods with FLDWAV does not provide relevant
information from a fan hazard perspective.
Debris Volume

The volume of the 1983 event was estimated by Raines et al. (1996) to 33,000 yd3
(25,000 m3) based on mapping of the surficial deposits and distance travelled. For older
events, trenching on the fan is the most reliable method to estimate the volumes of
individual debris flows (ground-penetrating radar, GPR, can also be used but poor
reflectors can complicate interpretation).
The trenching program completed by KWL provides significant detail into the
development of the Jones Creek fan (Appendix G). Individual sections were not only
dated but depth measurements were taken at the various locations. These depth
measurements were extrapolated from trench to trench and contour maps of assumed
equal deposition depth were drawn. Figure F-3 summarizes the stratigraphic information
from the trenching program and provides the input for the average depths summarized in
Table F-6.
The interpreted or best estimate areal extents of the dated debris flows are shown in
Figures F-4A, F-4B, and F-4C. Unfortunately, owner permission could not be obtained
for trenching on the middle portions of the fan. Thus, the areal extent of the debris flows
is interpreted as lobes. While the experience of KWL has shown that most debris flows
are deposited along preferential flow paths, the possibility can not be discounted that the
areal extent of individual debris flows is much greater than shown. This possibility is
accounted for in Table F-6 with error estimates of up to 50% on the area and volume
values.
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Table F-6: Assumed Date, Geometry and Magnitude of Large Debris Flows on Jones
Creek Fan Including the 1983 and 1953 Debris Flows
Assumed
Date
(year)

Area
(ft2 / m2)

Average Depth
(ft / m)

Volume
(yd3 / m3)

Discharge
(cfs / m3/s)

1983 (AD)

270,000 + 10%

3.3 + 10%

33,000 + 20%

7800 + 20%

(25,000) + 10%

(1.0 + 10%)

(25,000) + 20%

(220 + 20%)

840,000 + 30%

0.5 + 30%

16,000 + 30%

4000 + 30%

(80,000) + 30%

(0.15 + 30%)

(12,000) + 30%

(115 + 30%)

2,400,000 + 50%

2 + 30%

180,000 + 50%

14,800 + 50%

(220,000) + 50%

(0.6 + 30%)

(135,000) + 50%

(420 + 50%)

1,200,000 + 50%

3 + 30%

130,000 + 50%

10,900 + 50%

(110,000) + 50%

(0.9 + 30%)

(105,000) + 50%

(310 + 50%)

2,000,000 + 50%

3 + 30%

225,000 + 50%

18,700 + 50%

(185,000) + 50%

(0.9 + 30%)

(170,000) + 50%

(530 + 50%)

800,000 + 50%

4 + 30%

120,000 + 50%

9900 + 50%

(75,000) + 50%

(1.2 + 30%)

(90,000) + 50%

(280 + 50%)

2,400,000 + 50%

2.5 + 30%

225,000 + 50%

18,700 + 50%

(220,000) + 50%

(0.8 + 30%)

(170,000) + 50%

(530 + 50%)

1,000,000 + 50%

3 + 30%

110,000 + 50%

9200 + 50%

(95,000) + 50%

(0.9 + 30%)

(85,000) + 50%

(260 + 50%)

1953 (AD)

400 (BP)

900 (BP)

2100 (BP)

3400 (BP)

3900 (BP)

7000 (BP)

The largest events recorded over the last 7000 years are the 2100 and 3900 BP events
with an approximate volume of 225,000 yd3 (170,000 m3). The trenching results are
interesting from two perspectives. First, all of the large debris flows consist almost
entirely of Darrington Phyllite, suggesting an origin in the lower watershed. In contrast,
normal streamflow deposits consist of a mixture of phyllites and sandstones reflecting the
bedrock composition in the watershed. Second, the size of these debris flows is such that
a significant amount of water would need to be impounded to get the observed sediment
volumes. The implication is that these debris flows were initiated by an outbreak flood
from a large landslide dam, such as postulated at the toe of the deep-seated landslides.
Debris Flow Peak Discharge

The second step in assessing debris flow magnitude is to estimate the peak discharge.
Empirical relations between total volume and peak discharge have been derived by Jakob
(1996) for bouldery and muddy debris flows in southwestern B.C.
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At Jones Creek, two mechanisms of debris flow initiation are conceivable. The first is a
direct transition of a landslide into a debris flow or a very rapid (and complete) breach of
a landslide dam. The second is an irregular breach of a landslide dam across the channel.
In the first case, high sediment concentrations (50% - 70% by volume) are expected
which will result in a pronounced surge front characterized by a higher boulder content
and higher flow depth. A debris flow of this type will likely have a very steep and short
hydrograph. The 1983 and 1953 debris flows are considered to have initiated through
this process.
The second type will be characterized by lower sediment concentrations (30% to 50% by
volume) and a hydrograph with multiple surges and comparatively lower peaks. The
multiple surges will result from periods of rapid landslide dam incision interspersed with
short periods of quiescence. The large debris flows on Jones Creek are considered to be
of this type.
Consequently, two different equations must be applied. To calculate the mean discharge
of bouldery flows, Jakob (1996) suggested the following equation:
Qp = (Vmax/28)0.9

(F-1)

where Qp is the mean discharge derived from a regression line, and Vmax is the total
volume of the debris flow. However, it is postulated that at least the 1983 debris flow
was transitory between a bouldery and a muddy debris flow since it moved along a
relatively low gradient channel for much of its path. This is confirmed by independent
measurement of the flow cross-section at the Galbraith Road Bridge. For this reason, the
upper bound of Equation F-1 was used:
Qp = (Vmax/50)0.87

(F-2)

Using Equation F-2, a peak discharge of approximately 7800 cfs (220 m3/s) is calculated
for the 1983 event, while a peak discharge of 4000 cfs (115 m3/s) is calculated for the
1953 event.
For muddy debris flows, Jakob (1996) suggested the following equation:
Q = (V/343)1.01

(F-3)

Equation F-3 was used to estimate the peak discharge of the radiocarbon dated large
debris flows. These discharges are summarized in Table F-6.
Grain Size Analysis

Limited grain size analysis was carried out for channel and landslide sediments, and
sediments encountered in some of the trenches. The objective of the grain size analysis
was to determine the clay content of the debris flow matrix. Clay content has shown to
be very important in explaining debris flow mobility (e.g. Jordan, 1994). Jordan has
shown that debris flows with a clay content exceeding approximately 4% can run out on
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very low angles and are likely to resist drainage for an extended period. The implication
is that debris flows with a clay rich matrix will likely flow over much larger distances
than debris flows in a largely sandy matrix. Clay contents for samples at Jones Creek are
variable but indicate the potential of long runout distances, particularly if combined with
a high water content (see Table F-7). This result is consistent with the low average fan
gradient (4%) at Jones Creek.
Table F-7: Results of Grain Size Analysis
Sample

water
(%)

coarse
gravel
(> 19 mm)

fine
gravel
(2 to 19 mm)

sand
(0.075 to
2 mm)

silt
(0.002 to
0.075 mm)

clay
(< 0.002 mm)

L-1

18.3

0

26.5

52.2

13.0

8.3

L-2

23.7

0

1.4

94.6

L-3

14.0

0

18.2

50.0

18.1

7.7

L-4

15.3

6.6

33.7

42.3

11.8

5.6

L-5

34.0

0

1.0

92.3

6.7

S-1A

-

0

5.0

58.5

36.5

S-1B

-

0

54.9

43.7

1.4

S-1C

-

0

5.5

51.2

43.3

S-1D

-

14.4

39.0

43.2

3.4

S-8A

-

0

0.1

52.8

47.1

4.0

Samples L-1 to L-5 were obtained along the lower channel of Jones Creek (see
Figure 2-1 for locations), while the other samples were obtained from the fan trenches.
DEBRIS FLOW FREQUENCY – MAGNITUDE RELATIONS
Table F-6 provides information on the magnitude and approximate date of large debris
flows on Jones Creek fan. This section addresses the relation between the frequency and
magnitude of debris flows.
As a first step in the frequency analysis, the debris flows of Table F-6 were ranked from
the largest to lowest discharge. The 1983 and 1953 debris flows were excluded from the
analysis because it is believed that these events stem from a different data population.
Furthermore, it is believed that many more debris flows of the size of the 1983 or 1953
events have occurred in the past, but are not sufficiently recorded in the stratigraphic
column. Including them in the analysis would therefore result in biased results.
After ranking the debris flows, the formula T = (n+1)/N was used to determine return
intervals (T) with n being the number of events and N being the individual rank. This
method was originally used in the frequency analysis of annual peak flows but can be
applied to debris flows. The frequency formula assumes that all events are independent,
which given the large time periods between the events seems to be a reasonable
assumption. An underlying assumption is that a debris flow occurred every year, but that
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only the largest six events are included in the analysis. Therefore, n was equated with
7000 years while the ranking was from one to six. This analysis resulted in the following
return periods:
Table F-8: Return Periods of Large Debris Flows at Jones Creek
Date
(years BP)

Vmed
(yd3)

Vmax
(yd3)

Qmed
(cfs)

Qmax
(cfs)

Rank

Return Period
(years)

2100

225,000

335,000

18,700

27,900

1

7000

3900

225,000

335,000

18,700

27,900

2

3500

400

180,000

270,000

14,800

22,200

3

1200

900

130,000

200,000

10,900

16,600

4

2300

3400

120,000

175,000

9,900

14,800

5

1750

7000

110,000

165,000

9,200

13,800

6

1400

Note: All numbers are rounded.

Table F-8 includes both the best estimate volume (Vmed) of the known debris flow events
and the maximum volume (Vmax) based on the approximate error analysis. Both debris
flow volumes and the corresponding return periods were plotted on a semi-log scale and a
best-fit line was fitted through the data (Figure F-5). The resulting equations were then
used to calculate the volume of the 500-year return period debris flow, which is relevant
for design purposes:
Volume
(yd3)

Peak Discharge
(cfs)

Best Fit (best estimate)

80,000

6,600

Best Fit (upper error limit)

120,000

10,000

Volume and peak discharge are rounded to the nearest 1000 and 100 respectively.

For design purposes the upper error limit should be chosen. The design debris flow at
Jones Creek therefore is estimated to have a volume of approximately 120,000 yd 3
(90,000 m 3) and a peak discharge of 10,000 cfs (280 m3/s).
Figure F-5 is based on debris flows initiated by temporary blockages of the main channel
by phyllitic landslides that are subsequently overtopped. The best-fit equations are not to
be used for debris flows with return periods below 100 years such as the 1983 AD or
1953 AD debris flows. The reasons for this are twofold. First, debris flows with lower
return periods are believed to be initiated by different mechanisms such as direct
transformation of a debris slide into a debris flow or very rapid breaches of landslide
dams, which may result in higher peak discharges for a given volume. Second, intensive
logging activities in the watershed of Jones Creek have lowered slope stability and
therefore may have changed the frequency-magnitude relation of debris flows.
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DEBRIS FLOW SCENARIOS AT JONES CREEK
Debris flow scenarios have been postulated for three probability categories of Table F-2
based on observations and professional judgement (Table F-9).
Table F-9: Scenarios for Different Debris Flow Event Probabilities at Jones Creek

Probability

Probability of
at Least One
Occurrence in Process
50 Years

High

40% to 90%

Medium

10% to 40%

Low

less than 10%

Debris
Flow

Estimated Estimated
Peak
Debris
Volume Discharge
(cfs)
(yd3)
40,000

10,000

Debris
Flow

120,000

10,000

Debris
Flow

245,000

20,400

Scenario

Direct initiation by a debris slide
transforming into a debris flow at
impact with the main channel.
Debris flow is initiated by blockage
and subsequent outburst of a
landslide dam, probably in the
lower channel reaches.
Same scenario as for high
probability but with larger landslide
masses blocking the channel

Volume and peak discharge estimates represent the upper end of return periods.
With the commencement of intensive logging in the watershed, debris flow frequency-magnitude
relations may have changed toward more frequent and lower magnitude events.

SUMMARY
This appendix forms the backbone of the present study by providing information on the
frequency and magnitude of past debris flows on Jones Creek.
This study is one of the most detailed fan studies conducted in the Pacific Northwest. A
number of analytical methods were combined to determine the frequency of debris flows
over the past 7000 years and determine their approximate magnitude. This level of detail
was only possible by a comprehensive trenching program combined with radiocarbon
dating of organic materials found in the test trenches.
Six large debris flows (>100,000 yd3) were identified over the past 7000 years with
volumes of up to 335,000 yd3 (255,000 m3) and peak discharges of up to 28,000 cfs
(790 m3/s). Comparison of the Jones Creek radiocarbon dates with those on
neighbouring fans suggests that large debris flows occur on a regional scale with a return
period of approximately 500 years.
A frequency – magnitude relation for large debris flows was established for Jones Creek
that shows the 500-year return period debris flow may reach a volume of approximately
120,000 yd3 (90,000 m3) and an associated peak discharge of 10,000 cfs (280 m 3/s).
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