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INTRODUCTION

Glacial History

Southwestern British Columbia was buried

under hundreds of meters of ice during the Late
Pleistocene Wisconsinan Cordilleran Ice Sheet stade
that began 30,000 - 25,000 BP (Clague & James,
2002). Approximately 15,000 - 14,000 BP, the
Cordilleran Ice sheet reached its maximum extent,
filling the Juan de Fuca Strait between modern day
Washington and Vancouver Island, the Strait of
Georgia to the east of Vancouver Island, and much of
the island itself (Clague and James, 2002). Between
14,000 BP and 10,000 BP, the Cordilleran Ice sheet
retreated by a combination of downwasting and
frontal retreat (Clague & James, 2002). This resulted
in deposition of glacial outwash sediments in valleys
and topographic lows, including the San Juan River
Valley (SJRV) and its associated tributaries, located
adjacent to the town of Port Renfrew in southwestern
Vancouver Island (Fig 1). In this region of Vancouver
Island located on the outer edge of the Cordilleran
Ice sheet, full retreat likely occurred closer to 13,000
BP (Fulton, 1971; Armstrong, 1981; Huntley et

al., 2001). The Juan De Fuca lobe which bordered
the southwestern coast of Vancouver Island was
deglaciated approximately 13,600 BP (Mosher &
Hewitt, 2004). The early deglaciation of the Juan de
Fuca lobe is an indicator of the heterogeneous and
predominantly south-north deglaciation trend of the
Cordilleran Ice sheet (Clague & James, 2002; Fulton
& Walcott, 1975; Fulton 1967). Glacial ice likely
existed in the interior of Vancouver Island during
melting of the Juan De Fuca lobe, allowing for the
continued deposition of deglacial sediment (Clague &
James, 2002).

Tectonic History

Southwestern British Columbia is situated on the
western margin of the North American plate to the
east of the Juan de Fuca plate which is subducting at
45 mm/yr. (DeMets et al., 2010). The region where
these two plates collide is marked by active tectonics
that pose a serious threat to densely populated

cities such as Seattle, Victoria, and Vancouver. For
this reason, subduction zone megathrusts are well
known along this plate boundary (Dragert, 2001;
Goldfinger et al., 2003; Wang et al., 2013). However,
crustal faults in this region are not nearly as well
studied. For example, the east-west trending crustal
SJF, which runs along the northern edge of the SJRV
and intersects site 2, the Pacific Marine Road Quarry
(PMRQ), is argued as both a thrust fault (Muller,
1977; Clowes et al., 1987) and a strike-slip fault
(Fairchild and Cowan, 1982; Johnson, 1984; Groome
et al., 2003). In addition, the SJF is suspected to have
last been active in the Eocene (MacLeod et al., 1977;
Johnston and Acton, 2003). However, several lines of
evidence suggest recent Quaternary activity (Morell,
2016). Lastly, the crustal Leech River Fault, which
parallels the SJF approximately 12 km to the south,
lies along the trace of active faults just across the Juan
de Fuca Strait in Washington State also suggesting
recent activity (Johnson et al., 2001; Sherrod et al.,
2008; Kelsey et al., 2012, Morell et al., 2017).

Objectives

Fieldwork conducted for this project included
descriptions of stratigraphy and faults in the PMRQ,
and collecting bedding plane data from 5 other sites
surrounding the SJRV. The intent of collecting



this data is to address three objectives: 1) Describe
Quaternary stratigraphy of PMRQ to understand
details of glacial depositional environments at the end
of the Late Pleistocene, 2) Describe two distinct sets
of faults within PMRQ, and evaluate their potential
origin as slip on the SJF, or glacial processes, 3)
Analyze and map foreset bed data to determine the
boundaries of Lake Pacheedaht.

METHODS

Field methods

GPS coordinates and elevations of all data collection
sites were measured using a hand-held Garmin

GPS receiver. Stratigraphic data collected in the

field included use of a grain size chart to categorize
average, minimum, and maximum grain sizes. For
larger clasts, an inch ruler was used. Stratigraphic
column heights were measured using a 30’ft. tape
measurer. Using these tools, two stratigraphic columns
were described. Structural data was collected using

a Brunton compass. Bedding and fault planes in the
unconsolidated glacial outwash were excavated using
a trowel. High fragility of these planes occasionally
led to an uneven surface for measurement. In this
case, a planar object such as a clipboard or field
notebook was used to create an even surface on which
to measure. In total, 17 fault planes and 35 bedding
planes were measured.

Laboratory Methods

Data collected in the field was later converted into
figures and tables. Adobe Illustrator was a primary
program used for the creation of figures. Stereonet
9.8.3. was used to create stereonets of fault and
bedding plane data.

RESULTS

Sedimentology of Pacific Marine Road Quarry

The PMRQ is located in a valley just north of the
intersection of the SJRV and the Port of San Juan
(Fig. 1). PMRQ contains two main faces spanning
approximately 55 m. One is oriented roughly

along strike of the valley (NW-SE), and the other is
oriented roughly perpendicular to the valley and lies
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Figure 1. Location map showing study sites and major
geographical features.

further up-valley. Sediment observed on either face
could not be correlated across the entirety of PMRQ
due to obstruction caused primarily by vegetation
and colluvium. However, based on stratigraphic
relationships, the up-valley face contains older
sediments.

Two stratigraphic columns were described on either
side of PMRQ to understand its depositional history
(Fig. 2). Stratigraphic Column I, located on the
up-valley face, is 11.8 m in height and contains

four units. Unit 1 (exposed thickness of 3.2 m) is

a sandy gravel with clasts averaging 2 cm with a
maximum size of 6 cm. A poorly sorted subangular
sandy matrix consisting of grains ranging from fine
to coarse supports clasts. The clasts of this immature
massively bedded unit are imbricated at 130° (Fig.
2b) pointing down-valley. Unit 2 (0.7 m) has a sharp
contact with Unit 1, and contains no clasts. Sand
grains range from fine to coarse, and are subangular
and moderately-well sorted. This immature unit

is massively bedded, and grades into Unit 3 (1.3

m). Unit 3 is composed of two primary layers: one
containing clasts, and one that does not. Both layers
contain poorly sorted subangular medium to coarse
sand. Unit 3 features parallel bedding ranging from
0.5 cm - 12 cm in height. Unit 4 (6.6 m) contains
both lenticular monolithologic cobble beds and



30th Annual Symposium Volume, 29th April, 2017

Column 2

Column 1

Lenoearias Sacmentary
s

Legend

Sedimentary Structures

SERIL

Halght (mi

Figure 2. Stratigraphic features of the PMRQ. a) Stratigraphic
columns, b) Imbricated clasts oriented southeast. c) Interbedded
clay lens. Orange ruler is 15 cm in length. d) Dropstone
depressing finer grained bed below.

lenticular clay beds that grade laterally into plane-
parallel beds (Fig. 2c). Width of lenses range from

I m - 4 m and thickness of lenses range from 10 cm

- 35 cm. Cobbles are as large as 25 cm. In addition,
several large cobbles (maximum size 40 cm) of the
same lithology are observed outside of lenses (Fig 2d).
Unit 4 also contains systematic alternating beds of
fine grained sand and coarse grained sand with clasts
sizing 3 cm to 4 cm.

Stratigraphic Column II, located on the down-valley
side of the quarry, is 5.5 m in height and contains

3 main units. Unit 1 (exposed thickness of 0.8 m)
contains clasts with an average size of 0.5 cm and a
maximum size of 4 cm. A poorly sorted subangular
sandy matrix ranging from medium to coarse grains
supports clasts. Unit 1 is massively bedded and has a
sharp contact with Unit 2 (3.6 m). Unit 2 consists of 6
main layers, beginning with a moderately-well sorted
subangular coarse sand layer. This is immediately
followed by a fine sand that grades into a coarse

sand. Clasts are more prevalent further up in the
coarse sand. This layer is followed by a gravel unit
with clasts averaging 1 cm with a maximum size of 5
cm - 7 cm. Above this gravel layer lies a coarse sand
- similar to that of the first layer in this unit - followed

Figure 3. Faults on either face of the PMRQ with respective
stereonets on the right. a) Southwest dipping fault on up-valley
face of the PMRQ. Bedding planes were scraped using the
trowel included in the picture for scale. Offset is only a few
centimeters. b) Stereonet of faults found on up-valley face. c)
Faulted and down-dropped sediment found on the down-valley
face. d) Stereonet of faults found on down-valley face. Black and
green lines represent faults found on the right and left side of
sediment, respectively.

by another gravel unit of larger clasts; average clast
size is 2 cm, and maximum clast size is 13 cm. Clasts
are supported by a sandy-pebbly matrix. The last layer
in this unit is a coarse sand unit similar to the ones
found in layer 1 and 4. Unit 3 (1.1 m) unconformably
overlies the last layer in unit 2, and consists of large
clasts averaging 3 cm - 5 cm with a maximum size

of 40 cm imbricated at roughly 130°. The unit is
primarily clast supported, and any sand grains found
within this unit are coarse.

Structure of PMRQ

Two sets of seemingly unrelated faults are observed
in PMRQ, one on either face. On the up-valley
side where stratigraphic column 1 is described, a
set of normal faults are found with an average dip
direction of 225° and an average dip of 68° (Fig 3a
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& 3b). Offset along these faults are no more than a
few centimeters, and fault planes are only a few mm
across.

The second group of faults found on the down-valley
face have two primary trends that are found on either
side of four separate sections of down-dropped
sediment (Fig 3c & 3d). To the left of sediment, faults
have an average dip direction of 154° and an average
dip of 65°. To the right of sediment, faults have an
average dip direction of 268° and an average dip of
79°. Upon careful excavation, faults to the left of the
down-dropped sediment were observed to warp and
wrap around the sediment towards the right. For the
faults on the left, they were observed to wrap around
the sediment towards the left. Projecting these faults
around the sediment suggests that they would meet
within the quarry wall to form a rough semicircle.

Bedding Planes Surrounding the San Juan River
Valley

Surrounding the SJRV, Quaternary bedding

planes are observed dipping towards the valley
center. Measurements from 6 different locations, 4 on
the northern side of the valley, and 2 on the southern
side of the valley, were collected and shown to follow
this trend. Bedding planes found within Sites 1 and

2 (PMRQ), located north of the SJRV in a tributary
valley, were observed to dip southwest towards the
SJRV. Sites 3 and 4, located on the northern edge

of the SJIRV, were observed to dip south. Sites 5 and
6, located on the southern edge of the SJIRV, were
observed to dip north. The combined average dip for
all sites was 21.

DISCUSSION AND CONCLUSIONS

Considering the rapid deglaciation of the cordilleran
ice sheet at the end of the Pleistocene, it follows that
the sediment found in the quarry is outwash. This
claim is further supported by the large clasts found
in Unit 4 of Stratigraphic Column I which are
interpreted as dropstones due to their observed
disruption and depression of bedding planes. Lenses
found within quarry sediments indicate shallow,
channelized flow associated with a braided stream
system common of outwash plains (Church and
Gilbert, 1975). Alternating beds of coarse and fine
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Figure 4. Time-step diagram of kettle hole development. a) Ice
block is emplaced in streambed. b) Ice block is subsequently
buried and insulated. Melting causes sediment above and

next to the ice block to fill void space. c) Ice block has melted
significantly causing distortion of multiple beds. Growth faults
have formed on the edges of down-dropped sediment, and
stratified sediments are warped and truncated. d) Ice block has
fully melted, allowing for horizontal bedding to occur again.

grained sand found in both columns indicate periods
of stronger and weaker stream power associated with
intensity of deglaciation. Thin beds of alternating
grain size in unit 3 and 4 of Column I may be varves
or thythmites.

Our results suggest that deformation in PMRQ is
unrelated to slip on the SJF, and is instead related

to glacial processes. Faults found on the up-valley
face of PMRQ are roughly perpendicular to the SJF,
making relation between the two unlikely. Faulting
is more likely derived from gravitational slumping
or glacial processes such as postglacial rebound.
Gravitational slumping caused by erosion of the valley
wall by the adjacent stream could explain why faults
are oriented parallel to the stream and dip in towards
stream bottom. Faults found on the down-valley
face of PMRQ are also unlikely to be associated with
the SJF due to their orientations and position with
respect to down-dropped sediments interpreted as
kettle holes. Dropstones found in outwash imply the
transportation of ice, and supports the claim that ice
was lodged in the stream bottom, then subsequently
buried and insulated for a period of time before
melting and causing the down-drop of sediments
(Everest & Bradwell, 2002; Fig 4).
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Figure 5. Lake Pacheedaht filled with water to the highest
elevation foreset bed data (80 m). The Juan de Fuca Strait is
filled with ice creating a dam.

Bedding plane data collected around the SJRV
suggests beds found dipping in towards the valley are
foreset beds, and Several observations support this
conclusion. These systematically oriented beds have
an average dip angle of 21°, an acceptable angle of
repose for foreset beds. In addition, this conclusion

is supported by observations of fine clays within

the SJRV indicating bottomset beds. The newly
discovered lake that filled the SJRV, named Lake
Pacheedaht, extended up surrounding tributary valleys
and was fed by glacier melt (Fig. 5). The proposed
Lake Pacheedaht is dependent upon the existence of
an ice dam in the Juan de Fuca strait. An ice lobe was
known to exist in the strait (Mosher and Hewitt, 2004),
so this interpretation is most likely.

ACKNOWLEDGEMENTS

I would like to thank the Keck Geology Consortium
for making such a wonderful learning experience
possible. I would like to thank Dr. Kristin Morell for
her hard work organizing the project, as well as for her
help throughout the field season. Thank you to Nolan
Lescalleet, John Borah, and Carlee Akam for making
our field season not only collaborative, but also
welcoming. Lastly, I would like to thank my research
advisor Tom Gardner for his guidance and support.

REFERENCES

Armstrong, J.E., 1981, Post-Vashon Wisconsin
glaciation, Fraser Lowland, British Columbia:
Geological Survey of Canada Bulletin, 322, 34pp.

Church, M., Gilbert, R., 1975, Proglacial Fluvial and
Lacustrine Environments: The Society of Economic
Paleontologists and Mineralogists, Glaciofluvial and
Glaciolacustrine Sedimentation (SP23), 22—100.

Clowes, R.M., Brandon, M.T., Green A.G., Yorath
C.J., Brown A.S., Kanasewich, E.R., and
Spencer, C., 1987, LITHOPROBE-southern
Vancouver Island: Cenozoic subduction complex
imaged by deep seismic reflections: Canadian
Journal of Earth Sciences, 24 (1), 31-51.

Clague, J.J., and James, T.S., 2002, History and
isostatic effects of the last ice sheet in southern
British Columbia: Quaternary Science Reviews,
21, 71-87.

DeMets, C., Gordon, R.G., and Argus, D.F., 2010,
Geologically current plate motions:

Geophysical Journal International, 181 (1), 1-80,

doi:10.1111/5.1365-246X.2009.04491 .x.

Dragert, H. 2001, A Silent Slip Event on the Deeper
Cascadia Subduction Interface: Science, 292
(5521), 1525-1528.

Everest, J., Bradwell, T., 2002, Buried glacier ice
in southern Iceland and its wider significance:
Geomorphology, 52, 347-358.

Fairchild, L., and Cowan, D., 1982, Structure,
petrology, and tectonic history of the Leech
River complex northwest of Victoria, Vancouver
Island: Canadian Journal of Earth Sciences, 19,
1817-1835.

Fulton, R.J., 1967, Deglaciation studies in Kamloops
region, an area of moderate relief, British
Columbia: Geological Survey of Canada, Bulletin
154, 36 p.

Fulton, R.J., 1971, Radiocarbon geochronology of
southern British Columbia: Geological Survey of
Canada, Paper 71-37, 28pp.

Fulton, R.J., and Walcott, R.1., 1975, Lithospheric
flexure as shown by deformation of glacial lake
shorelines in southern British Columbia: In
Whitten, E.H.T., editor, Quantitative studies in
the geological sciences: Geological Society of
America, Memoir 142, 163-73.



30th Annual Symposium Volume, 29th April, 2017

Goldfinger, C., Nelson, C.H., and Johnson, J.E., 2003,
Holocene earthquake records from the Cascadia
subduction zone and northern San Andreas fault
based on precise dating of offshore turbidites:
Annual Review of Earth and Planetary Sciences,
31 (1), 555-5717.

Groome, W.G., Thorkelson, D.J., Friedman, R.M.,
Mortensen, J.K., Massey, N.W., Marshall, D.D.,
and Layer, P.W., 2003, Magmatic and tectonic
history of the leech river complex, vancouver
island, british columbia: Evidence for ridge-
trench intersection and accretion of the crescent
terrane: Special Papers-Geological Society of
America, pp. 327-354.

Huntley, D.H., Bobrowsky, P.T., Clague, J.J., 2001,
Ocean drilling program leg 169S: surficial
geology, stratigraphy and geomorphology of
the Saanich Inlet area, southeastern Vancouver
island, British Columbia: Marine Geology 174,
2741

Johnson, S., 1984, Evidence for a margin-truncating
fault (pre-Eocene) in western Washington:
Geology, 12, 538-541.

Johnson, S., Dadisman, S., Mosher, D., Blakely, R.,
and Childs, J., 2001, Active tectonics of the
Devils Mountain Fault and related structures,
Northern Puget Lowland and Eastern Strait of
Juan de Fuca Region, Pacific Northwest: U.S.
Geological Survey Professional Paper 1643.

Johnston, S. T., and Acton, S., 2003, The Eocene
Southern Vancouver Island Orocline: a response
to seamount accretion and the cause of fold-
and-thrust belt and extensional basin formation:
Tectonophysics, 365 (1), 165—183.

Kelsey, H. M., Sherrod, B.L., Blakely, R.J., and
Haugerud, R.A., 2012, Holocene faulting in
the bellingham forearc basin: Upper-plate
deformation at the northern end of the cascadia
subduction zone: Journal of Geophysical
Research: Solid Earth (1978-2012), 117 (B3),
doi:10.1029/2011JB008816.

MacLeod, N., Tiffin, D., Snavely Jr, P., and Currie, R.,
1977, Geologic interpretation of magnetic and
gravity anomalies in the Strait of Juan de Fuca,
US-Canada: Canadian Journal of Earth Sciences,
14 (2), 223-238.

Morell, K.D, 2016, Evaluating the slip history
of crustal faults underlying Victoria, British
Columbia: Implications for seismic hazards: Keck
Geology Consortium proposal.

Morell, K.D, Regalla, C., Leonard, L.J., Amos, C.,
Levson, V., 2017, Quaternary Rupture of a
Crustal Fault beneath Victoria, British Columbia,
Canada: GSA Today, 27, 4-10.

Mosher, D.C., Hewitt A.T., 2004, Late quaternary
deglaciation and sea-level history of eastern
Juan de Fuca Strait: Cascadia: Quaternary
International, v. 121,p. 23— 39, doi:10.1016/;.
quaint.2004.01.021.

Muller, J.E., 1977, Evolution of the Pacific Margin,
Vancouver Island, and adjacent regions: Canadian
Journal of Earth Sciences, 14 (9), 2062—-2085.

Sherrod, B., Blakely, R., Weaver, C., Kelsey, H.,
Barnett, E., Liberty, L., Meagher, K., and Pape,
K., 2008, Finding concealed active faults:
Extending the southern Whidbey Island fault
across the Puget Lowland, Washington: Journal
of Geophysical Research, 113 (B05313),
doi:10.1029/2007JB005060.

Wang, P.-L., Engelhart, S.E., Wang, K., Hawkes,
A.D., Horton, B.P., Nelson, A.R., and Witter,
R.C., 2013, Heterogeneous rupture in the
great Cascadia earthquake of 1700 inferred
from coastal subsidence estimates: Journal of
Geophysical Research: Solid Earth, 118 (5),
2460-2473.



