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Figure 4.27

Classification of mass movement
processes.

Heave (From M. A. Carson and M. Kirkby, Hillslope

Factors that Increase Shear Stress
Removal of lateral support
Erosion (rivers, ice, waves)
Human activity (e.g., quarries, road cuts)
Addition of mass
Natural (e.g., rain, talus)
Human (e.g., fills, ore stockpiles, buildings)
Earthquakes
Regional tilting
Removal of underlying support
Natural (e.g., undercutting, solution, weathering)
Human activity (mining)
Lateral pressure

Natural (swelling, expansion by freezing, water addition)

Form and Process, copyright 1972 Cambridge
University Press, Cambridge.)

Factors that Decrease Shear Strength

Weathering and other physicochemical reactions
Disintegration (lowers cohesion)
Hydration (lowers cohesion)
Base exchange
Solution
Drying

Pore water
Buoyancy
Capillary tension

Structural changes
Remolding
Fracturing

After Varnes (1958).

In most analyses the vertical height of the water table
above the slide plane is expressed as a fraction of the
soil thickness above the plane (m), where m = 1.0 if the
water table is at the surface, and m = 0 if it is at or below
the sliding plane. Thus, the pore pressure can be ex-
pressed as

1 =y mh c05%0

and

_c+(y—my,) hcos? Otan ¢
Yhsin O cos O

F

The following hypothetical example will show how
to determine whether the slope is stable or close to fail-
ure. If laboratory tests tell us that ¢ = 10°, ¢ = 45 Ib/ftZ,
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Figure 4.53

Diagrammatic representation of the hypothetical nine-unit landsurface model.
(Redrawn from J. B. Dalrymple, et al., “A Hypothetical Nine-Unit Landsurface Model,” Zeitschrift fiir Geomorphologie 12:60-76, 1968. Used by permission of

Gebriider Borntraeger Verlagsbuchhandlung, Stuttgart.)

mountainous terrain where erosion is rapid, and are nor-
mally characterized by thin, weakly developed rocky
soils. The rate of physical weathering tends to be at a
maximum when the thickness of the residuum (the soil
and colluvium) is minimal (fig. 4.54). Chemical weath-
ering, which proceeds most efficiently under a signifi-
cant cover of residuum, will be slowed, however, when
the residuum becomes so thick that it interrupts the
movement of water to the bedrock weathering front (an
example of negative feedback). Numerous examples of
weathering-limited slopes can be seen on slick-rock
slopes developed in sandstones of the Colorado Plateau
(Oberlander 1977; Howard and Kochel 1988). In con-
trast, transport-limited slopes are formed where the
rate of weathering is more rapid than erosion. Slopes

produced under this regime normally develop on any un-
consolidated parent material regardless of environment,
but they are typically dominant in humid-temperate
zones where vegetation cover is continuous. These pro-
files are less affected by parent rock and more dependent
on the type and rate of slope processes.

Selby (1982) has made a cogent argument that
weathering-limited slopes are directly dependent on the
relative resistance of the underlying parent rocks. As ev-
idence, he has demonstrated a high correlation between
rock mass strength (see table 4.4) and the angle devel-
oped on various slope segments (fig. 4.55). A line drawn
around the data points shown in figure 4.55 creates what
Selby calls the strength equilibrium envelope, and the
slopes represented by points within that envelope are
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Figure 4.36

Classification of landslides.

(From D. J. Varnes, 1978, “Landslides: Analysis and Control,” TRB Special Report 176, Transportation Research Board, National Research Council,
Washington, D.C. Used by permission.)
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of a particular rock type but is a relative feature deter-
mined by how rapidly slopes developed on the rock re-
treat and whether the rock stands relatively high in the
local topography (Young 1972). In other words, it is not
so much the rock itself that determines resistance, but
whether the slopes formed over the rock are controlled
by processes of weathering or processes of removal. In
weathering—controlled slopes, resistance is related to
how rapidly the rock is weathered and is a direct func-
tion of the rock properties. In transport-limited slopes,
the resistance is attributable to the rate at which regolith
can be eroded, and the properties of the weathered mass
and the type and magnitude of the erosional processes
become important in slope development. The down-
slope-grading of transport-limited slopes can be ex-
plained by the direct relationship between slope gradient
and the rate of downslope material transport. For these
reasons, the resistance of a particular rock type and its
influence on slopes can be reversed if the rock is located
in different climates. For example, the characteristics of
slopes formed on limestones in humid climates contrast
markedly with those developed in arid climates.

With regard to climatic influence, geomorphologists

have long recognized that the most common slope profile
in humid-temperate regions has a distinct convex upper
slope and concave lower slope. Contrary to some beliefs,
straight slope segments do occur in regions with humid-
temperate climate, and some profiles do contain steep
cliff faces. Most cliff faces, however, are ephemeral in
the sense that as soon as undercutting ceases a talus slope
forms and will extend upslope until it covers the original
cliff wall (fig. 4.56). If the lithology of the rock sequence
underlying the slope is not uniform, cliff faces may per-
sist because resistant units are maintained as caprocks
where the weaker underlying strata retreat faster, essen-
tially undercutting the stronger rocks.

Convex upper slopes are usually attributed to soil
creep; the lower concavity probably results from soil
wash, although not all slopes have this segment, particu-
larly when there is active erosion at the slope base
(Strahler 1950). The convex-concave profile is most
likely to be attained after mass movements have pro-
duced a long-term angular stability. At this stage, creep
and wash become the dominant slope processes; the
straight segment, representing stability of slope material,
is gradually diminished in size. The processes of water
erosion on slopes will be discussed in the next chapter.
Recognize here, however, that water flowing over and
through slope material combines with mass movement
to mold slope profiles, and in some cases water erosion
may be the dominant process involved.

Semiarid and arid climates tend to engender slope
profiles that are more angular than those found in
humid-temperate regions, even though the same convex,
straight, and concave segments may be present
(fig. 4.57). Steep cliffs usually are present above a

Debris slope

l

Desert plain

(A) Typical arid Slope&;‘

Convex

l

— Straight
Concave
|

(B) Typical
humid-temperate slopes

* Figure 4.57

Typical slope profiles in (A) arid regions and (B) humid-
temperate regions.

straight, debris-covered segment that normally stands at
angles between 25° and 35°. At the base of the straight
segment a pronounced change in slope occurs, and an-
gles decrease over a short distance to less than 5°, a nor-
mal slope for most desert plains. The limited vegetal
cover and low precipitation in arid zones assure that
mass movements occur at higher angles and that creep is
subordinated to wash. As a result, the upper slope con-
vexity, so prominent in humid regions, is much less pro-
nounced. However, convex bedrock slopes are common
in selected semiarid regions where jointing characteris-
tics of the rock promote development of extensive exfo-
liation (Bradley 1963).

Straight segments are maintained by the wash
process, which is accelerated on the sparsely vegetated
surfaces. Unlike similar segments in humid climates,
these usually have only a thin veneer of rock debris.
Thus they are not like slopes of accumulation, talus
slopes, but probably represent true slopes of transporta-
tion, on which the amount of debris supplied to the
straight segment from the cliff face or from weathering
of the underlying rocks is removed in equal quantities to
the desert plain. The angle of slope represents a balance
between the processes that break debris down and the
actual transporting mechanism (Schumm and Chorley
1966). Most geomorphologists feel that a general rela-
tionship between particle size and slope angle can be
demonstrated. Our treatment of semiarid slopes has been
greatly oversimplified. A lengthy overview of slope evo-
lution in the Colorado Plateau by Howard and Kochel
(1988) highlights the complex interactions between
chemical and physical weathering processes, mass wast-
ing, and groundwater-related processes as they work on
sandstone.
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Although other climatic regimes have characteristic
slope forms, in most cases they are produced by the
same mechanics that operate in the humid-temperate or
arid zones. In the periglacial environment a special in-
fluence is exerted by magnified frost activity; a more ex-
tensive treatment of that environment is presented in
chapter 11.

Very little research has focused on what aspects of
hillslope profiles are most closely related to climate. A
study by Toy (1977), however, utilized a rigorous statis-
tical analysis to compare .slope properties within two ex-
tended traverses in the United States (Kentucky to
Nevada and Montana to New Mexico) along which con-
siderable climatic variation occurs. The selection of
sampling localities was stringent. Parent rock at each
measuring site was restricted to shales dipping at less
than 5°. Each slope analyzed was south-facing, within
5 miles of a weather station having records for the same
21-year period used as the climatic base, and had no ef-
fects of human activity. Toy found that climate could ac-
count for 59 percent of the variability in the upper con-
vex segments and 43 percent of the variability in the
slope of the straight segments. Arid slopes in this study
were shorter, had steeper straight segments, and had
shorter radii of curvatures developed at the convex
crests than slopes in humid regions. In addition, of the
climatic variables used in the study, those most closely
associated with slope variations were spring and summer
precipitation, potential evapotranspiration, and water
availability (total precipitation minus total potential
evapotranspiration during the 21-year period).

Toy’s findings cannot be used to make sweeping
generalizations about climatic effects on slope profiles
because they apply only to one type of parent rock. How-
ever, the study demonstrates the type of research design
needed to estimate the influence of one geomorphic fac-
tor by reducing or eliminating the effects of others.

Slope Evolution

In addition to geology and climate, the factor of time can
also be considered as an independent variable. Its effect,
however, is difficult to determine, especially when the
time interval involved is very long. As we saw in chap-
ter 1, some of the great debates in geomorphology re-
volve around the question of how slopes respond to con-
tinued erosion. Do slopes progressively flatten through
time in steps or stages? Or do slopes reach an equilib-
rium between form and geomorphic factors that is main-
tained through time as slopes retreat in a parallel man-
ner? These questions are not easily answered.

Three main types of slope evolution have been sug-
gested: slope decline, slope replacement, and parallel re-
treat (fig. 4.58). In slope decline, the steep upper slope
erodes more rapidly than the basal zone, causing a flat-
tening of the overall angle. It is usually accompanied by
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Slope replacement

Parallel retreat

Figure 4.58

Three hypotheses of slope evolution. Higher numbers indicate
increasing age of the slope. :

(Adapted from A. Young, Slopes. fig. 14., 1972, Oliver and Boyd Publishers.
Used by permission of A. Young.)

a déveloping convexity on the upper slope and concavity
near the base. Slope decline alone cannot explain a con-
cave profile on the lower slope unless some deposition
occurs at the base. In slope replacement, the steepest
angle is progressively replaced by the upward expansion
of a gentler slope near the base. This process tends to
enlarge the overall concavity of the profile, which may
be in either a segmented or a smoothly curved form.
Slopes evolving by parallel retreat are characterized by
the maintenance of constant angles on the steepest part
of the slope. Absolute lengths of slope parts do not
change except in the concave zone, which gets longer
with time.

Studies of hillslope evolution have also documented
adjustments in the location of lateral convexities and
concavities. Some of these studies highlight the concept
of gully gravure (Bryan 1940), which describes how
concave slope drainages (hollows) become armored with
coarse colluvium shed off of neighboring convex slopes
(noses), shifting drainage laterally in a manner such that
the unarmored noses are preferentially eroded. In this
manner, the former noses swap geomorphic roles with
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Hillslope Units after Hack and Goodlett (1960)

R = Ridge

N = Nose

S = Side Slope
0 oom Cl = 20 ft H = Hollow

CH = Channel

Figure 5-1. Hillslope landform elements after Hack and Goodlett (1960). Net transport flow paths
are divergent on nose, covergent in hollows, and parallel on side slopes (Reneau and others, 1989).
Noses represent drainage divides between zero- to first-order tributaries. Ridge crests serve as
drainage divides between higher-order watersheds.
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Figure 5-2. Principal landform elements recognized in the unglaciated, humid-
mountainous landscape of the central Appalachians. Label identification is as follows:
R = ridge, N = nose, S = side slope, H = hollow, CH = channel, FP = floodplain, T1 =
low terrace, T2 = intermediate terrace, F-t = Fan terrace. Photograph is from the North
Fork basin, Pocahontas County, West Virginia. See text for discussion.
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Quaternary Residuum
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Holocene Floodplain Attuvium (1-2 m)

Quaternary Terrace Alluvium (2 m)

Qt2

Qt3

Quaternary Terrace Alluvium (2-4 m)

Quaternary Terrace Alluvium (4-6 m)

E:] Historic Fan Deposits (at present grade)

Qf2

Qf3

Qf4

Quaternary Fan-Terrace Deposits (4-6 m)

Quaternary Fan-Terrace Deposits (6-8 m)

Quaternary Fan-Terrace Depsots (8-10 m)

Quaternary Apron Deposits

Figure 5-7. Portion of the surficial geology map for the Little River area, Augusta County, Virginia.
Features were originally mapped at a scale of 1:9,600 (Taylor and Kite, 1998). Refer to Table 5-3 for
an expanded explanation of map units. Contour interval = 40 ft.
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APPENDIX 7
Table for length conversion
Unit .
1 millimeter 1 0.1 0.001 -6 b
1 centimeter 10 i Y olgo 0.0397 | 0.00328 | 0.00109 | 6.21 x 10~
1 meter 1000 100 'l .0001 0.3937 0.0328 0.0109 6.21 x 10~°
1 kilometer 10° 10° 1000 0-‘:01 33:39.33770 3.281 1.094 6.21 x 107"
’ 3281 1093.6 0.621
Vinch 25.4 2.54 0.0254 2.54 x 1073 F 0.0833 0.0278 | 1.58 x 107*
1 foot 304.8 30.48 0.3048 -4 ' ' P8 % 10
: . . 3.05 x 10 12 1 0.333 1.89 x 107
: yz{rld 914.4 91.44 0.9144 9.14 x 104 36 3 3 5.68 X 10~
mile . 3 .
1.61 x 10° 1.01 x 10° 1.61 x 10 1.6093 63,360 5280 1760 1
APPENDIX 8
Table for area conversion
Unit cm? m? km? ha in? f2 yd? mit ac
1 sq. centimet: -10 _
tamaer | 0.0001 0 :g_: 0155 11.08 x 107*| 1.2 x 107* | 3.86 x 10~"* | 2.47 x 10°*
1 sq. kilometer 10" 10° 1 100 . 1550 S 10.76 1.196 o f 386 1077 | 2.47 x 107*
1 hectare 10° 10° 0.01 0 ‘.gs x 10°| 1.076 x 107 | 1.196 x 10¢ 0.3861 247.1
1 sq. inch 6.452 645 % 10| 6.45 % 10 | 6.45 % 10-2| 5% 107 | 1.076 x u_r: 1.196 x 10| 3.861 x 1072 2471
1 sq. foot 929 0.0929 9.29 x 10-* 9:29 X 10-¢ 114 6.94 x 10 7.7 x 10 2.49 x 10‘_‘: 1.574 x 1_05'
1 5. yard 8361 0.8361 | 836 x 1077 [ 8.36 x 10-*| 1206 : O |3 x O 23X 0
1sq.mile . 1259 x 10| 2.59 x 10¢ 2.59 259 4.01 x 10°| 2.79 x 10’ | 3.098 x 10° - 3 10 2'076);010
1 acre 4.04 x 10 4047 4.047 x 1073 0.4047 | 6.27 x 10¢ 43,560 4840 1.562.x 1073 1
APPENDIX 9
Table for volume conversion
Unit mlL liters m? in? f gal ac-ft million gal
1 millititer 1 0.001 10°¢ 0.06102 3.53 x 103 | 2.64 x 10* 8.1 x 107" | 2.64 x 1071
1 liter 10° 1 0.001 61.02 0.0353 0.264 8.1 x 1077 2.64 x 1077
1 cu. meter 10° 1000 1 61,023 35.31 264.17 8.1 x 107 2.64 x 1074
1 cu. inch 16.39 164 x 1072 | 1.64 x 107° 1 579 x 10°* | 4.33 x 10°? | 1.218 x 10°® | 4.329 x 107?
1 cu. foot 28,317 28.317 0.02832 1728 1 7.48 2.296 x 1073 7.48 x 10°
1 U.S. gallon 3785.4 3.785 3.78 x 1073 231 0.134 1 - 3.069 x 10°* 10°
1 acre-foot 1.233 x 10° | 1,233 x 10* 1233.5 75.27 x 10* 43,560 3.26 X 1 1 0.3260
1 million gallons | '3.785 x 10* | 3.785 x 10° 3785 231 x 10* | 1.338 x 10° 10° 3.0684 1
APPENDIX 10
Table for time conversion
Unit sec min hours days years
1 second 1 1.67 x 1072 2.77 x 1074 1.157 x 10°3 3.17 x 10-°
1 minute 60 1 1.67 x 1072 6.94 x 10°* 1.90 x 107¢
1 hour 360 60 1 4.17 x 1073 1.14 % 1074
1 day 8.64 x 10* 1440 24 1 2.74 x 1073
1 year 3.15 x 107 5.256 % 10° 8760 365 1
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TABLE 4.1 English and Sl Units

English Sl Conversion Dimensional
Parameter Unit Unit Factor Formula
Force pound (Ib) newton (N) 1ib=4.448N MUT?
Mass slug kilogram‘(kg) 1 slug = 14.594 kg M
Length foot (ft) meter (m) 1ft = 0.3048 m L
Time second (s) second 1s=1s T
Density slug/f® kg/m? 1 slug/f® = 515.4 kg/m® mi3
Specific weight b/ N/m? 1 I/ = 157.1 N/m? MIL2T?
Pressure b/t N/m? 1 Ib/ft2 = 47.88 N/m? MILT?
Dynamic viscosity Ib-s/ft? N-s/m? 1 Ib-s/ft? = 47.88 N-s/m? MILT
Bulk modulus Ibsf? N/m? 1 Ib/f2 = 47.88 N/m? MILT?
'E Accaunenon bye émm'd 2 9.9 M/%z
Equations for areas and volumes
Circumference of circle = 3.1416 X dia = 6.2832 X radius
Area of circle = 0.7854 X (dia)? = 3.1416 X (radius)®
Area of sphere = 3.1416 X (dia)?
Volume of sphere = 0.5236 X (dia)®
Area of triangle = 0.5 X base X height .
Area of trapezoid = 0.5 X sum of the two parallel sides X height
. Area of square, rectangle, or parallclogram = base X height
. Volume of pyramid = area of base X 1/3 height
Volume of cone = 0.2618 X (dia of base)® X height
Volume of cylinder = 0.7854 X height X (dia)’
Presgsure -:
- Equivalent '§
Unit n;:dl pow-ﬁl klh;:m kllo‘g:m lnc:el I’;:( lncol‘n mllll:'nt-n E:
ware uare |Stmospheres|  oiire square water water bars kile Pascals
'?-cl eet centimeter meter (68°Fy (68°Fy '?3‘5"5’ W :
unds per ' ) B p
squareinch | 1 144 16.803X 10-/7.031 X 10-3[703.1 2173 2311 2.036 5172 6.895%10-1| 6.895 g
:qwepﬁ:t 6945%10) 1 4.73% 10-¢ [4.88X 10-¢ | 4.882 0.1926 1.605X 10-2| 1.414X 107 0.3591 479X 1074 | 4.79%X10-? g
tmospheres  [14.7 2,116 1 1.033 1.033 X 10°1407.5 33.96 29.92 760 1.013 101.3 i
e
centimeter  |14.22 2048  |0.9678 1 1X100 3944 32.87 28.96 735.6 0.9807 98.07
sqm' meter | 1422107 0.2048}9.678 x 10-2]0.001 1 3.944 X 10-2] 3.287X10-{ 2.896X 10-3] 7.356 X 10-:[9.807 X 10-3| 9.807X 10~?
i of water
(68°F) M ss09x10-7] 5197 [2.454% 10-2[2.53x 10-2 | 25.38 1 8.333%10-1| 7.343x10-2| 1.865 249X 10-% | 0249
feet of water
(68'1-')’“ 04328 62.32 |2.945 10-2{3.043 X 10-{304.3 12 1 0.8812 2238 2984 10-1] "2.984
inches of
mercury
G2°Fy 04912 7073 (3.342 % 10-2|3.453 X 10-2[345.3 13.62 1.135 1 25.4 3386 X 10-2] 3.386
millimeters of
mercury (32°)] 1.934X10-3] 2,785 [1.316 X 10-3{1.36 X 10-? | 13.6 0.5362 4.468 X 10-2} 3.937X10-3| 1 1.333%10-3] 01333
14.5 2089  |0.9869 1.02 102X 10° [402.2 33.51 29.53 750.1 1 100 4
Pascals 0.145 20.89 [9.869 X 10-%]1.02X 10-? [102 4.022 0.3351 0.2953 7.501 0.01 1
., /
~ bﬂ ) }LS




FORMULAS RELATIONS BETWEEN COMMON UNITS

¢ Composition of Forces LENOTH

The resultant of two forces acting ot an angle upon 1in = 2.540cm

a glven point is equal to the diagonal of a pc‘r’:l- * Potentiul Energy 1h =30 48cm

lelogram of which the two force vectors are sides. P.E. = mgh 1 micron (4) = 0.000001 m = 0.001 mm = 10°* cm

The equilibrant equals the magnitude of the result-

1 millionth micron () = 107
ant, but acts in the opposite direction,

1 Angstrom Unit == 10° em

P.E. is potential energy; m is mass; g is accelsration

* Accelorated Motion due o gravity; h is vertical distance voLums
v=at orv=gt 1 Liter = 1000 cm? = 61.024in? = 1.05671 o, "
v is final velodity; a is leration, or g is ! MASS ‘
M ) " . ¢ Kinetic Ener !
ion due to gravity; t is time (24 . 1ih = 453.59g. o
o Accolorated Motion K.E. = Vamv? Tkg = 2.2046 Ib )
s = Vaoit or s = Vagh? K.E. is kinetic energy; m is mass; v is velocity ANGLES ot

s is totol distance; o is acceleration, or g is accel-

. . Py 1 ciccumference = 360° = 2u radions
eration due to gravily; t is time

1 radion = 57.2958°

¢ Accelerated Motion DENSITY
v="VZas,orv=Vgs Vor/om? = 62416/ 4. AR
v is final velocity; o is leration, or g is lera WORK OR ENERGY :

tion due to gravity; s is total distance

PHYSICAL CONSTANTS

C = 29979 X 10* m/3

1 fi-db = 1.356 X 107 ergs
{ joule = WO

* Newton's Second Law of Motion

1greol = 4.188 X 10" ergs
f = mo G = 6.6720X 10" m?es? ekg l -
F is force; m is mass; a is acceleration . : mem...g‘ ke ‘:7-0‘ 7-77-”"“’ 252.2g cal
o tse and M ¢ o/mg = 1.7588X 10" Cokg™ POWER
" £t F = 9.6485X10° Comol™ 1 H.P. = 33,000t Ib / min
=my

= 550 fi Ib / 3¢ = 746 watls
1 watt = | joule/second

ELECTRICAL UNITS
1 ampere = 10! ob amps = 3 X 10" ESU
1 volt = 10° EMU = 4 X 10" ESU

1 coulomb = 107 EMU = 3 X 10° ESU

1 ohm = 10" EMU = X X 10"’ ESU
1 forad = 107 EMU = 9 X 10" ESU
1 henry = 10° EMU = % X 10" €SU

Vi = 22.4138X107'm? & mol™"

h = 6.6202X10°%) ¢ 5

R = 5.3144 J¢ mol*' ® k™!

Np = 6.0220X 10? md1™

Atomic Moss Unit ] = 1.6606 X 107" kg
Mg = 9.1094X 107" kg

1 Kitogram Colorie (Nutrition Calorie) = 4,1868 Kilojoules
1 BTU = |.0851kJ .

F is force; t is time; the product FI is impulse; m is
mass; v is velocity; the product mv is momentum

¢ Centrifugal Force
. mv?
Centrifugal Force — —
m is mass; v is velocity; r is radivs of path

* Work

w=~F P - . . R )
W is work; F is force; s is distance : N VO NEE : e )

GET AN ASSOCIATE DEGREK
THROUGH THE COMM A
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GEOMETRIC FORMULAS

o
o ;ﬂ

Right Triangle

-l
b

Any Triangle

ES

® & W o

® Triangles

Pythagorean Theorem

Area

® Clrcles
Area

Circumference

® Cylinders
Surface Area

Volume

® cCones
Surface Area

Volume

® Spheres
Surface Area
Volume

a2+b2=02

A = ibh

A= mnr?
C=2nr

S =2mwr? + 2nrh

V = ar?h
S=mt+mVi+ i
V = yarh
S = 4mr?
V = g’




TRIGONOMETRIC FUNCTIONS AND LAWS

® |Definitions Based on the Circle
cos 6= z sec 0 = L
r X

r/|

fo\ !y . sin 9= csc 6= —
of * " Jir, 0) r Y
tan 0 = A cot § = xz
x Yy

For the unit circle, r = 1

@ Definitions Based on the Right

Triangle
h ¢os 6 = —agj— sec 6 = M
opp yp hyp adj
h
§in 0 = PP csc 6= P
2] hyp opp
Tm adj opp
o w of Sines
inA _sinB _sinC
a b c
b7 C a
A B ® Law of Cosines
c af = b+ ¢ ~ 2 be cos A

b+ 2 - a2
2 be

(2]
=4
@
RS
|




ALGEBRAIC PROPERTIES AND FORMULAS

@ Properties of Inequalities ® Properties of Polynomials
Ka<b, thena+c<b+c (x+y?=x*+ 2y +y?
Ifa<band b<c, thena<c¢ (x=—yP=x2— 2y + y?

If a<band c> 0, then®ac < be (x+yP° =23+ 3x%y + 3xy? + y?
If a < b and c <0, then ac > bc (x =P =2~ 3x%y + 3xy2 — y3
If ab>0 and a < b, then — > - T GG )

T a T b X4y =+ ) -y +y?)

=y =(x -y + 2y + y?)

® Properties of Absolute Value ® Properties of Logarithms
'a'=aifa20 Suppose a#1,a>0, x>0, and w > 0.
|al =—gifa<o0 alosa* = x
|—a| = |q| log, a* = x
|ab| = |al|b] log;a =1
la + b < a| + |b| log; 1 =0
|af? = a2 log, xw = log, x + log, w

log, x" = rlog, x
log,,-;x-= log, x — log, w
w

log x = logyo x

- " Inx=log, x

® Properties of Exponents

a# 0 and m and n are integers

a"=a-aa-...aifn>0

Nttt v ——
n factors ® The Quadratic Formula
a* = the n** root of a -b+ VB~ dac _
_ 1 x= T, e the solutions to
at=—

a’l
amln = ( al/n)m
If p and g are positive rational numbers
(aP)? = qP'1 = (gVP)2

&l = (allq)p
aPa? = gPte

ax’+bx+c=0

a? ® The Binomial Formula
—= gP~Y
“ x+yy=x"+ (n>x”"y + (;)x"‘2y2
(ab)P = qPb? 1
(£)F=£f. +...+("l>xn—1y1+...+
b b? J

(i)—l—__l._:_b_ n n—l+ n
b @b) a n—17 y
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Figure 2. — Physiographic and geological provinces of Oregon and Washington.
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CHAPTER lll. MAJOR VEGETATIONAL
AREAS

Vegetation-—natural plant communities—can be organized in numerous wavs. Unfor-
tunately, no single svstem is completely satisfactory either in providing a logical “cell”
for all community types or a structure suitable for all users of a volume of this type. It
is much the same problem that exists in plant taxonomy, i.e., structuring a linear system
when a multidimensional classification is really necessary.

We begin our classifications by recognizing four major groupings (fig. 27): (1) forests,
(2) grasslands and shrub-grass communities (hereafter referred to as steppe and shrub-
steppe. respectively), (3) interior valleys of western Oregon (Chapter V)! and (4) timberline
(subalpine parklands) and alpine regions (Chapter X).2 The two broad physiognomic
divisions of forest and steppe can be further divided geographicallv. Distinctive forest
regions are found in western Washington and northwestern Oregon (Chapter 1V), interior
southwestern Oregon (Chapter VI), and in eastern Washington and Oregon (Chapter VII).
Steppe and shrub-steppe are separable into those found in the Columbia Basin Province
(primarily in eastern Washington) (Chapter VIII) and in central and southeastern

Oregon {Chapter [X).
CHere and throughout this book. western Washington or Oregon refers to the region west of the crest
of the Cascade Range and eastern Washington or Oregon to the area east of the crest.

2 Communities found on unique. specialized habitats or in geographic anomalies form a fifth group: they
are considered in Chapter XI and will not be discussed further here.

[Legend
FORESTED REGIONS
Picea sitchensis Zone

Tsiuga heterophylla Zone

Puget Sound area
Mixed Conifer and Mixed Evergreen Zones
Piuns ponderosa Zone (broad sense)

Pumice region

Ables grandis and Pseudotsuga menzies{i Zones
Subalpine forests (including Adies winabilis,

A lasiocarpa, A. magnifica shastensis,

and Tsuga mertensiona Zones)

INTERIOR VALLEYS OF WESTERN OREGON

Willamette valley W

Umpgua and Rogue valleys U:UID
STEPPE REGIONS

STEPPE (without Artemisia tridentaia) V/A

SHRUB-STEPPE (with Arteniisia tridentata) %

DESERT SHRUB -

Juniperus occidentalis Zone
TIMBERLINE AND ALPINE REGIONS [
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ASSESSING EARTHQUAKE HAZARDS AND REDUCING RISK IN THE PACIFIC NORTHWEST
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Plate boundaries of the Pacific Northwest showing locations of tectonic features and the Wil

lamette Valley study arca. Heavy line, study-aren boundary: hatched arca, Willantette Vatley and Puget
lowland: sawteeth denote upper plate of thrust fuult, Major siratovoleanoes are shown by open triiangles.

Dot labeled “M™ in northwestern Oregon is the Mist gas field.
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Figure 1. Index map showing geographic locations, physiographic provinces and
subdivisions, and some faults and lithologic units mentioned in text. Approxi-
mate extent of Western and High Cascades (patterned areas) shown for Oregon
and northern California. These two subprovince names are not used in Wash-
ington or south of Mount Shasta in California, where the Cascade Range lacks
a continuous belt of upper Pliocene and Quaternary volcanic rocks.
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(1} rhyolite, more than 70 percent SiOy; (2)

124°0 123°0 122’0 12100

dacite. 62 to 70 percent SiOs; (3) andesite,
57 to 62 percent SiOo: (4) basalt and basal-
tic andesite (mafic andesite or olivine andes-
ite of many workers), less than 57 percent SiO»p.
Ideally, it would be better to subdivide the
last category into lwo separate groups, basalt
and basaltic andesite. Maps of the major
volcanoes now have such detail (see sources
of mapping), and many parts of the Quater-
nary arc (for example, from Mount Jefferson
to Columbia River) could be subdivided fairly
realistically. In contrast, maps for other ex-
tensive areas (including our own early recon-
naissance work) lack sufficient detail and sup-
porting chemical analyses. Consequently the
entire compositional range of basalt and ba-
saltic andesite is shown as a single unit.

460

AGE s

Age is another important criterion used to cat-
egorize Cascade volcanism. The choices of tem-
poral subdivisions, while somewhat arbitrary, are
based on a mixture of traditional chronostratigraphic

T T T T
m WASHINGTON

OREGON\\

A gbeﬂer

units and the more or less instantaneous geologic
events (such as magnetic reversals) that punctu-

ate Earth's history.

Map-unit ages are based on more than 600
isotopic ages {Cascade Range in Oregon as of
December, 1994). We stress, however, that
this map shows geology as interpreted from
field studies; lithostratigraphic relations take
precedent over isotopic determinations. For
example, in order to clearly depict lithologic
relations with overlying and underlying units,
an andesitic sequence {unit Ta;) shown as 7
to 2 m.y. in age might include a few andesite
flows whose ages are somewhat outside this
interval.

The past 2 million years (defined as the
Quaternary period according to Harland and

43°;

D 2-7 Ma (T4}
[ ]717Ma(mp
[£3-) 1725 Ma(T3)
2535 Ma (T4)
35-45 Ma (Ts)

Contact

Fault
0 6O KILOMETERS
/2:

42°0)

OREGON 715 . ,
| CALIFORNIA [

Figure 3. Generalized distribution by age of rock in
Cascade Range of Oregon. Hachures on northwest side of
patterned area shows limit of mapped area on map sheet 1.
CRB, Columbia River Basalt Group; Ma million years before
present. Symbology (Q, T4, Tp, and so on) correspond to

others, 1982) is subdivided into shorter intervals

than is the time period from 45 to 2 million

years ago because of the important inverse re-

lation between age and geothermal potential
(Smith and Shaw, 1975). However, many Qua-
ternary rocks lack isotopic age determinations. There-
fore, thermal remanent magnetization and geomor-
phic features such as depth of erosion, topographic
inversion of intracanyon lava flows, and the relative
youthfulness of adjacent volcanoes were used to assign
undated younger rocks to particular age divisions.
Relative geomorphic youth was used effectively to
date Quaternary volcanic rocks, because their vol-
canic landforms are locally well preserved and ad-
jacent volcanoes of different ages may show sharp
geomorphic contrasts.

The intervals chosen and reasons for selecting
them are discussed below. The subscript used for
each interval corresponds to the subscripts used in
the Description of Map Units on map sheet 1.

Q,

, 0 to 12,000 years ago:

broad division of time as discussed in pamphlet.

This interval includes
the entire Holocene and extends back into latest
Pleistocene time to the end of the last major gla-
ciation in the Cascade Range (Waitt and Thorson,
1983: Porter and others, 1983). Most Cascade
researchers relate young volcanic deposits to gla-
cial stratigraphic successions; thus, the 12,000-yr
limit for this map unit is useful. Young volcanic
deposits dated by the carbon-14 (14C) method are
readily assigned to this unit.

Q5. 12,000 to 25,000 years ago: This interval ex-

tends from the end of the last major glaciation in
the Cascade Range backward to a time for which
14C ages are still fairly easily determined (al-
though few radiometric ages in this interval

133D



PﬁE - (Qutivorasit Sheanpeal v
%’83('0'6 C(‘?w‘m ff‘f&—‘ﬁfﬂuo ,ﬁwp‘_ﬁb“% [Cﬁ )

Ann S Vs

€ THE CASCADE PAVGE,

N

Yonna Formation of former usage ( }#7 ,’V}a> 7 TSI%
‘Troutdale Formation [ =) Ma) 4{TS1 2
Deschutes Formation (3—7;’\/14) [Tb1 Ts]
Sandy River Formation (2. -7 MQ) Ts,
Dalles Formation (717 l’Y]q\/ :{;fr;;ivb Ts,
Rhododendron Formation C’]f-l ] 14"1“) :‘{:fr;;iv
Sardine Formation 67”71’*10\) Tb?_ Tgivﬁ‘
Tcu (b’lg'YWh)
Columbia River Basalt Group ; '
Tel (145 =17 M)
Breitenbush Tuff <i7~25ﬂ’]q) Tby Tas J
Colestin Formation (0’15‘»33 Ma) Thy Td4w Tsy
} (17-25m) [ 1o Tase Tdyid  Traes Ts
Little Butte Volcanics N & ‘DSQAAA “3\\ 3 mu‘B/
(35-4SiVly| by | Taeey Tdefd Trawd  [iTSe |
\ TS3
John Day Formation ([’? - 728 Ma
/ Tr4
_ T T T T
Eugene Formation (35 — < MA) N Tsg !
Fisher Formation (3s -«{jn@‘) Thg Tag Tsg
_ Spencer Formation (S ~4I Mg [Tsel ]l

o Clarno Formation (3 P AY ("\q) Tag

[ff:'*"l? (51';73),61)@ (« 71mM€é CALE

M N PAE

3C

O



EA g

"W
- R ™
r v'es NVINVQ i x> =
0z ke NVIHLADS Ayy3 I— - ove oo p 142
L YL 24 r 4 o)
r o Hoss | zz NVISINVY aoam | X3 r aawvhNn | R . O H
— el Hv3 Q Ei R T [y Foezf{ goo z m
L00BE 1= ——~ — = — ——— o5t A > [ —— ogz 5 V L NYILINYHL M = ]
L = ovs || 22 NVINYY w . s o
- W | g szz Cozzll 92
8Zr—{ 0§ S
- ERLe[s[1% [t a1 r e
ISFNE] s F NVINON —_— - NVISTHAA 3 <)
I 00s¢ r - -
Hv L 9o €25 NVIHOVYESIHa Zz 0 0zg o C o2
r NVINOONYVHA ETR g L 8y L. o0zs
00y¢ oy r L NYNVYITVIdWIHL —1 g0z NYIONYLIIH m . w o
~009 ——  $0Z 002
O Fose ||zor—| sos R o 8 NYIHNWINIS Ly % =l
r Hv3I gt
aaIw T f NYIo0 - o T S vinsvasnsnal A . °F NvIL3LN1 9 ml .
(]
mr 0z o NYIOINTHY O Loas ||°° | €61 C ¢ 06t - e] -
> Loooe v o ! w2z NYIDHYOL B o =
oooc > o T Y INGIANYTT — =T G e NVINTTVY 2 of ver m |\
L z (081 oLHvE ]
i 2U B v agNY T m Foor [l en oorva W Ha NYIN Z| ]
14 “ . N
vl Tﬁu il NvIS0avuvo un z vE ot 1vyg e S : oo NVINOEVIHd 1 m am
A ‘ T vy NVITIIDHSY ovy . NVINOH m o
@ T . 9'9¢ —
e Zim gey NYIHIAOONY T AHYS W L Sk N NYIAQTIVD o -] -
00§ r € —
0052 QL oz NVINOOINIM T Loz || NVIQHO4XO0 NYFIadNY 3 8 o u
o 1z NVIAOTaNT a1 z - wi - TR 2 3 2l
N.J viy NViToaiud i . NVi©ay o o o J it KT
[ L .
roszz || ¢i+tosov NYINNIQ3D O Lo |[or 2 NYINOHLIL oot e ..AB
gk dov 9315 AHY3 m N -
NVINT < | - , 2 3
cermy vee NVISW3 o oo NYISVIHEIE | NVILLYHO m o5
- 14 L8 NVIN3di3 3700IM P s+ ses % e
AHv3 000z mﬂ 08t NYILIAID > | NVINIONVIVA 8 w .IA
L) L 8y rue NVINSYH4 arva z I 91 1ge E ‘ NVINVLINOV o
9 1HILNVH O i
oo " «.M 198 NVINN3WYS o o9t NVIA > e R "
L N
O Fosur|| 1 T visivnunol z - o T vinguave |2 oy g |? s
€ 4 > - NVITVOIadN a1
-] Fnes sl 6 61l m .
a Fore NVILdY z i
m ﬁ NY3ISIA Awvad | e g o 1; Nvildv o - ‘ £ m =
0094 L L 210OL L B va V 99t NYIRONY o) o) il
H Foost | zz £ee . z (22( V'S w QO 9 e
Ot z{ NYIAOHAN — Ty oz NVIgTv @) NYITIVAVHEES m "l
N [ oec g mt m m M
i 00— St 4 NyiHIHSYE :lmr I o _— = .
< B
O [osz S a1t T | O ﬁoon NYINVWON3D oL m s
Eplefelly} - [ NYIAOOSOW | c 16 WVINOUNL n NYINOL 1 =
Or o1 982 LL\%I r|»mt §24 598 NYISVINGS - o
¢ L7 nvnazo T Los m.L R -t | P 59 T RviNiSSawW =
Zhr 992 E .
TE: NVII3SsY m m NVINYAWYD © £s NYITONVZ wmzmuo:n m
NYIHVWNYS ATHY3 ) ] ve ; =
006 ) . NiTav = ﬁ o sve _ﬂ.JM . z<_N2moM AN T
H h y NVIXS - = 09z NVILHOIHLSVVYIN |12 w.oJ NYId8Y 1 e RE A
o5z || 2z o RYIEOON > s ‘o M
N vz g5z NVIRIAN > b9
L1 [ 02 BTN NVINVZYN | 3;yq i tort) H20dI |QOad [anivaoe
ﬁ NVINY.iY) g 30V {1 sxoa 3ov JILANDYW
0Z—{ S¥Z (vw) prw | oy Jov HO0d3 {QoHad Aliby10d
048 0183d A0V | |wwaonn| sxoid JILINDY A
(em) [} cawr | oo HOOd3 a Z m O
(epy) £4ld 30V
0ZOS3an il
34d 010Z2031Vd . Ol
NVIHEINVO NI O_GOJONG
¥OIHINY 40 m— —<Om m D<omo
9017039 NVOIYIWY HLHON 40 3




TABLE 2. DIVISIONS OF THE QUATERNARY AND THEIR BOUNDARY DATES
AS USED IN THIS VOLUME*

Present
Holocene
(Oxygen-isotope stage 1)
t0to 12 ka
Late Wisconsin (Oxygen-isotope stage 2)
o 7777 R et il bl bl ~28 ka
§ Middle Wisconsin of Richmond and Fulierton (1986)
o (O-isotope stages 3 and 4) -
I R il ~71ka
a Late Sangamon (Early Wisconsin and Eowisconsin of Richmond
ﬁ and Fullerton, 1986; O-isotope stages 5a-5d)
---------------------------------------------------------- ~115 ka
Sangamon of Richmond and Fullerton (1986)
(O-isotope stage 5e)
~128 kal
Late-Middle Pleistocene (lllinoian of Richmond and Fullerton, 1986; -
% O-isolope stages 6-8)
g  pmotmmmmmmssmmsemmssescemooo- it aiainta ~300 ka
® Middle-Middle Pieistocene of Richmond and Fullerton (1986)
H:.‘ﬁ (O-isotope stages 9-15) <
| I e e e 620 ka$
'f _ E Early-Middle Pleistocene (Richmond and Fullerton, 1986)
!I = (O-isotope stages 16-19)
; L (Matuyama-Brunhes Chronozone boundary) 750-775 ka**
: Early Pleistocene
o e Upper boundary of Olduvai Subcron =======---cceceaccccccaaaa 1.65 Ma
[ — or__ Gauss-Matuyama Chron boundary 2.48 Ma
Pliocene
SCCugn 5.0-5.5 Mat
HT ot Miocene I
|6 Bwm — e e
)9\4 =
3(‘9#&/
[S Seps
Length
Unit Fauivatent >
millimeters inches feet meters kilometers miles
millimeters { 3.937X10°3 3.280X 10 IX10-% LX10-" 6.214% 10~
inches 25.4 { 8.33% 107 2.54%10°° 254X 1074 [ 1.578X [0-¢
feet 304.8 12 1 0.3048 3.048% 107+ | 1.894 % 10-+ )
meters 1.000 39.37 3.281 i 1% 10~ 6.214% 10~ *'!_w:*
kilometers X 10" 3.937 X 10% 3,281 1,000 1 0.6214 ym—
miles 1,609 X 10* | 6.336 X 10° 5,280 1,609 1.609 1 }
Area .
Equisalent - o /\
oo oy e e N S [8’% o
square 1nches 1 6.944 x 1071 6452 %107 1593 1078 6.352x 10 ¥ [ 6.452x 10710 2491 X (0710
square feet 144 1 9.29% 107 2296 X 1077 929109 9.29x 107 % 3587 x 107"
square meters | F350 10.76 | 247 %0 V0T VX0 3B6I %1077
acres 6.273% 0% 4.356 % 104 4,047 1 0.4047 404X 1073 1.563%x 1074 s
hectares 1,55 510 1.076 X 10% { X 104 2471 ! 0.01 3861 %1073




Columbia Plateau Features
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Types of Volcanoes

Increasing Yiolence

I

=

T
=

Volcano Type

Characteristics

Examples

Simplified Diagram

Flood or Vfary liguid Iavg; flaws very . o 1 mile: +
widespread; emitted fram Columbia River Plateau
Plateau Basalt
fractures
—

Shield Yolcano

Liguid lava emitted from a
central vent; large; sometimes
has a collapse caldera

Larch tdountain, Mount
Sylvania, Highland Butte,
Hawsaiian volcanoes

Cinder Cone

Explosive liguid tava; small;
emitted fram a central vent;

if continuad long enough, may
build up a shield volcano

Mount Tahot, bount
Zion, Chamberlain Hill,
Pilot Butte, Lava Butte,
Craters of the Moon

Increasing Wiscosity

Composite or
Stratovolcano

hlore viscous lavas, much
explosive (pyroclastic) debris;
large, emitted from a central
vent

rhount Eaker, Mount
Rainier, Mount St. Helens,
hMount Hood, Maunt
Shasta

Yolcanic Dome

Very viscous lava; relatively
small; can be explosive;
commaonly occurs adjacent to
craters of composite volcanoes

Movarupta, Mount St
Helens Lava Dome,
rdount Lassen, Shastina,
rAono Craders

Caldera

Very large composite voicano
collapsed after an explosive
period; frequently associated
with plug domes

Crater Lake, Mewberry,
Kilauea, Long Valiey,
Medicine Lake,
Yellowstone

z

| Topinks, USGSICVE, 1557, Modified from: Aller, 1975, Votcances of the Portiand Aves, Oregon, Ore-8in, v.37, no.8
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Stratigraphic Subdivision of Columbia River Basalt Group (CRBG)

SUB- FORMATION *
SERIES | GROUP | qpoyp (Age. Volume, % of CRBG) MEMBER MAG
Lower Monumental Member N
-
g Ice Harbor Member N,R
2. .
o) Saddle Mountain Buford Member R
1
Basalt Elephant Mountain Member R, T
Pomona Member R
o (14-6 Ma, .
g 2,400 km3 volume, Esquatzel Member N
6 % 1.5% of CRBG) Weissenfels Ridge Member N
ﬁm e Asotin Member N
)
5 2 % Wilbur Creek Member N
=z a8} =
= i ) Umatilla Member N
v =
& 5 Priest Rapids Member R3
o k2 Wanapum Basalt
o © [aa) Roza Member TR
S e o (15.5-14.5 Ma, :
() E E 10,500 km3 volume, Frenchman Springs Member N2
g 5 -= 8.0& of CRBG) .
é = _;g ' : : Eckler Mountain Member N2
[
> Grande Ronde Basalt N2
{17-15.53 Ma, 151,700 km3, 87%) R2
Picture Gorge N1
g Basalt R1
0
g Rl
~ Imnaha Basalt T
(17.5-17 Ma,
9,500 km3 volume, No
5.5% of CRBG) RO
* Magnetic Polaritv:
N, normal; R, reversed; T, transitional; subscripts denote magnetostratigraphic units

ZUSGS

Topinka, USGSICVO, 1997, Modifisd from: Swanson, etal, 1989, AGU Field Trip Guidebook T108






