Geomorphology - Lecture 4

Goals of Today’s Lecture

1. To answer the question: Where do
landscape materials come from?

2. To examine weathering processesin the
context of driving and resisting forces.

3. To considerthe soil production function and
what it means for agriculture.

4. To briefly examine bedrockerosion (wear)
processesin the context of driving and
resisting forces.

Where do landscape materials come from?

Enchanted ‘Rock State Natural Area of Texas, USA-
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W here do landscape materials
come from?

There are two processes that are important:

1) Weathering or Soil Production: In situ disintegration or
breakdown of rock material

2) Bedrock Erosion or Wear: Erosion of rock material by
water, wind, or ice.

These are not mutually exclusive processes. Only where
rock is covered by soil does weathering operate as the
sole process. In many environments, both weathering
and bedrock erosion are occurring at the same time.

All landscapes must obey this
fundamental statement about
sediment transport!

Sedimentflux
divergence
(written in 3D)

Bedrock erosion
rate (P+W)
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equation!

Photo courtesy of BillDietrich
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All landscapes must obey this
fundamental statement about
sediment transport!

. Our discussion today will focus on
B Sedimentproduction by weathering (P)
- i and bedrock erosion rate (W).

if‘f‘ R

8 l[andscape
= inone [
B equation!

Photo courtesy of BillDietrich ; LA e - A xu\n‘ .
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Weathering in the Rock Cycle

Weathering
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Types of weathering

Physical (Mechanical): Chemical:

. Pressure release

. Freeze-thaw

. Salt-cry stal growth

. Thermal expansion =&
. Biological

o

Disintegration of rock into Transformation/decomposition of
smaller pieces in situ one minerals to another in situ

Review different types in textbook.

Mechanical Weathering: no change in
chemical composition--just disintegration
into smaller pieces

This increases the total surface area exposed to
weathering processes.
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Role of Physical Weathering

0.1 mm
(1/10,000 m)

104 m?

Area =6 x TmZ = 6 m? Area=6x(1f2m)2x8=12m2

Area =6 x (13m)° x 27=18 m®  Area=6x(1/10,000m)2 x10% =

1) Reduces rock
material to smaller

fragments

that are

easier to transport

2) Increases the
exposed surface area
of rock, making it more

winerable

to further

physical and chemical

weathering

Physical Weathering 1.

Exfoliation

Granitic pluton

emplaced at depth

Ground surface

Pressure release

Pluton reaches surface

fractures

Time 3

s

Half Dome, Yosemite, CA

Exfollation joints

Kilometers below the surface,
granitic plutons are emplaced
by igneous activity. As the
plutons slowly cool, minerals
in the rock crystallize under
uniform confining pressure.

lops
fractures (joints) parallel to the
land surface, Known as exfolia-
tion joints, these sheets of rock
peel off the exposed surface.

Bierman and Montgomery (2019)
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Pressure release weathering
AR\ R < ST A

. =
A

o=

Stone Mountain, GA

Physical Weathering 2: Freeze-Thaw

Frost Wedging: rock
breakdown caused by
expansion ofice in
cracks and joints

Shattered rocks are
common in cold and
alpine environments
where repeated
freeze-thaw cycles
gradually pry rocks
apart.
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Awerage number of freeze-
thaw cycles per year in J
Canada (Fraser 1959)

50
~# Trenhaile, 2010

Physical Weathering 3: Thermal Expansion

Thermal expansion
due to the extreme
range of temperatures
can shatter rocks in
desert environments.

Repeated swelling and
shrinking of minerals
with different
expansion rates will

shatter rocks.
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Physical Weathering 4: Salt Crystal Growth

granular disintegration on exposed
rock faces. Can it split rock?

Tafoni weathering is common in arid coastal areas where brine
is abundant and salt crystallization is possible.

Yehliu, Taiwan
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Physical
Weathering 5:
Biotic

Root Splitting: At large scales,
seedlings sprouting in a crevice
and plant roots exert physical
pressure.

Burrowing animals and insects
disturb the soil layer adjacentto
the bedrock surface, increasing
water infiltration and exposure to
other processes.

Photo courtesy USGS DDS21

Honey combs, Artillery Rocks, Victoria, Australia (Trenhaile, 2010)
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What controls rate of physical weathering?

Resistance to weathering: Rock strength, composition,
fracture pattern.

Joints in a rock are a XK AR AV ¢ 2 ) ( )))N«J
pathway for water — AN S ‘ ,) RN R X
they can enhance ' : VE AN -
mechanical weathering. | N

Ui WA w, o R m e

The form and density of |
fractures is controlled TR
by the rock type.

~ Copyright © 2005 Pearson Prentice Hall, Inc.

Copyright © 2005 Pearson Prentice Hall, Inc.

What controls rate of physical weathering?

Driving force of weathering:

1) Exfoliation requires erosion which requires - water
2) Ice crystalization requires - water

3) Salt crystalization requires > water

4) Biota growth requires - water

Physical weathering systems are controlled by the
availability of water and thus are climatically controlled.

More on this later!

11
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Types of Weathering

Physical (Mechamcal) Chemical:

- 1. Solution

. Hydration

. Hy droly-sis 8§
' 4. Oxidation

2 B|ot|c

Disintegration of rock into Transformatlon/decomposmon of
smaller pieces in situ one minerals to another in situ

Review different types in textbook.

Chemical Weathering: breakdown as a
result of chemical reactions.

c:ac:o3 COJH, --->@+@c§

Carbon
dioxide CaIC|um
Calcmm Water Blcarbonate
Carbonate Carbonic Acid
. Rock that can be
Limestone or (H,COy) S
carriedin
marble rock :
solution!

Transformation/decomposition of one mineral into another!

12
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Chemical Weathering 1: Solution

Solution: process by which | = 4
rock is dissolved in water

5 o ® O

1 silica: sio,

Calcium Carbon
Carbonate dioxide

Cacoxcoxg >

Calcium Bicarbonate

Insoluble

Water

N

Soluble

o

10
Calcium
Carbonate:
CaCo;

Soluble Insoluble

=)

Silica has very low
solubility in acidic
and neutral
solutions; it has
much higher
solubility in
strongly alkaline
(basic) solutions.

Calcium carbonate
is highly soluble in
acidic and neutral
solutions and is
virtually insoluble

in alkaline solutions.

oxide is

Oxide:
Al,0,4

Soluble

Insoluble

Solubility (millimoles/l) Solubility (millimoles/l) ~ Solubility (millimoles/l)

o N & O ®

0 2 4 6 8 101214

highly soluble in
strongly acidic or
alkaline solutions
but s relatively
insoluble in neutral
solutions.

Chemical Weathering 2: Hydration

rock, causing expansion and weakness.

Hydration of Anhydrite

Hydration: attachment of water molecules to crystalline structure of a

Ca,SO, + 2H,0 > Ca,S0, . 2H,0

Anhydrite  Water Gypsum

But, many of these reactions are reversible!

So, is this a chemical weathering process?

Dehydration of gypsum by heating: Ca,SO, . 2H,0 > Ca,SO, + 2H,0

13
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Chemical Weathering 3: Hydrolysis

Hydrolysis: combination of hydrogen and oxygen in water with rock to
form new substances. Carbonation is essentially the same reaction,
but with CO, instead of H*.

Feldspar Weathering to Kaolinite:

Hydrogen
lon

T~ P e

K Al Sis Og @@9
A, Al, Si;, Og ¥ (AH, Si O,)+(2K")
~— _— N—_ — ~——

o Disolved Potassium
Kaolinite silica ion

Feldspar Water

Most common mechanism for clay formation. (acid)

Chemical Weathering 4: Oxidation

Oxidation: Oxygen dissolved in water oxidizes sulfides,
ferrous oxides, native metals

Olivine Water Oxygen

P e e

2Fe Si 0, @+@
@ 4H, Si O,
N———— N——

Hematite Disolved
silica (acid)

Hematite

14
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“Blueberries” (hematite spheres) on
a rocky outcrop at Eagle Crater.

Images from Mars rov er Opportunity, NASA

Oxidation Weathering?

or

Aqueous
Mineralization?

B,

Y

Plants and animals cause
chemical weathering through
release of acidic compounds
or hydrogen (H*).

Thus, biota provide the
reactant that causes chemical
weathering and may also
provide a conduit that feeds
water and reactants into
fissures and cracks, but does
not dissolve rock in any
constitutive way.

15
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What controls rate of chemical weathering?

Resistance to weathering is controlled by rock type.

Goldich’s Weathering Series/Bowen’s Reaction Series
Ultra- First to
mafic | crystallize
rocks | atdepth

Least First to
stable  weather
at Earth’s atEarth’s

surface  surface

Basaltic
rocks

Andesitic
rocks

2
S
S
%
&
<.
3

Potassium feldspar | Eranit
Muscovite

Most  Lastto L@r Aocks Last to

stable  weather l crystallize

Bierman and Montgomery (2019)

Typical Chemical Weathering Products

+ H,CO; (acid)
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Typical Chemical Weathering Products

Feldspar

+ H,CO; (acid)

Calcite

+ anything

Nothing solid

17
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Typical Chemical Weathering Products

What controls rate of chemical weathering?

Water is main driving force:

— Dissolution > Many ionic and organic compounds
dissolve in water (Silica, K, Na, Mg, Ca, Cl)

— Hydration and Hydrolysis - both require water
— Acid Reactions - Require water
» Water + carbon dioxide €< - carbonic acid
» Water + sulfur < - sulfuric acid
» Water + silica €<-> silica acid

18
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Why is sand so prevalent at Earth’s surface?

Mean Lifetime of almm crystal
at surface (inyears)

Quartz 34,000,000

Kaolinite 6,000,000

Muscovite 2,600,000

Microcline (Alk. Feldspar) 921,000

Albite (Sodum Plagicclase) 575,000

Sandine (Ak. Feldspar) 291,000

Enstatite (Pyroxene) 10,100 P

Diopside (Pyroxene) 6,800 |t IS COm posed Of
Forsterite (Olivine) 2,300

Nepheline (Amphibole) 211 quartz, a relatively
Anorthite (Calcium Plagioclase) 112 5
stable mineral!

Martian
Dunes!
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Meanwhile...Backin the real world

Mechanical and chemical weathering work together to break down
the landscape into materials that can be easily transported.

— Fracturing, disintegration caused by mechanical weathering
exposes more surface area.

— Greater surface area, means more places for chemical
action to occur.

— Disturbances by biota are one of the primary ways in which
weathered bedrock is churned up to form soil.

Precipitation (mm/yr)

Linkage between climate and weathering

Poles Latitudle ——— Equator
3000 - " ) Organic material
vaporation ; ~
2250 Temperature 3
1 _ a9 T
1500 Precipitation L3o 5
750 15 g
®
0 -0 ?\)

W wn
S e
& B Fe.0; +AlLLO, %
< - S
3 B Kaolinite =3

[T Mlite - montmorillonite
l [l Weathered parent material l

[0 Fresh parent material
Mechanical weathering Chemical weathering
Enhanced where there are Most effective in areas of warm, moist climates —decay ing
frequent freeze-thaw cycles v egetation creates acids that enhance weathering

Least effective in polar regions (water is locked up as ice)
Bierman and Montgomery (2019) and arid regions (little water)

20



Geomorphology - Lecture 4

32

50

68

y k THEORETICAL WEATHERING REGIONS
uxKon Annual rainfall (in.)
80 60 40 20
Vancouver
Moderate physical
Amazon |,,
Altiplano,
Outside normal
A ndes climatic range
[
S
© Moderate chemical
8 and physical frost action
5
©
2 10
& Almost
5 no chemical
< or
physical
Moderate chemical weathering
Strong chemical
20
200 150 100 50
Annual rainfall (cm)

Mean annual temperature (°F)

Summary: Driving and resisting forces

lots of variation.
does cold.

Plant growth may be a driving force.

Driving forces behind weathering are all related to the climate.
Most weathering processes require water to occur.

Temperature variability is a driving force, but only where there is
Heat doesn’t cause weathering and neither

Resisting forces are all about the rock type. Some rocks take
longer to weather because they are made of stronger minerals.

Resistance to weathering is also dependent on rock integrity.
Fractures rock will let water and acids inside.

21
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Soil Production Function

How can we predict P?

i Regolith production rate

i Regolith productionrate

Shallow Deep

" Peak regolith production
at shallow soil depths

Shallow Deep

—— Peak regolith production
at intermediate soil
thickness

Regolith thickness ———— +

In many landscapes, the rate of
regolith production from
bedrock weathering exhibits an
exponential decrease with
increasing regolith depth. In this
case, the maximum rate of rego-
lith production occurs under
little to no cover because thicker
regolith cover reduces the ability
of regolith-producing processes
to reach fresh bedrock parent
material.

In landscapes where the rate of
regolith production is more
strongly controlled by regolith
water content, the regolith
production function may exhibit
a maximum at an intermediate
cover thickness. Regolith
production rates drop where
regolith is thin because the

regolith/rock interface there is Bierman and
Montgomery
often dry. Textbook

22
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Soil Production
Function o

400

300

74%exp(-0.023°H)
268*exp(-0.03"H)

2078%xp(-0.037*H)

seOVvVreme

81%exp(-0.0167H)
52*exp(-0.02*H)
141*exp(-0.042*H)

318%exp(-0.038"H)

j

30 - . River
Sands

P=Pe™™

G. K.
< Gilbert,

P 1870

Soil Production, m/My

An exponential decay in the 194
soil production rate with soil 0 40 3% 120
depth for a given climate and G Soil Depth, cm

rock type.

Heimsath, et al., 1997, Nature.

. 100
A practical reason to know
the soil production rate
104
'|_
5 01
2
E
E
o
® 001
-3
0.001+
Soil production
—— Geological
0.0001 4 —&— Native
—&— Conservation
—@&— Agricultural
10° T T T ) | P L T T
0.01 0.1 1 5102030 50 70809095 99 99.9 99.99
USDA-NRCS Percent
Bierman and Montgomery Textbook




Geomorphology - Lecture 4

Bedrock Erosion
Processes

NN

Bedrock erosion or wear

detaches pieces of rock from f

and transports them away
when driving forces exceed
resisting forces.

24
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Erodibility

Resistance to erosion:
There is 5 order of
magnitude range in

bedrock erodiblity

Sediment and rock strength controls on river incision into bedrock

Leonard S. Skiar
William E. Dietrich
Department of Earth and Planetary Science, University of California, 3067 McCone Hall, Berkeley, California 94720-4757, USA

5
10 E T "ﬁl‘l T T T T TTTEI T T U
E 2 5
§ 3 L4 —— E=7.7(x1.4)0,%00" %
= 10° - -
< 2 3
(=] £ = |
- =
~ 10" L-
M £ 1. Weathered Sandstone
N = 2: Anificial - 20:1 wet
[ 3 Sandstone
L oo [ 4 Aificial - 12:1 dry
© E 5@ Arificial - 6:1 wet
o E 6: Aificial - 8:1 dry 18: Basalt 12
= 7: Mudstone 19: Graywacke
C ., 8 Anfficial-4:1wet 20 Sandstone 1604 a4 417
O 107" L~ 9. Mudstone 21: Sandstone 18
(2] £ 10: Artificial — 2:1 wet 22: Sandstone 23 =
o - 11: Sandstone 23: Andesite ?
III [ 12: Limestone 24: Greenstone 2 4 |
102 | 13:Marble 25: Metasandstone ] o
E 14: Sandstone 26: Welded tuff 27 El
[- 15: Sandstone 27: Granite 428 3
[ 16: Weathered granite ~ 28: Quartzite :1
10'3 ol Lol Lo el R T 1 U1 1 o 1
107 107 10° 10’ 10?

Tensile Strength (O; ) (MPa)

Erosion varies inversely as the square of the rock strength.
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Driving force:4Nater

"y

Egypt, Northwest of Bir Tarfawi, Western Desert

hg

Near Banff Springs Hotel, Alberta

Arizona East of Cameron, Little Colorado River Valley

Photos by USGS, Desert Studies Group

26
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Driving force: Ice

Yosemite NP

http://www.yosemite.ca.us/library/geologic_stry_of_yosemite/final_evoluion.html

Yardangs formed on Mars south of Oly mpus
Mons at 60 N latitude and 220 E longitude,
which was probably formed by the action of
the wind.

Glacial grooves caused by the
Wisconsin glaciation at Kelleys
Island, Ohio

27
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[

Debris flow trackon West
Coast of Vancouver Island nr.
Bantield, BC

‘ft 2N

28
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Bedrock Erosion Processes (in rivers)

woiwedging Jt PyPy

Abrasion

Plucking

Impacts

~ -
\\Impac' Pt
— /
High P ,\\ /7 HighP ( (
- s N - Potholing
‘Hydraulic fl N, gy Fluting
: clast b \z
U, 1 SRR

Crack growth

Whipple, DiBiase and Crosby, 2013

Tools and Cover Effect (in all flows)

~<———— Depth

River channels are underlain by both rock and sediment. In order for the river to incise
into the underlying bedrock, it must first entrain sediment from the channel bed.
Bedrock cannot be eroded until its sediment cover is in motion.

Water surface

Bedrock

Sediment

Py
°
B
2
5
<
s
>
?
2
5
A
=
S
=
8
Q
3
3
B
g
5
o
4
¥
5
2
3
&
B
2
g
z

Bierman and Montgomery, 2014
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Tumbler experiments Sklar and Dietrich (2001)

O

509 150 g 250¢ 400 g 600g 1000 g

v 304 o4
E ;V‘ ; @ Andesite (o, = 24 MPa)
e 251 v ¥ WV Limestone (o, = 10 MPa)
2w e Mud =3MP
3 & 0- ‘ B Mudstone (o, = a)
5 r Sa
° X 154 L
iz |x@
Soi0{gh
e= 1%
o 54
- 4
0 T T T
0 200 400 600 800 1000
Sediment mass (g)

Bierman and Montgomery, 2014

How can we predict W?

+
................. T, — critical shear stress
for bedrock erosion
°
o
]
c
° 12
@ T, — critical shear stress
gl N for sediment entrainment
4
o
@
=
w /
Time +
No “tools” Sediment cover
available for shields bedrock

erosion from erosion

bedrock channel

erosion rate

Bedrock erosion rate ————

Sediment supply to channel —m

During a flood, shear stress on
the stream bed increases as
the depth and velocity of
water increase. The critical
shear stress above which
bedrock erosion occurs (t,,) is
higher than that required to
entrain sediment from the
channel bed (t)). Thus, rare
floods, high-stream power
events that generate large
shear stresses on the bed, are
required to erode rock. Often
bedrock only erodes signifi-
cantly during the highest
flood peaks.

Bierman and Montgomery, 2014
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Plucking or abrasion potholes?

|- =
Changein

landscape
surface elevation\f
(rate)

Photo courtesy of BillDietrich

Bedrock erosion

Uplift rate of the
landscape
surface

All landscapes must obey this
fundamental statement about
sediment transport!

Sedimentflux
divergence |
(written in 3D)

rate (P+W)
The wh

in one
equation!

landscape !

T
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