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4. Plate Tectonics Basics

< Question (fold —)

Iceland sits on the Mid-
Atlantic Ridge. What type
of plate boundary runs
through Iceland?

The San Andreas Fault in
California is what type of
plate boundary?

What is Pangaea?

The Atlantic Ocean is
widening by about 2.5
c¢m per year. How much
wider will it be in 1
million years?

Predict what Earth's
continents might look
like in 250 million years if
current plate movements
continue.

The east coast of South
America and the west
coast of Africa have
matching shapes. Is this
sufficient evidence alone
to prove they were once
joined?

The Himalayas are still
growing taller. What type
of plate boundary is
responsible?

Which is better evidence
for plate tectonics: GPS
measurements showing
plates moving today, or
matching fossils on
different continents?

Why is oceanic crust
denser than continental
crust?

Answer

Divergent boundary — Iceland straddles the Mid-Atlantic Ridge, a divergent boundary
where the North American and Eurasian plates are moving apart. This causes volcanic
activity and geothermal features.

Transform boundary — The San Andreas Fault is a transform boundary where the
Pacific Plate slides northwest past the North American Plate. This causes earthquakes
but not volcanism.

A supercontinent that existed about 250 million years ago when all continents
were joined together — Pangaea was a supercontinent that existed approximately 250
million years ago. Over millions of years, it broke apart into the continents we know
today.

25 km wider — 2.5 cm/year x 1,000,000 years = 2,500,000 cm = 25,000 m = 25 km.

A new supercontinent could form as the Atlantic closes and continents
reconverge, sometimes called 'Pangaea Proxima' — Based on current plate motions,
scientists predict the Atlantic may eventually close as the Americas, Europe, and Africa
converge to form a new supercontinent (sometimes called Pangaea Proxima or Amasia)
in roughly 200-300 million years.

No, matching shapes alone could be coincidence — multiple lines of evidence
(fossils, rocks, climate) are needed — While the coastline match is suggestive, science
requires convergent evidence. Wegener needed fossils, rock types, glacial evidence, and
coastline fit together to build a convincing case.

Convergent boundary (continental-continental collision) — The Himalayas formed
and continue to grow because the Indian plate is colliding with the Eurasian plate at a
convergent boundary. Since both are continental, the crust crumples and folds upward.

Both are valuable, but GPS provides direct, measurable proof of current plate
motion — GPS provides direct, real-time measurements of plate motion (2-15 cm/year),
which is powerful quantitative evidence. Fossils provide historical evidence of past
connections. Together, they give a complete picture across time.

Oceanic crust is made of basalt (denser rock), while continental crust is made of
granite (less dense rock) — Oceanic crust is composed primarily of basalt (density ~3.0
g/cm?3), while continental crust is mainly granite (density ~2.7 g/cm?3). This density
difference explains why oceanic crust subducts beneath continental crust.



A student says 'plates
move because the Earth
is spinning.' Evaluate this
claim.

What happens at a
divergent plate
boundary?

Is it accurate to say that
'continents float on the
ocean"?

Compare what happens
when oceanic crust
meets continental crust
versus when two
continental plates collide.

Why do most
earthquakes and
volcanoes occur along
plate boundaries rather
than in the middle of
plates?

What are tectonic plates?

Who proposed the
theory of continental
drift?

What evidence did
Wegener use to support
continental drift?

What are the three types
of tectonic plate
boundaries?

Hawaii is in the middle of
the Pacific Plate, not near
any boundary. How can
it have active volcanoes?

If you found identical
fossils of a land animal
on both sides of an
ocean, what would this
suggest?

Incorrect — Earth's rotation doesn't cause plate movement; convection currents
in the mantle do — Earth's rotation doesn't cause plate movement. Plates move due to
convection currents in the mantle, slab pull (heavy oceanic crust sinking at subduction
zones), and ridge push (elevated mid-ocean ridges sliding apart).

Plates move apart and new crust forms from rising magma — At divergent
boundaries, plates move apart. Magma rises from the mantle to fill the gap, creating
new oceanic crust. The Mid-Atlantic Ridge is an example.

No — continents are part of tectonic plates that float on the semi-fluid
asthenosphere, not on ocean water — Continents don't float on water — they are
part of lithospheric plates that slowly move over the semi-fluid asthenosphere. The
'floating' is more like a very thick, rigid raft on extremely viscous material.

Oceanic-continental: the denser oceanic plate subducts, creating trenches and
volcanoes. Continental-continental: neither subducts easily, so crust crumples
into mountains — Oceanic crust (basalt, denser) subducts beneath continental crust
(granite, less dense), creating deep ocean trenches and volcanic arcs. When two
continental plates collide, neither subducts easily, so the crust folds and thrusts upward,
forming mountain ranges like the Himalayas.

Plate boundaries are where plates interact — Plate boundaries are zones of intense
geological activity where plates collide, separate, or slide past each other. These
interactions generate the stress (earthquakes) and magma pathways (volcanoes) that
define the Ring of Fire and mid-ocean ridges. — the stress and magma from interactions
cause seismic and volcanic activity.

Large pieces of Earth's lithosphere that move slowly over the asthenosphere —
Tectonic plates are massive slabs of Earth's lithosphere (crust + upper mantle) that fit
together like puzzle pieces and move slowly over the asthenosphere.

Alfred Wegener — Alfred Wegener proposed continental drift in 1912, suggesting
continents were once joined in a supercontinent called Pangaea and have since drifted
apart.

Matching fossils and rock types on continents now separated by oceans, plus the
jigsaw fit of coastlines — Wegener cited matching coastlines (especially South America
and Africa), identical fossils on separated continents (like Mesosaurus), and matching
rock formations and climate evidence.

Convergent, divergent, and transform — The three types are: convergent (plates
collide), divergent (plates separate), and transform (plates slide past each other).

Hawaii sits over a volcanic hotspot — Hawaii formed over a mantle hotspot — a fixed
plume of exceptionally hot rock rising from deep within the mantle. As the Pacific Plate
moves over the stationary hotspot, a chain of volcanic islands forms.

The continents were once connected and have since drifted apart — Identical land
animal fossils on separate continents suggest the continents were once joined. The
animal lived on the connected landmass before the continents drifted apart.



Why was Wegener's
continental drift theory
initially rejected by the
scientific community?

Design an experiment
using a simple model to
demonstrate convection
currents and how they
could move tectonic
plates.

Why do tectonic plates
move?

What is the difference
between the lithosphere
and the asthenosphere?

What is the outermost
layer of the Earth called?

He couldn't explain the mechanism — Wegener had strong observational evidence
but couldn't explain the driving force behind continental movement. It wasn't until the
1960s, when seafloor spreading and convection currents were discovered, that plate
tectonics was accepted. — what force could move entire continents.

Heat water in a clear container, add food coloring to show circular flow patterns,
and float small foam pieces on top to represent plates — Heat water from below,
add food coloring to visualize convection cells (rising hot water, sinking cool water). Float
foam pieces on the surface to represent plates — they'll move apart above rising
currents and together above sinking currents.

Convection currents in the mantle push and pull the plates — Convection currents
in the semi-fluid asthenosphere, driven by heat from Earth's core, cause the overlying
tectonic plates to move slowly (a few centimeters per year).

The lithosphere is rigid (crust + upper mantle); the asthenosphere is semi-fluid
and allows plates to move — The lithosphere (crust + uppermost mantle) is rigid and
brittle. The asthenosphere below it is semi-fluid (ductile), allowing the lithospheric plates
to slowly slide over it.

The crust — The crust is Earth's outermost layer. It includes both continental crust
(thicker, less dense) and oceanic crust (thinner, more dense).



5. Earthquakes and Seismic Waves

< Question (fold —)

What is the difference
between the epicenter and
the focus of an
earthquake?

What instrument is used to
measure earthquake
vibrations?

Can scientists predict
exactly when and where
the next earthquake will
occur?

Is it true that animals can
sense earthquakes before
they happen?

What is a fault in geology?

How does the Richter scale
measure earthquakes?

A seismograph records P-
waves arriving 40 seconds
before S-waves. What does
this time gap tell
scientists?

What is the point
underground where an
earthquake originates
called?

Why do P-waves arrive at a
seismograph station
before S-waves?

Design a simple classroom
model to demonstrate
how triangulation works to
locate an earthquake
epicenter.

Answer

The focus is underground where the earthquake starts; the epicenter is the
point on the surface directly above it — The focus (hypocenter) is the actual
underground location where rock fractures. The epicenter is the corresponding point
on Earth's surface directly above the focus.

A seismograph (or seismometer) — A seismograph (seismometer) detects and
records ground vibrations from earthquakes. It produces a seismogram — a visual
record of seismic waves.

No — scientists can identify high-risk zones but cannot predict specific
earthquakes with useful precision — Despite decades of research, reliable short-
term earthquake prediction remains impossible. Scientists can identify fault zones
likely to produce earthquakes and estimate probabilities over decades, but cannot
predict the exact time, place, and magnitude.

Some observations suggest animals may detect P-waves or other precursors, but
this hasn't been reliably proven as a prediction method — There are numerous
anecdotal reports of unusual animal behavior before earthquakes. Animals may detect
early P-waves, ground tilting, or changes in groundwater. However, no controlled study
has demonstrated reliable, consistent earthquake prediction by animals.

A crack or fracture in Earth's crust where blocks of rock have moved relative to
each other — A fault is a fracture in Earth's crust along which blocks of rock have
moved. Earthquakes occur when stress along a fault is suddenly released.

It measures the magnitude (energy released) on a logarithmic scale where each
whole number is 10x more ground motion — The Richter scale is logarithmic: each
increase of 1.0 in magnitude represents 10x more ground motion and about 31.6x
more energy released.

The distance from the seismograph station to the earthquake's epicenter — a
larger gap means greater distance — Since P-waves travel faster, the time gap
between P and S arrivals increases with distance. Scientists use this 'S-P interval' to
calculate how far away the earthquake occurred.

The focus (or hypocenter) — The focus (hypocenter) is the point underground where
rock first breaks and seismic energy is released. The epicenter is the point on the
surface directly above the focus.

P-waves travel faster through rock than S-waves — P-waves travel at 5-8 km/s
through rock while S-waves travel at 3-5 km/s. Since both originate from the same
focus, the faster P-waves always arrive first.

Use three student 'stations' at known positions; give each a measured distance;
draw circles on a map with those radii; the intersection is the epicenter — Give
three students specific distances from a hidden 'epicenter.' Each draws a circle on a
map with their position as center and given distance as radius. The three circles
intersect at the epicenter location.



A building in an
earthquake zone needs to
be designed to resist
shaking. Which feature
would help most?

How did the study of
seismic waves help
scientists discover Earth's
internal structure?

What causes aftershocks?

What is an earthquake?

What are the two main
types of seismic body
waves?

Why do some cities
experience more
earthquake damage than
others, even at the same
distance from an
epicenter?

Why are shallow
earthquakes generally
more destructive than
deep earthquakes of the
same magnitude?

An earthquake in Japan
registers magnitude 7.0.
Another in Chile registers
5.0. How much more
ground motion does the
Japan earthquake
produce?

Create an earthquake
safety plan for a school.
List three key elements it
should include.

Why can't S-waves travel
through Earth's outer

A flexible steel frame that sways without breaking — Flexible steel frames absorb
seismic energy by swaying, preventing catastrophic failure. Rigid structures resist
movement but can crack and collapse. Modern earthquake engineering uses base
isolators and flexible designs.

By tracking how P and S waves bend, reflect, and are blocked by different layers,
scientists mapped the core, mantle, and crust — Seismic waves change speed and
direction at boundaries between Earth's layers. The 'shadow zone' where no S-waves
arrive revealed the liquid outer core. Changes in P-wave speed revealed the solid inner
core and mantle structure.

Stress readjustments in the crust around the main fault rupture after the initial
earthquake — After a major earthquake, the surrounding rock is under changed
stress conditions. As the crust adjusts to its new configuration, smaller earthquakes
(aftershocks) occur along the main fault and nearby faults.

A sudden shaking of the ground caused by the release of energy along a fault —
An earthquake is a sudden release of energy in Earth's crust that creates seismic
waves, causing the ground to shake. Most occur along faults at plate boundaries.

P-waves (primary/compression) and S-waves — P-waves (primary) are
compressional waves that travel fastest and arrive first. S-waves (secondary) are shear
waves that move slower and arrive after P-waves. Both travel through Earth's interior.

Local soil conditions matter — soft, loose soil amplifies shaking compared to
solid bedrock — Soft, loose sediments amplify seismic waves (site amplification),
causing stronger and longer shaking than bedrock. This is why Mexico City (built on an
ancient lakebed) suffered disproportionate damage in the 1985 earthquake.

Seismic energy dissipates less when the focus is closer to the surface, so shaking
is stronger — Seismic waves lose energy (attenuate) as they travel through rock. A
shallow earthquake's energy reaches the surface with less attenuation, causing
stronger shaking than a deep earthquake of the same magnitude.

100 times more — Each magnitude step = 10x ground motion. Two steps: 102 = 100%
more ground motion. (In energy, it's about 31.62 = 1,000x more.)

1) Drop-Cover-Hold On procedures for each room, 2) Evacuation routes to open
areas away from buildings, 3) Emergency supply kit locations and
communication plan — A school earthquake plan should include: immediate
response (Drop, Cover, Hold On), evacuation procedures after shaking stops (avoid
damaged structures, go to open areas), and emergency preparedness (supplies,
communication tree, reunification plan).

Because S-waves are shear waves that cannot travel through liquids, and the
outer core is liquid iron — S-waves (shear waves) need a rigid material to propagate.
Earth's outer core is liquid iron-nickel, which cannot sustain shear stress, so S-waves



core?

If you feel an earthquake,
what is the recommended
safety action?

The 'Ring of Fire' encircles
the Pacific Ocean. Why is
this region so seismically
active?

A student claims the
Richter scale goes from 1
to 10. Evaluate this.

You need at least three
seismograph stations to
pinpoint an earthquake's
epicenter. Why?

A seismogram shows large
surface waves but very
small P and S waves. What
does this suggest about
the earthquake?

are blocked. This is how scientists discovered the outer core is liquid.

Drop, Cover, and Hold On — get under sturdy furniture and protect your head —

Drop, Cover, and Hold On: drop to hands and knees, take cover under sturdy furniture,
hold on until shaking stops. Running outside risks falling debris. Doorway framing is no
stronger than other parts in modern buildings.

Multiple tectonic plates converge around the Pacific, creating numerous
subduction zones — The Ring of Fire is a horseshoe of subduction zones where the
Pacific Plate and neighboring plates are being consumed beneath continental and
other oceanic plates. This convergence produces ~90% of the world's earthquakes and
~75% of its active volcanoes.

The Richter scale has no upper limit — The Richter scale is open-ended with no
upper limit. The largest recorded earthquake was the 1960 Chile earthquake at
magnitude 9.5. A magnitude 10 is theoretically possible but would require a fault much
longer than any known.

Each station gives a distance (circle), and three circles intersect at exactly one
point — the epicenter — Each station determines a distance to the epicenter (from
the S-P interval), defining a circle. Two circles intersect at two points. A third circle
pinpoints the unique intersection — the epicenter. This is called triangulation.

The earthquake was likely shallow and relatively close, since surface waves
dominate at short distances from shallow quakes — Surface waves are most
prominent for shallow earthquakes recorded at relatively short distances. At greater
distances, surface waves attenuate more rapidly. The large surface wave signature
suggests a nearby, shallow event.



6. Volcanoes and Volcanic Activity

< Question (fold —)

Is it accurate to describe
a volcano that hasn't
erupted in 500 years as
'extinct"?

Why are shield volcanoes
broader and flatter than
composite volcanoes?

A town is 20 km from an
active volcano. Officials
are planning evacuation
routes. Which volcanic
hazard can travel the
farthest?

How does a caldera
form?

What is magma?

What is lava?

What is a pyroclastic
flow?

What are the three main
types of volcanoes?

The 1991 eruption of Mt.
Pinatubo lowered global
temperatures by about
0.5°C for two years. How?

A student says 'all
volcanoes are dangerous
and people should never
live near them.' Evaluate
this claim.

Volcanic soil is very

Answer

Not necessarily — 'dormant’ is more accurate; many volcanoes have eruption
intervals longer than 500 years — Classifying a volcano as extinct after only 500 years
of inactivity is premature. Many volcanoes have eruption intervals of thousands of
years. 'Dormant' indicates a volcano that hasn't erupted recently but is expected to
again.

Shield volcanoes erupt low-viscosity basaltic lava that flows far before cooling,
building wide, gentle slopes — Shield volcanoes produce fluid basaltic lava that flows
easily over long distances before solidifying, creating broad shields. Composite
volcanoes erupt thicker lava and ash that pile up steeply.

Lahars (volcanic mudflows) can travel 50+ km down river valleys — Lahars (volcanic
mudflows) can travel over 50 km along river valleys at speeds up to 60 km/h. Pyroclastic
flows typically reach 10-20 km. Lava flows rarely exceed 10 km for viscous magma.

When a volcano's magma chamber empties during a massive eruption, the roof
collapses inward — After a major eruption empties the magma chamber, the overlying
rock loses support and collapses into the void, forming a large depression called a
caldera. Yellowstone and Crater Lake are examples.

Molten rock beneath Earth's surface — Magma is molten rock below Earth's surface.
When it erupts and flows on the surface, it is called lava.

Magma that has erupted onto Earth's surface — Lava is magma that has reached
Earth's surface through a volcanic eruption. It cools and solidifies into igneous rock.

A fast-moving current of hot gas and volcanic material that races down a
volcano's slope — A pyroclastic flow is a deadly current of hot gas, ash, and rock
fragments that can travel 100+ km/h down a volcano's flanks. Temperatures can exceed
700°C. It is the most lethal volcanic hazard.

Shield, composite (stratovolcano), and cinder cone — Shield volcanoes are broad
with gentle slopes (e.g., Mauna Loa). Composite (strato) volcanoes are tall and steep
with explosive eruptions (e.g., Mt. Fuji). Cinder cones are small, steep-sided cones.

Sulfur dioxide ejected into the stratosphere formed aerosol particles that
reflected sunlight back to space — Mt. Pinatubo injected 20 million tons of SO, into
the stratosphere. These formed sulfuric acid aerosols that reflected incoming sunlight,
reducing global temperatures by ~0.5°C for 1-2 years.

Overly broad — volcanic hazard varies greatly by type; many people live safely
near volcanoes for decades, benefiting from fertile soil and geothermal energy —
Hazard varies enormously: a cinder cone is far less dangerous than a composite
volcano. Many volcanic areas have low eruption frequency and provide benefits (fertile
soil, geothermal energy, tourism). Risk management through monitoring and planning
makes volcanic areas habitable.

Volcanic ash breaks down into nutrient-rich soil, supporting excellent agriculture



fertile. Why do people
continue to live near
active volcanoes?

Why do volcanic island
chains like Hawaii show a
progression of island
ages?

Iceland uses geothermal
energy from volcanic
activity. How does this
work?

What makes some
volcanic eruptions
explosive while others
produce gentle lava
flows?

Mt. St. Helens erupted
explosively in 1980 with
thick, silica-rich magma.
What type of volcano is
it?

A scientist finds volcanic
rock with large crystals
surrounded by smaller
crystals. What does this
tell you about the rock's
cooling history?

What is the opening at
the top of a volcano
called?

Yellowstone has a
massive magma
chamber but hasn't
erupted in 640,000 years.
What category of volcano
is it, and should people
be concerned?

If you were a
volcanologist advising a
city near a composite
volcano, what three
monitoring systems
would you recommend
installing?

Why do volcanoes form

— Volcanic ash and lava weather into mineral-rich soil that supports productive
agriculture. This fertility, combined with cultural ties and economic factors, explains why
millions live near active volcanoes.

The plate moves over a stationary hotspot, so each island forms at a different
time — older islands have moved farther from the hotspot — The Pacific Plate
moves northwest over the stationary Hawaiian hotspot. The Big Island (youngest) is
currently over the hotspot. Islands to the northwest are progressively older, having
formed when they were over the hotspot.

Underground heat from magma warms water, which is used to generate
electricity and heat buildings — In geothermal energy, water heated by magma or hot
rock underground produces steam that drives turbines for electricity. Iceland heats 90%
of its homes with geothermal energy from its volcanic activity.

The viscosity and gas content of the magma — Viscous (silica-rich) magma traps gas
bubbles, building pressure until it explodes violently. Low-viscosity (basaltic) magma
allows gas to escape easily, producing gentle lava flows like those in Hawaii. — thick,
gas-rich magma erupts explosively; thin, low-gas magma flows gently.

Composite (stratovolcano) — Mt. St. Helens is a composite (strato) volcano — tall,
steep-sided, with alternating layers of lava and ash from explosive eruptions of viscous,
silica-rich magma.

It cooled slowly underground first (forming large crystals) then erupted and
cooled quickly on the surface (forming small crystals) — This porphyritic texture
indicates two-stage cooling: slow cooling deep underground allowed large crystals
(phenocrysts) to form, then the remaining magma erupted and cooled rapidly, forming
the fine-grained groundmass.

The crater — The crater is the bowl-shaped opening at the top of a volcano through
which lava, gases, and ash are ejected. A caldera is a much larger depression formed
when a volcano collapses.

It's a supervolcano (caldera system); a major eruption is statistically unlikely in
our lifetimes but not impossible — Yellowstone is a caldera/supervolcano system.
While it has erupted three times in 2.1 million years, the annual probability of eruption
is approximately 1 in 730,000. Continuous monitoring provides early warning.

1) Seismograph network for tremor detection, 2) GPS/tiltmeter stations for ground
deformation, 3) Gas monitoring stations for SO, and CO, emissions — Before
eruptions, magma movement causes: increased seismicity (detected by seismographs),
ground deformation (detected by GPS/tiltmeters), and increased gas emissions
(detected by spectrometers). These three systems provide early warning.

The subducting plate carries water into the mantle, which lowers the melting
point of rock, creating magma that rises — At subduction zones, the descending



at subduction zones?

Which is a better volcano
monitoring tool:
seismographs or satellite
imagery? Explain.

Compare the hazards of
living near a shield
volcano versus a
composite volcano.

What is the Ring of Fire?

Design a simple model to
demonstrate how
magma viscosity affects
eruption style. What
materials would you use?

Mauna Loa in Hawaii has
gentle slopes and
produces fluid lava. What
type of volcano is it?

plate releases water into the overlying mantle wedge. This water lowers the rock's
melting point, generating magma that rises through the crust to form volcanoes.

Both are essential — seismographs detect underground magma movement;
satellites detect surface deformation and gas emissions — Seismographs detect
increased seismic activity that often precedes eruptions. Satellites detect ground
deformation (inflation from rising magma) and SO, emissions. Together, they provide
comprehensive monitoring. Neither alone is sufficient.

Shield volcanoes pose mainly lava flow hazards; composite volcanoes pose
explosive hazards including pyroclastic flows, lahars, and ash fall — Shield
volcanoes produce fluid lava that can be avoided. Composite volcanoes erupt
explosively, generating pyroclastic flows (impossible to outrun), lahars, ash fall, and
volcanic bombs — far more dangerous to nearby populations.

A horseshoe-shaped zone around the Pacific Ocean with high volcanic and
earthquake activity — The Ring of Fire is a 40,000 km horseshoe-shaped zone around
the Pacific Ocean where about 75% of the world's volcanoes and 90% of earthquakes
occur, due to numerous subduction zones.

Use ketchup (low viscosity, flows easily like basaltic lava) and toothpaste (high
viscosity, resists flow like silicic magma) squeezed through tubes to compare flow
behavior — Ketchup flows easily (like basaltic magma), modeling gentle Hawaiian-style
eruptions. Toothpaste resists flow (like silicic magma), modeling pressure buildup and
explosive eruptions. Adding carbonated gas demonstrates how trapped gas increases
explosivity.

Shield volcano — Mauna Loa is a shield volcano, formed by repeated eruptions of low-
viscosity basaltic lava that flows far before cooling, creating its broad, gently sloping
profile.



7. The Rock Cycle

< Question (fold —)

Why can't a rock go
directly from
metamorphic to
sedimentary without first
being weathered and
eroded?

What are the three main
types of rocks?

What is weathering?

Marble is a metamorphic
rock formed from
limestone. What changed
and what stayed the
same?

A geologist finds granite
(igneous) next to schist
(metamorphic)ina
mountain. Explain how
both could be present.

In a sequence of rock
layers: sandstone at the
bottom, limestone in the
middle, shale on top.
What does this tell you
about the environment
over time?

Contact metamorphism
occurs near magma
intrusions, while regional
metamorphism occurs
during mountain building.
How do their products
differ?

A river deposits sand and
gravel at its mouth where
it enters the ocean. Over
millions of years, what will
happen to these

Answer

Sedimentary rock requires loose sediments as raw material — Sedimentary rock
forms from accumulated sediment particles. A metamorphic rock must first be
exposed at the surface, weathered into fragments, eroded, transported, deposited, and
compacted/cemented before becoming sedimentary rock.

Igneous, sedimentary, and metamorphic — The three rock types are: igneous
(formed from cooled magma/lava), sedimentary (formed from compacted sediments),
and metamorphic (formed when existing rocks are changed by heat and pressure).

The breaking down of rocks into smaller pieces by physical, chemical, or
biological processes — Weathering is the breakdown of rock at or near Earth's
surface. Physical weathering breaks rock mechanically; chemical weathering dissolves
or alters minerals; biological weathering involves living organisms.

The mineral structure and texture changed (calcite recrystallized into larger
interlocking crystals), but the chemical composition remained similar —
Limestone and marble are both primarily CaCO,. During metamorphism, heat and
pressure cause the small calcite grains in limestone to recrystallize into larger,
interlocking calcite crystals in marble, changing its texture but not its basic
composition.

The schist formed when sedimentary or igneous rock was metamorphosed by
heat and pressure; granite formed when magma intruded nearby and cooled —
During mountain-building, rock is subjected to heat and pressure (creating schist) while
magma intrudes from below (cooling into granite). Both processes occur in the same
tectonic setting.

The environment changed: from a sandy beach/river (sandstone), to a warm
shallow sea (limestone), to a deeper/muddier sea (shale) — Each layer records
different environmental conditions. Sandstone suggests a sandy environment (beach,
river). Limestone suggests warm, shallow marine conditions with shell-producing
organisms. Shale suggests calm, deeper water with fine mud deposition.

Contact metamorphism affects a small area with high heat; regional
metamorphism affects large areas with both heat and directed pressure,
producing foliated rocks — Contact metamorphism (near intrusions) produces non-
foliated rocks (like hornfels) from high heat alone. Regional metamorphism (mountain
building) produces foliated rocks (like slate, schist, gneiss) because directed pressure
aligns minerals.

They will be buried, compacted, and cemented into sedimentary rock (sandstone
and conglomerate) — As sediment accumulates at the river delta, lower layers are
buried deeper, compressed by overlying weight (compaction), and mineral-rich water
cements the grains together, forming sedimentary rocks like sandstone and



sediments?

Why are fossils almost
exclusively found in
sedimentary rocks?

Sandstoneis a
sedimentary rock made of
cemented sand grains. If
sandstone is buried deep
and subjected to heat and
pressure, what type of
rock does it become?

How do sedimentary
rocks form?

Why do igneous rocks that
cool slowly underground
have larger crystals than
those that cool quickly on
the surface?

Is the rock cycle really a
'cycle' if rocks don't always
follow the same
sequence?

How do igneous rocks
form?

What is the rock cycle?

A construction company
wants to quarry rock for
building. Should they
choose granite or shale?
Why?

A student says 'rocks don't
change — they've been
the same since Earth
formed.' Evaluate this
statement.

conglomerate.

Organisms are buried in sediment layers that preserve their remains; igneous
and metamorphic processes destroy organic material — Fossils form when
organisms are buried by sediment before they decompose. The gentle processes of
sedimentation preserve remains. Igneous processes (melting) and metamorphic
processes (heat/pressure) would destroy organic structures.

Quartzite (a metamorphic rock) — When sandstone is metamorphosed, the quartz
sand grains recrystallize and fuse together into quartzite, a hard metamorphic rock.
The process doesn't melt the rock, just reorganizes its structure.

From sediments (sand, mud, organic material) that are deposited, compacted,
and cemented together over time — Sedimentary rocks form through weathering,
erosion, deposition, compaction, and cementation. Loose sediments are deposited in
layers, buried, compacted by weight, and cemented by minerals in groundwater.

Slow cooling gives atoms more time to arrange into large, well-formed crystal
structures — Slow cooling underground (intrusive) allows atoms time to arrange into
large crystals (e.g., granite). Rapid cooling on the surface (extrusive) doesn't allow much
crystal growth, producing fine-grained or glassy textures (e.g., basalt, obsidian).

Yes — 'cycle’ refers to the continuous recycling of material between rock types,
not a fixed linear path — The rock cycle is called a cycle because Earth's materials are
continuously recycled, but the path is not fixed. Igneous can become sedimentary or
metamorphic directly. Any rock type can transform into any other through various
processes.

From the cooling and solidification of magma or lava — Igneous rocks form when
molten rock (magma or lava) cools and solidifies. Intrusive igneous rocks cool slowly
underground; extrusive igneous rocks cool quickly on the surface.

The continuous process by which rocks are transformed between igneous,
sedimentary, and metamorphic types over geological time — The rock cycle
describes how rocks continuously transform: igneous rocks weather into sediment that
becomes sedimentary rock, which can be metamorphosed, melted to form new
igneous rock, or weathered again. Any rock can become any type.

Granite — it's hard, durable, and resistant to weathering; shale is soft, fragile,
and breaks along layers — Granite is an excellent building stone: its interlocking
crystals make it hard, strong, and weather-resistant. Shale, made of compressed clay,
breaks easily along its layers and weathers quickly.

Incorrect — the rock cycle continuously transforms rocks between types over
geological time scales — Rocks continuously change through the rock cycle.
Mountains erode into sediment that becomes sedimentary rock. Tectonic forces
metamorphose rocks. Subduction melts rock into magma that becomes new igneous
rock. The cycle operates over millions of years.



What process transforms
existing rocks into
metamorphic rocks?

You find a rock with visible
layers and a seashell fossil
embedded in it. What type
of rock is it?

Earth's rock cycle has
operated for 4 billion
years. Why don't we have
rocks from the very
beginning of Earth's
history?

What is erosion and how
does it differ from
weathering?

Design a hands-on activity
to teach the difference
between the three rock
types using everyday
materials.

Create a diagram showing
how a piece of granite
could eventually become
a sedimentary rock. List
the steps.

Obsidian (volcanic glass)
has no visible crystals,
while granite has large
visible crystals. Both are
igneous. Why do they look
so different?

Which is a more reliable
way to identify a rock: its
color or its mineral
composition and texture?

Heat and pressure — Metamorphic rocks form when existing rocks (igneous,
sedimentary, or other metamorphic) are subjected to high heat and/or pressure, which
changes their mineral structure and texture without melting them.

Sedimentary — Visible layers (strata) and fossils are hallmarks of sedimentary rock.
The layers formed from accumulated sediment, and the fossil was preserved during
burial.

The rock cycle continuously recycles material — The rock cycle continuously
recycles Earth's crust. Ancient rocks are weathered, eroded, subducted, melted, or
metamorphosed. The oldest known rocks (~4 billion years) are rare survivors. Most of
Earth's original crust has been recycled.

Erosion is the transport of weathered material by wind, water, ice, or gravity —
weathering only breaks rock down in place — Weathering breaks rocks into smaller
pieces at their location. Erosion is the transport of those broken pieces by agents like
rivers, glaciers, wind, and gravity. Weathering precedes erosion.

Igneous: melt and re-solidify crayon shavings (magma cooling). Sedimentary:
layer sand and glue, press together (compaction/cementation). Metamorphic:
heat and press crayon layers with an iron (heat + pressure without melting) —
Crayon rock cycle: Shave crayons (weathering). Layer shavings and press (sedimentary).
Apply heat with foil-wrapped iron (metamorphic). Fully melt and cool (igneous). This
demonstrates all three rock-forming processes.

1) Granite weathers into sand/clay, 2) Erosion transports sediment to a
river/ocean, 3) Sediment deposits in layers, 4) Burial compacts the layers, 5)
Cementation binds grains into sandstone — Granite exposed at the surface
weathers (physical/chemical breakdown) into fragments. Wind/water erodes and
transports the sediment. It's deposited in layers, buried, compacted by overlying
weight, and cemented by dissolved minerals — forming sandstone or other
sedimentary rock.

Obsidian cooled extremely rapidly (no time for crystal growth); granite cooled
slowly underground (plenty of time for large crystals) — Obsidian cooled so rapidly
(lava quenched on the surface) that atoms couldn't organize into crystals, producing
glass. Granite cooled over thousands of years underground, giving atoms time to form
large, visible crystals.

Mineral composition and texture — color alone is unreliable because many

different rocks can have similar colors — Color is misleading because impurities can
make similar rocks look different and different rocks look similar. Mineral composition
(what it's made of) and texture (crystal size, layering, foliation) are far more diagnostic.



8. mountain_building_erosion

< Question (fold —)

What is weathering?

Two mountain ranges are at
the same latitude but one is
much more eroded. What
factors could explain the
difference in erosion rates?

A city plans to build houses
on a steep mountainside that
was recently deforested.
Evaluate the potential
geological risks of this
decision.

What is the relationship
between the steepness of a
slope and the rate of
erosion?

Ariver flows through a
mountain valley. After heavy
rain, the river becomes
muddy brown. What process
is occurring?

What are the Himalayas an
example of?

Compare fold mountains and
fault-block mountains. What
is the key difference in the
forces that create them?

How does freeze-thaw
weathering break apart
rocks?

If you wanted to reduce soil
erosion on a steep hillside,
which method would be
most effective?

Two proposals are made to
protect a coastal mountain
from erosion: (A) build
concrete walls along the

Answer

The breaking down of rocks by natural processes — Weathering is the process by
which rocks are broken down into smaller pieces by water, wind, ice, temperature
changes, and living organisms.

Differences in rock type, rainfall amounts, vegetation cover, and age of the
mountains — Erosion rates depend on multiple interacting factors: harder rocks
resist erosion better, higher rainfall increases erosion, vegetation protects against
erosion, and older mountains have had more time to erode.

High risk of landslides and increased erosion due to lack of root systems
holding soil, combined with added weight of buildings on unstable slopes —
Deforested slopes lose root systems that anchor soil. Adding building weight to
already unstable slopes increases landslide risk. Heavy rains could trigger mass
wasting events, making this a high-risk construction site.

Steeper slopes experience faster erosion because gravity pulls material
downhill more quickly — Steeper slopes cause water and loose material to move
faster due to gravity, increasing the rate of erosion. This is why mountain streams
cut deeper valleys than rivers on flat plains.

Erosion is carrying sediment from the mountainside into the river — The
muddy brown color indicates sediment being carried by the river. Heavy rain
increases runoff, which erodes soil and rock from the mountain slopes and carries it
into the river.

Fold mountains formed by continental collision — The Himalayas formed when
the Indian Plate collided with the Eurasian Plate, folding and pushing up layers of
rock into the world's tallest mountain range.

Fold mountains form from compressive forces that buckle rock, while fault-
block mountains form from tensional forces that crack and tilt rock blocks —
Fold mountains result from compression (squeezing) that causes rock layers to bend
and fold. Fault-block mountains result from tension (stretching) that creates faults
along which blocks of rock move up or down.

Water seeps into cracks, freezes and expands, then widens the cracks — Water
enters cracks in rocks. When it freezes, it expands by about 9%, exerting pressure
that widens the cracks. Repeated freeze-thaw cycles eventually break the rock apart.

Planting vegetation with deep root systems — Plants with deep root systems
hold soil in place, reducing the impact of rain and runoff. This is why deforestation
leads to increased erosion on hillsides.

Restoring native vegetation is better because it addresses erosion across the
entire slope, is self-sustaining, and works with natural processes — Vegetation



base, or (B) restore native
vegetation across the slopes.
Which approach better
addresses long-term
erosion?

Glacial valleys are U-shaped
while river valleys are V-
shaped. What does this
difference tell us about how
each agent of erosion works?

Some scientists argue that
climate change will
accelerate mountain erosion
rates. Evaluate this claim
using your knowledge of
weathering and erosion
processes.

Using the principle that
mountains grow taller when
the rate of uplift exceeds the
rate of erosion, what can you
conclude about a mountain
range that is getting shorter
over time?

What is the process called
when tectonic plates push
together and form
mountains?

What type of mountain
forms when blocks of rock
move up or down along a
fault?

Create a timeline showing
the life cycle of a mountain
range from formation to
erosion, including at least
four major stages and the
processes involved at each
stage.

A farmer notices deep gullies
forming in a field after
removing a row of trees
along a hillside. What should
the farmer do to prevent
further erosion?

Design an experiment to test

restoration addresses erosion across the entire slope through root stabilization,
rainfall interception, and soil protection. Concrete walls only protect the base, can
redirect erosion elsewhere, require maintenance, and don't address slope-wide
weathering.

Glaciers carve wide, flat-bottomed valleys by scraping the sides and floor,
while rivers cut narrow channels by eroding mainly downward — Glaciers are
massive sheets of ice that scrape and erode the valley floor and walls
simultaneously, creating wide U-shapes. Rivers concentrate their erosive force in a
narrow channel, cutting downward to create V-shapes.

The claim is supported because increased rainfall intensity, glacier retreat,
permafrost thaw, and more extreme weather all accelerate erosion — Climate
change increases erosion through multiple mechanisms: more intense rainfall
increases runoff and erosion, glacier retreat exposes unstable sediment, permafrost
thaw destabilizes slopes, and more frequent extreme storms cause greater mass
wasting events.

The rate of erosion exceeds the rate of tectonic uplift — Mountains are shaped
by the balance between tectonic uplift (building up) and erosion (wearing down).
When erosion outpaces uplift, mountains gradually decrease in height over time.

Convergence — Convergence is when tectonic plates move toward each other,
which can push up rock layers to form mountains.

Fault-block mountain — Fault-block mountains form when large blocks of rock are
tilted or pushed up along cracks (faults) in Earth's crust.

Stage 1: Plate collision begins uplift and folding. Stage 2: Rapid uplift creates
tall, jagged peaks while erosion begins. Stage 3: Uplift slows; erosion
dominates, rounding peaks and widening valleys. Stage 4: Mountains worn to
low, rolling hills (peneplain) over hundreds of millions of years. — Mountain
ranges follow a life cycle: tectonic forces build them up while erosion simultaneously
works to tear them down. When uplift exceeds erosion, mountains grow. When
uplift ceases, erosion gradually reduces them to gentle hills over geologic time.

Plant new vegetation or install terraces to slow water flow — The trees' roots
were holding the soil in place and slowing water runoff. Replanting vegetation or
building terraces would reduce water speed and help prevent further gully erosion.

Create two identical sloped trays — one with planted grass, one with bare soil.
Pour equal amounts of water on each at the same rate. Measure the amount



how vegetation affects the
rate of soil erosion on a
slope. Describe your setup,
variables, and
measurements.

Examine the following
evidence: marine fossils
found at 5,000 meters
elevation in the Himalayas.
What does this tell us about
the history of this rock?

Why do mountains near the
coast often receive more
rainfall than inland
mountains?

Why do fold mountains have
wavy, bent layers of rock?

A geologist finds layers of
rock that are folded into U-
shapes and arch shapes.
What type of mountain
building process likely
formed these features?

What is erosion?

Why are older mountains like
the Appalachians shorter
and rounder than younger
mountains like the Rockies?

A mountain has sharp,
jagged peaks on one side
and rounded, gentle slopes
on the other. What can you
infer about the erosion
patterns?

of soil collected in a basin at the bottom of each tray. — This controlled
experiment isolates vegetation as the independent variable. The dependent variable
is the amount of eroded soil. Controlled variables include slope angle, soil type, and
water amount. More soil collected from the bare tray would show vegetation
reduces erosion.

The rock formed on an ancient ocean floor and was uplifted by tectonic forces
— Marine fossils at high elevation prove that this rock originally formed as sediment
on an ocean floor. The collision of the Indian and Eurasian plates uplifted these
ocean floor sediments thousands of meters to form the Himalayas.

Moist ocean air rises along the mountains, cools, and releases moisture as rain
— When moist air from the ocean encounters mountains, it is forced upward
(orographic lifting). As it rises, it cools and the moisture condenses, producing
rainfall on the windward side of the mountains.

Because compression from colliding plates buckled the rock layers — When
tectonic plates collide, the enormous compressive force causes rock layers to fold
and buckle, creating the wavy, bent patterns visible in fold mountains.

Compressional folding from convergent plate boundaries — U-shaped (syncline)
and arch-shaped (anticline) folds form when compressive forces at convergent plate
boundaries squeeze rock layers, causing them to buckle and fold.

The movement of weathered rock and sediment from one place to another —
Erosion is the process by which weathered material is transported from one location
to another by water, wind, ice, or gravity.

They have been worn down by millions of years of weathering and erosion —
The Appalachians are hundreds of millions of years older than the Rockies. Over
that time, weathering and erosion have gradually worn down their peaks, making
them shorter and rounder.

The rounded side has experienced more weathering and erosion over time,
possibly from prevailing wind or rain direction — The asymmetry suggests
differential erosion. The rounded side likely faces prevailing weather (windward),
receiving more rain and wind erosion, while the jagged side (leeward) is more
sheltered.



9. earths_interior_structure

< Question (fold —)

What is the lithosphere?

Scientists proposed drilling to the
mantle through oceanic crust
(Project Mohole, 1960s). The
project was abandoned. Evaluate
whether this goal is achievable
with modern technology.

Seismic waves travel faster
through the mantle than through
the crust. What does this tell us
about the physical properties of
the mantle compared to the
crust?

A seismograph station detects P-
waves but no S-waves from a
distant earthquake. What can you
conclude about the earthquake's
location relative to the station?

Propose a method to study
Earth's interior that doesn't use
seismic waves. Describe what
data you would collect and what
it could reveal about Earth's
layers.

Scientists discover a new planet
with no magnetic field. Based on
what creates Earth's magnetic
field, what might be different
about this planet's interior?

What metal is the main
component of Earth's core?

If you could drill a hole to the
center of Earth, how would
temperature change as you went
deeper?

A mining company finds that the

Answer

The rigid outer layer made up of the crust and upper mantle — The
lithosphere is the rigid, brittle outer layer of Earth that includes both the crust
and the uppermost part of the mantle. It is broken into tectonic plates that float
on the asthenosphere.

Still extremely challenging — the deepest borehole ever drilled (12.3 km)
didn't reach the mantle, and extreme heat, pressure, and equipment
failure remain major obstacles — The deepest hole ever drilled (Kola
Superdeep Borehole, 12.3 km) encountered temperatures of 180°C and had to
stop. Even under thin oceanic crust, reaching the mantle requires drilling
through hard basalt at extreme temperatures and pressures. Japan's Chikyu
drill ship is attempting this challenge.

The mantle is denser and more rigid than the crust, which causes seismic
waves to travel faster through it — Seismic wave velocity depends on the
elasticity and density of the material. The mantle's greater density and rigidity
compared to the crust means waves can propagate faster through it, which is
why wave speed increases at the Moho boundary.

The earthquake waves traveled through Earth's liquid outer core to reach
the station, which blocks S-waves — Since S-waves cannot travel through
liquids, the absence of S-waves indicates the seismic waves passed through the
liquid outer core on their way to the station. The station is in the S-wave
shadow zone.

Study Earth's gravitational variations using satellite gravimetry. Denser
regions create stronger gravitational pull, revealing density distribution
and composition of internal layers. — Satellite gravimetry (like NASA's GRACE
mission) measures tiny variations in Earth's gravitational field caused by uneven
mass distribution below the surface. This reveals density structures in the
mantle and core, complementing seismic data.

The planet likely lacks a liquid metallic core or the convection currents
needed to generate a magnetic field — Earth's magnetic field is generated by
convection of liquid iron in the outer core (dynamo effect). A planet without a
magnetic field may lack a liquid metallic core, or its core may not have the
temperature differences needed to drive convection.

Iron — Earth's core is composed primarily of iron, along with some nickel. The
iron in the outer core generates Earth's magnetic field as it flows in convection
currents.

Temperature would increase steadily, reaching about 5,400°C at the inner
core — Temperature increases with depth due to residual heat from Earth's
formation and ongoing radioactive decay. The geothermal gradient averages
about 25-30°C per kilometer near the surface, reaching approximately 5,400°C
at the inner core.



temperature in their deep mine
increases by 25°C for every
kilometer they dig. If the surface
temperature is 20°C, what
temperature would they expect at
3 km depth?

Design a scale model of Earth's
interior that could fitin a
classroom. Specify the materials
you would use for each layer and
explain why you chose them.

Two models of mantle convection
are proposed: whole-mantle
convection (material circulates
from core to crust) and layered
convection (upper and lower
mantle circulate separately).
Which model is better supported
by current evidence?

An earthquake occurs on the
opposite side of Earth from your
seismograph. You detect P-waves
arriving, but they are deflected at
unusual angles. What layer
boundary caused this deflection?

How do scientists know the outer
core is liquid if no one has ever
been there?

What type of seismic wave can
travel through both solids and
liquids?

What are the four main layers of
Earth from outermost to
innermost?

Mars once had a magnetic field
but lost it billions of years ago.
Compare Mars's current state to
Earth and explain what this
suggests about Mars's interior.

Some people claim Earth is
hollow. Using evidence from
seismic waves, Earth's mass, and
magnetic field, evaluate this

95°C — At 3 km depth: surface temp (20°C) + geothermal increase (25°C/km x 3
km =75°C) = 95°C. This is why deep mines require extensive cooling systems
for workers.

Use a small steel ball (inner core), surround with orange gelatin (outer
core/liquid), wrap with modeling clay (mantle), and coat with thin paper
(crust). Steel represents density, gelatin shows liquid state, clay shows
plasticity, and thin paper shows how thin the crust is. — A good scale
model represents both the relative sizes and physical properties of each layer.
Using materials that mimic the state (solid/liquid/plastic) and relative thickness
of each layer helps viewers understand Earth's interior structure.

Current evidence supports a hybrid model — Seismic tomography images
show some subducting plates sinking through the 660 km discontinuity to the
lower mantle, while others accumulate above it. This supports a hybrid model
where convection is partially layered but allows occasional exchange between
upper and lower mantle. — some subducting slabs penetrate to the lower
mantle while others stall, suggesting partial mixing between layers.

The core-mantle boundary, where wave speed changes dramatically due
to the density difference — The core-mantle boundary represents the largest
density change in Earth's interior (silicate rock to liquid iron). This dramatic
change causes P-waves to refract significantly, altering their path and creating
shadow zones.

S-waves from earthquakes cannot pass through the outer core, and S-
waves cannot travel through liquids — S-waves (shear waves) cannot travel
through liquids. When seismologists noticed that S-waves are blocked by the
outer core (creating a 'shadow zone'), they concluded the outer core must be
liquid.

P-waves (primary waves) — P-waves (primary or compressional waves) can
travel through solids, liquids, and gases. They are the fastest seismic waves and
the first to be detected after an earthquake.

Crust, mantle, outer core, inner core — Earth has four main layers: the thin
crust on the outside, the thick mantle below it, the liquid outer core, and the
solid inner core at the center.

Mars's core likely cooled and solidified, stopping the convection currents
that generate a magnetic field, unlike Earth's still-liquid outer core — Mars
is smaller than Earth, so it cooled faster. Its core likely solidified billions of years
ago, stopping the liquid iron convection needed for a magnetic dynamo.
Without a magnetic field, Mars lost most of its atmosphere to solar wind.

The claim is false — seismic wave behavior proves layered interior, Earth's
total mass requires a dense core, and the magnetic field requires liquid
iron convection — Multiple independent evidence lines disprove hollow Earth:
(1) Seismic waves refract and reflect off internal boundaries, proving layers



claim.

Compare Earth's crust to its core
in terms of thickness, density,
temperature, and composition.
What patterns do you notice?

How does convection in the
mantle relate to the movement of
tectonic plates?

The Mohorovici¢ discontinuity
(Moho) is detected at about 7 km
depth under oceans but 35 km
under continents. What does this
difference tell us about oceanic
vs. continental crust?

Earth's inner core is growing
about 1 mm per year as the outer
core slowly solidifies. What effect
might this have on Earth's
magnetic field over billions of
years?

Why is Earth's magnetic field
important for life on the surface?

What is Earth's thickest layer?

Why is the inner core solid even
though it is hotter than the liquid
outer core?

Why does the asthenosphere flow
slowly like thick putty even
though it is solid rock?

exist; (2) Earth's mass (5.97 x 1024 kg) requires dense material at its center; (3)
The magnetic field requires liquid iron convection in the outer core.

Moving inward, layers become thinner (except mantle), denser, hotter,
and shift from silicate rock to iron-nickel metal — Earth's layers show clear
trends with depth: density increases (2.7 g/cm3 crust to 13 g/cm3 inner core),
temperature increases (surface to ~5,400°C), and composition shifts from light
silicate minerals to heavy iron-nickel metal.

Hot mantle rock rises, spreads laterally, cools, and sinks, creating currents
that drag and push the tectonic plates above — Convection currents in the
mantle act like a conveyor belt. Hot rock rises from near the core, moves
laterally beneath the lithosphere, cools, and sinks back down. This circulation
helps drive tectonic plate movement.

Oceanic crust is much thinner than continental crust, though both overlie
the denser mantle rock below the Moho — The Moho's variable depth
reveals that oceanic crust (~7 km thick) is much thinner than continental crust
(~35 km thick, up to 70 km under mountains). Oceanic crust is thinner but
denser (basalt), while continental crust is thicker but less dense (granite).

As more of the outer core solidifies, less liquid iron is available for
convection, which could weaken and eventually stop the magnetic field —
Earth's magnetic field depends on convection currents in the liquid outer core.
As the inner core grows by solidifying outer core material, the volume of liquid
iron decreases. Eventually, when the core fully solidifies, the magnetic dynamo
will stop, similar to Mars.

It deflects harmful solar radiation and charged particles from the Sun,
protecting the atmosphere and living organisms — Earth's magnetic field,
generated by convection of liquid iron in the outer core, creates a
magnetosphere that deflects solar wind and cosmic radiation. Without it, these
particles would strip away the atmosphere and expose life to dangerous
radiation.

The mantle — The mantle is Earth's thickest layer, extending about 2,900 km
from the base of the crust to the outer core. It makes up approximately 84% of
Earth's total volume.

The extreme pressure at Earth's center compresses the metal so tightly
that it cannot flow as a liquid — Although the inner core reaches
temperatures up to 5,400°C, the immense pressure at Earth's center (about 3.6
million atmospheres) forces the iron atoms so close together that they remain
in a solid state.

High temperature and pressure cause the rock to behave plastically,
allowing it to deform and flow over long time periods — The asthenosphere
is solid rock, but the high temperatures (near melting point) and sustained
pressure cause it to behave in a ductile or plastic manner. Over millions of
years, it flows in slow convection currents.



10. fossils_geologic_time

< Question (fold —)

Some scientists propose
that we are currently in a
sixth mass extinction caused
by human activity. Evaluate
this claim using evidence
from current extinction
rates compared to
background rates.

Two dating methods give
different ages for the same
rock layer: relative dating
suggests it's from the
Jurassic Period, but
radiometric dating gives a
Triassic age. How should a
geologist resolve this
conflict?

How does radioactive dating
work to determine the age
of a rock?

Compare relative dating and
absolute dating. What are
the strengths and
limitations of each method?

The fossil record shows that
99% of all species that ever
lived are now extinct. What
does this tell us about the
nature of life on Earth?

A geologist finds a trilobite
fossil in a rock layer.
Trilobites lived from 521 to
252 million years ago. What
can the geologist conclude
about the age of the rock?

A cliff face shows horizontal
rock layers, a vertical
igneous intrusion cutting

Answer

The claim is well-supported — current extinction rates are estimated at 100-
1,000 times the background rate, driven by habitat destruction, climate
change, pollution, and invasive species — The background extinction rate is about
1-5 species per year. Current rates are estimated at hundreds to thousands of
species per year — 100-1,000x the background rate. Habitat loss, climate change,
pollution, overexploitation, and invasive species drive this acceleration, supporting
the sixth mass extinction hypothesis.

Re-examine both methods for errors — check if the fossils could be reworked
from older layers, verify the radiometric sample wasn't contaminated, and
collect additional samples for retesting — Discrepancies require investigation:
fossils may be reworked (eroded from older rock and redeposited in younger rock),
the radiometric sample may be contaminated with older or younger material, or the
rock may have a complex history. Multiple independent measurements help resolve
conflicts.

Radioactive elements in the rock decay at a known rate (half-life), so
measuring the ratio of parent to daughter atoms reveals the rock's age —
Radioactive (parent) atoms decay into stable (daughter) atoms at a constant rate
called the half-life. By measuring the ratio of parent to daughter atoms in a rock,
scientists can calculate how long ago the rock formed.

Relative dating is simpler and works with any sedimentary rocks but only gives
sequence order. Absolute dating gives specific ages but requires rocks with
radioactive minerals and expensive equipment. — Relative dating (superposition,
cross-cutting, index fossils) establishes order but not exact ages. It's simple and
widely applicable. Absolute dating (radiometric methods) gives specific ages in years
but requires suitable radioactive minerals, sophisticated equipment, and works best
on igneous rocks.

Extinction is the normal fate of species; life constantly evolves with new
species replacing those that go extinct as environments change — The 99%
extinction rate shows that extinction is a natural, ongoing process — not a failure.
Species evolve, thrive for a time, and eventually go extinct as environments change.
This constant turnover drives biodiversity, with new species filling ecological roles
vacated by extinct ones.

The rock is between 521 and 252 million years old — Since trilobites existed only
during the Paleozoic Era (521-252 Ma), the rock containing this fossil must have
formed during that time period. This is an example of using index fossils for relative
dating.

1) Sedimentary layers deposited, 2) Igneous intrusion cut through layers, 3)
Erosion removed upper layers, 4) New sedimentary layers deposited on top —



through them, and an
erosion surface
(unconformity) with more
layers on top. Determine the
order of geological events.

What are index fossils?

Mass extinctions show a
pattern: after each one,
biodiversity drops sharply
but then recovers and
eventually exceeds pre-
extinction levels. What
drives this recovery pattern?

Two rock formations 500 km
apart both contain the same
species of ammonite fossil.
What can a geologist
conclude about the relative
age of these two
formations?

What is the law of
superposition?

Imagine you discover a new
fossil species. Write a
scientific description
including the organism's
likely habitat, diet, and time
period, based on the
following clues: sharp teeth,
found in marine
sedimentary rock from the
Devonian Period,
streamlined body shape.

The Cambrian Explosion
(~541 Ma) saw a rapid
increase in the diversity and
complexity of life. Analyze
why the fossil record
suddenly becomes much
richer at this point.

Why are fossils rarely found

Using cross-cutting relationships (the intrusion cuts through the layers, so it's
younger) and superposition (bottom layers are oldest), the sequence is: deposition —
intrusion — erosion (unconformity) — new deposition. This is a classic geological
history problem.

Fossils of organisms that existed for a short time but were widespread, used to
date rock layers — Index fossils come from species that existed for a relatively short
geological time but were geographically widespread. Because they appear in rock
layers of a specific age range, geologists use them to date and correlate rock
formations across different locations.

Extinctions create empty ecological niches that surviving species evolve to fill
through adaptive radiation, eventually producing greater diversity than before
— Mass extinctions remove dominant species, freeing ecological niches. Surviving
species undergo adaptive radiation — rapidly evolving to fill empty niches. This
diversification eventually produces more species than existed before, often with
entirely new body plans and lifestyles.

The two formations are approximately the same age because they contain the
same index fossil species — Index fossils enable correlation of rock layers across
large distances. If both formations contain the same ammonite species, they formed
during the same time period when that species was alive, regardless of the distance
between them.

In undisturbed rock layers, older layers are on the bottom and younger layers
are on top — The law of superposition states that in any undisturbed sequence of
sedimentary rocks, each layer is younger than the one below it and older than the
one above it. This is the foundation of relative dating.

This is likely a predatory marine fish from the Devonian Period (419-359 Ma),
the 'Age of Fishes.' Its sharp teeth indicate a carnivorous diet, the streamlined
body suggests active swimming, and the marine sedimentary rock confirms an
ocean habitat. It may have hunted smaller fish and invertebrates in Devonian
seas. — Scientific descriptions synthesize multiple lines of evidence: sharp teeth =
predator, marine rock = ocean habitat, streamlined body = active swimmer, Devonian
Period = age dominated by fish. The Devonian (419-359 Ma) saw the greatest
diversification of fish, making a predatory fish the most logical interpretation.

Organisms evolved hard shells, skeletons, and exoskeletons that fossilize well,
and oxygen levels rose enough to support larger, more complex animals — The
Cambrian Explosion appears dramatic partly because organisms evolved mineralized
hard parts (shells, exoskeletons) that preserve much better as fossils. Rising oxygen
levels also supported larger, more complex organisms. Life existed before, but was
soft-bodied and left few fossils.

The extreme heat and pressure that form these rocks would destroy any
organic remains — Igneous rocks form from molten magma/lava (700-1200°C),



in igneous or metamorphic
rocks?

Why do scientists say
dinosaurs went extinct
about 66 million years ago
at the end of the Cretaceous
period?

What is a fossil?

A paleontologist finds a
fossil fish at 2,000 meters
elevation in a desert. Using
your knowledge of fossils
and geologic processes,
explain how this is possible.

What is the geologic time
scale?

What does it mean when the
same fossil species is found
on two continents separated
by an ocean?

A rock sample contains a
radioactive element with a
half-life of 100 million years.
Testing shows 25% of the
original parent atoms
remain. How old is the rock?

Design a museum exhibit
that explains the geologic
time scale to visitors with no
science background.
Describe the layout, key
features, and at least one
interactive element.

A student claims that the
fossil record is complete and
shows every organism that
ever lived. Evaluate this

which would incinerate any remains. Metamorphic rocks form under extreme heat
and pressure that recrystallizes minerals, destroying fossil structures. Only
sedimentary rocks form under gentle enough conditions to preserve fossils.

Dinosaur fossils are found in Cretaceous rocks but not in younger Paleogene
rocks above, and the boundary layer contains evidence of an asteroid impact —
Dinosaur fossils appear in Cretaceous-aged rocks but vanish from younger
Paleogene rocks. The boundary between these periods contains iridium (rare on
Earth, common in asteroids) and shocked quartz, evidence of the Chicxulub asteroid
impact that triggered mass extinction.

Preserved remains or traces of organisms that lived in the past — Fossils are the
preserved remains (bones, shells, teeth) or traces (footprints, burrows) of organisms
that lived in the past, typically found in sedimentary rock layers.

The desert rock formed as sediment in an ancient sea, then tectonic forces
uplifted the rock to its current elevation over millions of years — The area was
once covered by an ancient sea where the fish lived and died. Its remains were
buried in sediment that became sedimentary rock. Over millions of years, tectonic
forces uplifted this rock to high elevation, and the climate changed to desert
conditions.

A system that divides Earth's 4.6-billion-year history into eons, eras, periods,
and epochs — The geologic time scale organizes Earth's 4.6-billion-year history into
hierarchical divisions: eons (largest), eras, periods, and epochs (smallest). Major
boundaries often correspond to mass extinction events or major geological changes.

The continents were once connected, allowing the organism to live across both
before they drifted apart — Finding identical fossil species on separated continents
(like Mesosaurus in South America and Africa) provides evidence for continental drift.
These organisms lived when the continents were joined, and their fossils were
carried apart as the landmasses separated.

200 million years old — After 1 half-life (100 Ma): 50% remains. After 2 half-lives
(200 Ma): 25% remains. Since 25% of parent atoms remain, 2 half-lives have passed,
making the rock 200 million years old.

Create a hallway timeline where 1 meter = 100 million years (46 meters total).
Mark major events with life-size models and fossil replicas. Interactive
touchscreens let visitors 'dig' for virtual fossils at each era. The extreme length
of the Precambrian (first 38 meters with sparse life) versus the Phanerozoic
(last 8 meters packed with events) dramatically shows time perspective. —
Effective science communication makes abstract concepts concrete. A physical
timeline scaled to walking distance makes deep time intuitive — visitors experience
how long the Precambrian lasted compared to the brief age of dinosaurs or humans.
Interactive elements increase engagement and retention.

The claim is false — the fossil record is inherently incomplete because
fossilization requires specific conditions, soft-bodied organisms rarely fossilize,
and many fossils remain undiscovered or have been destroyed — The fossil
record represents a tiny fraction of past life. Fossilization requires rapid burial in
sediment, specific chemical conditions, and preservation over millions of years. Soft-



claim.

Why is the Precambrian eon
(before 541 million years
ago) so poorly represented
in the fossil record?

What type of rock are most
fossils found in?

You discover three
undisturbed rock layers: the
bottom layer has trilobite
fossils, the middle has
dinosaur fossils, and the top
has mammal fossils.
Arrange these layers from
oldest to youngest.

bodied organisms, forest-dwelling species, and small organisms are vastly
underrepresented. Scientists estimate we've found fossils of less than 1% of all
species that ever lived.

Most Precambrian life was soft-bodied microorganisms that rarely fossilize,
and ancient rocks have been heavily altered by heat and pressure — The
Precambrian spans 88% of Earth's history but has few fossils because most life was
microscopic and soft-bodied (bacteria, algae). Hard shells and skeletons — which
fossilize well — didn't evolve until the Cambrian Explosion (~541 Ma). Many
Precambrian rocks have also been metamorphosed.

Sedimentary rock — Most fossils are found in sedimentary rock because the
gradual burial by sediment layers protects remains from decay and the relatively low
temperatures and pressures preserve them. Igneous and metamorphic rocks
typically destroy fossils.

Bottom (trilobites, oldest) — Middle (dinosaurs) — Top — By the law of
superposition, the bottom layer is oldest. This is confirmed by the fossil sequence:
trilobites (Paleozoic, 521-252 Ma) — dinosaurs (Mesozoic, 252-66 Ma) — large
mammals (Cenozoic, 66 Ma-present), matching the known evolutionary timeline.
Mammals, youngest.



11. natural_resources_geology

< Question (fold —)

What is the difference
between renewable
and nonrenewable
resources?

A mining company
proposes to open a
new gold mine near a
town's only water
supply. Evaluate the
risks and benefits the
community should
consider before
making a decision.

What are the three
main fossil fuels?

Why does burning
fossil fuels contribute
to climate change?

A city needs to decide
between building a
coal power plantor a
wind farm. Using your
knowledge of
resources, what factors
should they consider?

Evaluate the claim:
'Recycling metals from
electronic waste is
better for the
environment than
mining new ore.'
Consider both the
benefits and
limitations of e-waste
recycling.

Why is groundwater
considered a
renewable resource in
some locations but

Answer

Renewable resources can be replenished naturally in a human lifetime;
nonrenewable resources take millions of years to form and are finite — Renewable
resources (solar, wind, water, biomass) are replenished by natural processes within a
human lifetime. Nonrenewable resources (fossil fuels, minerals) formed over millions of
years and exist in finite quantities that are being depleted faster than they form.

Benefits include jobs and economic growth. Risks include water contamination from
acid mine drainage and heavy metals, ecosystem damage, noise and dust pollution,
and long-term environmental liability after the mine closes. — This decision involves
balancing economic benefits (employment, tax revenue, economic multiplier effects)
against environmental and health risks (acid mine drainage, heavy metal contamination of
water, habitat destruction, dust). The community should also consider: What happens
when the gold runs out? Who pays for cleanup? Are there alternative economic
opportunities?

Coal, oil (petroleum), and natural gas — Coal, oil (petroleum), and natural gas are the
three main fossil fuels. They formed from the remains of ancient plants and marine
organisms that were buried, compressed, and heated over millions of years.

Burning releases carbon dioxide (CO,) that was stored underground for millions of
years, adding extra greenhouse gases to the atmosphere — Fossil fuels are
concentrated carbon from ancient organisms. Burning them releases this carbon as CO,, a
greenhouse gas. Since this carbon was removed from the atmosphere millions of years
ago, burning it adds 'new' CO, to today's atmosphere, enhancing the greenhouse effect
and warming the climate.

Environmental impact (emissions vs. clean), fuel cost and availability, initial
construction cost, local wind conditions, long-term sustainability, and community
health effects — Coal provides reliable baseload power but produces CO,, air pollutants,
and mining impacts. Wind is clean and renewable but depends on location-specific wind
patterns and has intermittency issues. A thorough analysis considers environmental
impact, cost, reliability, sustainability, health effects, and local conditions.

Generally true — recycling uses less energy, produces less waste, and avoids mining
damage. However, e-waste contains hazardous materials requiring careful handling,
collection rates are low, and some minerals are difficult to separate and recover
economically. — E-waste recycling can recover valuable metals (gold, copper, rare earths)
using 2-10% of the energy required for virgin mining, while avoiding the ecological
destruction of new mines. Limitations include: only ~20% of e-waste is formally recycled,
hazardous components (lead, mercury) require careful processing, and some metals are
present in tiny amounts that are uneconomical to recover.

In areas with adequate rainfall, aquifers recharge naturally. In arid regions or deep
aquifers, water is pumped out faster than it is replenished — Groundwater
renewability depends on the balance between recharge (from precipitation percolating
down) and extraction. In wet climates with shallow aquifers, recharge keeps pace with use.



nonrenewable in
others?

Create a proposal for a
new national park that
protects an area of
geological significance.
Describe the geological
features worth
preserving, the
educational value, and
how to balance
conservation with
public access.

Why are certain
minerals found in
concentrated deposits
rather than spread
evenly throughout
Earth's crust?

Design a sustainable
resource management
plan for a small island
nation that has limited
fossil fuel reserves but
abundant sunshine,
wind, and surrounding
ocean. Include at least
three energy
strategies.

Why are fossil fuels
considered
nonrenewable even
though organic matter
is constantly being
deposited in sediments
today?

Compare how
geothermal energy and
fossil fuel energy relate
to Earth's internal heat.
Why is geothermal
considered renewable
while fossil fuels are
not?

What is a natural
resource?

In arid regions or deep fossil aquifers (like the Ogallala), extraction far exceeds recharge,
making the water effectively nonrenewable.

Propose protecting an area with exposed geological formations showing the
complete rock cycle (volcanic formations, sedimentary layers with visible fossils,
metamorphic contact zones). Include educational trails with interpretive signage, a
visitor center with interactive geology exhibits, limit visitor numbers in fragile
areas, and establish research partnerships with universities. — Great geological parks
(like Grand Canyon, Yellowstone) succeed by combining preservation with education.
Exposed rock sequences, fossil beds, volcanic features, and fault zones tell Earth's story
visually. Managed public access with interpretive programs creates advocates for
conservation while limiting impact on fragile features.

Geological processes like magma cooling, hydrothermal circulation, weathering, and
sedimentation concentrate minerals in specific locations — Geological processes
concentrate minerals: magma crystallization separates heavy minerals from light ones,
hydrothermal fluids dissolve and redeposit minerals in veins, weathering removes lighter
materials leaving heavy minerals behind, and sedimentation sorts particles by density.

1) Solar panel farms on non-agricultural land for daytime electricity. 2) Offshore
wind turbines leveraging consistent ocean winds. 3) Ocean thermal energy
conversion (OTEC) using temperature differences between surface and deep water.
Add battery storage for nighttime use, and use waste biomass for backup
generation. — A sustainable plan leverages the island's natural advantages: abundant
solar radiation, consistent ocean winds, and thermal energy in surrounding waters.
Combining multiple renewable sources with energy storage provides reliable, clean
electricity while reducing dependence on imported fossil fuels.

The formation process takes millions of years, so fossil fuels are consumed far faster
than they can form — While organic sediment is being deposited today, the
transformation into fossil fuels requires specific conditions and millions of years.
Humanity consumes fossil fuels millions of times faster than they form, making them
effectively nonrenewable on human time scales.

Both originate from Earth's internal processes, but geothermal directly taps ongoing
heat from radioactive decay and residual formation heat, while fossil fuels are
stored solar energy trapped in ancient organic matter that took millions of years to
concentrate — Geothermal energy taps Earth's continuously produced internal heat
(from radioactive decay of uranium, thorium, potassium, and residual heat from
formation). This heat is practically inexhaustible. Fossil fuels stored ancient solar energy in
organic matter that required millions of years of specific geological conditions to form —
they cannot be replenished on human time scales.

A material or substance found in nature that humans use for economic or practical
purposes — Natural resources are materials from the natural environment that humans
use to meet their needs. They include minerals, fossil fuels, water, soil, forests, and more.

Mineral wealth can lead to corruption, conflict over resource control, neglect of



Analyze why some
developing countries
rich in mineral
resources still have
high poverty rates (the
‘'resource curse').

What is an ore?

Some scientists
advocate for mining
asteroids to obtain
rare metals instead of
mining Earth. Evaluate
the feasibility and
potential impacts of
this approach.

Compare the
environmental impacts
of surface mining (strip
mining) versus
underground mining.
Which has greater
ecological disruption
and why?

Rare earth elements
are essential for
electronics, wind
turbines, and electric
vehicles, but mining
them causes significant
environmental
damage. Analyze this
dilemma.

How do fossil fuels
form?

Earth's population
uses about 100 million
barrels of oil per day.
Analyze why simply
discovering new oil
deposits is not a long-

other economic sectors, environmental degradation affecting local communities,
and profits leaving the country to foreign companies — The 'resource curse' occurs
when mineral wealth concentrates power and money among elites, fuels corruption and
conflict, discourages investment in education and diversified industries, and causes
environmental harm to local communities. Revenue often flows to foreign mining
companies rather than benefiting the general population.

A naturally occurring rock or mineral from which a metal or valuable mineral can be
profitably extracted — An ore is a rock or mineral deposit that contains enough of a
valuable substance (usually a metal) to make mining and extraction economically
worthwhile. Examples include iron ore (hematite), copper ore (chalcopyrite), and
aluminum ore (bauxite).

A single metal-rich asteroid could contain more platinum than all Earth's reserves,
but current technology makes space mining prohibitively expensive. It could reduce
environmental damage on Earth but raises questions about space governance, cost,
and technological readiness. — Asteroids contain vast concentrations of platinum-group
metals, iron, and nickel. A single 500m asteroid could contain more platinum than has
ever been mined on Earth. However, current launch costs, remote operation challenges,
and return-to-Earth logistics make this decades away from economic viability. It could
eventually reduce Earth mining impacts but raises new questions about space property
rights and international governance.

Surface mining causes greater ecological disruption because it removes entire
ecosystems, topsoil, and rock layers, leaving massive open pits and waste piles that
are difficult to restore — Surface mining removes vegetation, soil, and overlying rock
(overburden) to reach ore, destroying entire landscapes. While underground mining has
smaller surface footprints, it can cause subsidence and acid mine drainage. Surface
mining's massive land disturbance, habitat destruction, and difficulty of reclamation make
it more ecologically disruptive.

Green technologies require rare earths, but their mining produces toxic waste and
radioactive byproducts. Solutions include recycling electronics, developing
alternative materials, and improving mining practices to reduce environmental
harm. — This is a genuine dilemma: transitioning away from fossil fuels requires rare
earth minerals, but mining them creates toxic tailings, radioactive thorium waste, and
habitat destruction. Balancing this requires improved recycling of e-waste (currently <1%
of rare earths are recycled), developing substitutes, and enforcing strict environmental
standards at mines.

From ancient organisms buried under sediment that were transformed by heat and
pressure over millions of years — Fossil fuels formed from the remains of organisms
that lived millions of years ago. Dead plants (— coal) and marine organisms (— oil and gas)
were buried under layers of sediment. Over millions of years, heat and pressure
transformed the organic material into hydrocarbons.

Oil is finite — new discoveries are declining, remaining deposits are harder and
more expensive to extract, and continued use worsens climate change regardless of
supply — Peak oil theory shows that discovery of new large oil fields peaked decades ago.
Remaining reserves are in harder-to-reach locations (deep ocean, Arctic) with higher
extraction costs and environmental risks. Even if supply were unlimited, burning oil
releases CO, that accelerates climate change, necessitating a transition to renewable



term solution to
energy needs.

If the price of copper
ore drops below the
cost of mining it, what
happens to the copper
deposit?

A farming community
discovers their well
water contains high
levels of arsenic. Using
your knowledge of
geology, what natural
source could explain
this contamination?

A geologist discovers a
rock formation that
contains large crystals
of copper sulfide
minerals deep
underground near an
ancient volcanic
intrusion. What type of
mineral deposit is this
likely to be?

A country wants to
reduce its dependence
on imported oil. Using
geology, suggest where
they should explore for
domestic energy
resources.

How does the rock
cycle relate to the
formation and
distribution of natural
resources?

energy.

It is no longer economically classified as an ore — The classification of a mineral
deposit as 'ore' depends on economic factors. When extraction costs exceed the market
value of the metal, the deposit is no longer ore — it's just a mineral deposit. If prices rise,
extraction technology improves, or new uses increase demand, it could become ore again.

Arsenic-bearing minerals in the local bedrock or aquifer sediments are dissolving
naturally into the groundwater — Many rock types naturally contain arsenic-bearing
minerals (arsenopyrite, realgar). As groundwater flows through these rocks, it can dissolve
arsenic, concentrating it to harmful levels. This is a major natural water quality issue in
regions with arsenic-rich geology, affecting millions worldwide.

A hydrothermal deposit formed when hot mineral-rich fluids from the volcanic
intrusion cooled and deposited copper minerals in cracks and pores — Hydrothermal
deposits form when superheated water from magmatic activity dissolves metals and
carries them through fractures in surrounding rock. As the fluid cools, dissolved metals
precipitate as mineral crystals — often forming rich ore veins of copper, gold, or silver
near igneous intrusions.

Investigate sedimentary basins for oil/gas, geothermal areas near volcanic regions
for geothermal energy, coastal/highland areas for wind, and sunny regions for solar
potential — Oil and gas are found in sedimentary basins with source rocks, reservoir
rocks, and trap structures. Geothermal energy is concentrated near volcanic and tectonic
activity. Understanding local geology helps target exploration efficiently and identify the
most promising domestic energy sources.

Different stages of the rock cycle create different resources — The rock cycle drives
resource formation: igneous processes concentrate metal ores (copper, gold), sedimentary
processes preserve fossil fuels and form limestone/sandstone, metamorphic processes
create marble, slate, and gemstones (diamonds, rubies). Understanding the rock cycle
helps locate resources.



12. Plate Tectonics

< Question (fold —)

If you observe a
volcano producing
long, fast-flowing
rivers of glowing lava
with little ash, what
type of eruption is
occurring?

Why do shield
volcanoes have gentle
slopes while
composite volcanoes
have steep slopes?

A volcanic island chain
shows progressively
older islands to the
northwest and the
youngest island with
active volcanoes to
the southeast. What
tectonic process
explains this pattern?

Design a volcano
monitoring station for
a remote composite
volcano. What
instruments would
you include and what
warning signs would
each detect?

Compare the eruption
of Mount St. Helens
(1980) to a typical
Hawaiian eruption.
What key difference in
magma composition
explains their
different eruption
styles?

What is the bowl-
shaped depression at
the top of a volcano
called?

Geologists find layers
of basalt rock

Answer

Effusive eruption — An effusive eruption occurs when low-viscosity lava flows freely from
the vent. Gas escapes easily from the thin magma, so there is little explosive activity. This is
typical of basaltic shield volcanoes like those in Hawaii.

Shield volcanoes erupt low-viscosity lava that flows far, while composite volcanoes
erupt thicker lava and ash that pile up steeply — Low-viscosity basaltic lava from shield
volcanoes flows easily over long distances, creating wide, gentle slopes. Composite
volcanoes produce more viscous lava and explosive ash that accumulate near the vent,
building steep sides.

The Pacific Plate is moving northwest over a stationary hotspot — A hotspot is a fixed
plume of rising magma from deep in the mantle. As the tectonic plate moves over the
hotspot, new volcanoes form while older ones are carried away and become extinct. This
creates a chain of islands with ages increasing in the direction of plate motion.

Include seismometers (detect magma-related earthquakes), GPS/tiltmeters (detect
ground deformation), gas sensors (measure SO2 and CO2 increases), thermal
cameras (detect heat changes), and lahar detection sensors along river valleys — A
comprehensive volcano monitoring station includes: seismometers to detect earthquake
swarms from rising magma, GPS stations and tiltmeters to measure ground swelling, gas
spectrometers to track increases in SO2 and CO2 emissions, infrared/thermal cameras to
detect temperature changes, and acoustic flow monitors (AFMs) on river valleys to detect
lahars. Multiple instrument types provide redundancy and reduce false alarms.

Mount St. Helens had high-silica magma causing explosive eruption, while Hawaiian
volcanoes have low-silica magma causing effusive eruptions — Mount St. Helens
erupted explosively because its andesitic-to-dacitic magma was high in silica, making it very
viscous and trapping dissolved gases under enormous pressure. Hawaiian basaltic magma
has low silica, allowing gas to escape gently and lava to flow freely.

Crater — A crater is the bowl-shaped opening at the top of a volcano that forms around
the vent where erupted material exits. A caldera is much larger and forms when a volcano
collapses inward.



covering a huge flat
area with no visible
volcanic cone. What
volcanic feature
formed this
landscape?

A community lives
near a composite
volcano. Which
hazard should their
emergency plan
prioritize?

What type of volcano
is built from layers of
both lava flows and
volcanic ash?

How does magma
differ from lava?

Scientists detect that
a dormant volcano's
ground surface is
bulging upward and
small earthquakes are
increasing. What does
this suggest?

Why are volcanic
eruptions along the
Ring of Fire often
more explosive than
eruptions at mid-
ocean ridges?

What causes a
pyroclastic flow
during a volcanic
eruption?

What is the term for
molten rock that
reaches Earth's
surface during a
volcanic eruption?

Mount Kilauea in
Hawaii produces lava
that flows steadily for
weeks. Using this

Flood basalt (fissure eruption) — Flood basalts form when enormous volumes of low-
viscosity basaltic lava erupt from long fissures (cracks) rather than a central vent. The lava
spreads over vast areas, creating flat plateaus like the Columbia River Basalt Group.

Pyroclastic flows and lahars — Communities near composite volcanoes face the greatest
risk from pyroclastic flows (superheated gas and debris) and lahars (volcanic mudflows).
Both can travel quickly and devastate areas far from the summit, making them top
priorities for emergency planning.

Composite volcano (stratovolcano) — Composite volcanoes, also called stratovolcanoes,
are built from alternating layers of lava flows and pyroclastic material like ash and cinders,
giving them tall, steep-sided profiles.

Magma is molten rock below Earth's surface; lava is molten rock that has erupted
onto the surface — Magma and lava are essentially the same material — molten rock —
but magma refers to it while still underground in the crust or mantle, and lava refers to it
after it has erupted onto Earth's surface.

Magma is rising beneath the volcano and an eruption may be approaching — Ground
deformation (bulging) and increased seismicity are two key precursors to volcanic
eruptions. They indicate that magma is moving upward through the crust, building
pressure beneath the volcano.

Subduction zones produce magma with more water and silica, making it more
viscous and gas-rich — At subduction zones along the Ring of Fire, ocean water is dragged
down with the subducting plate, adding water to the magma. This water-rich, silica-rich
magma is more viscous and traps gases, leading to violent explosive eruptions.

A fast-moving cloud of superheated gas, ash, and rock fragments rushes down the
volcano's slopes after an explosive eruption — Pyroclastic flows occur when an
explosive eruption column collapses or when a lava dome breaks apart. The mixture of hot
gas, ash, and rock fragments races downhill at speeds up to 700 km/h and temperatures
over 700°C.

Lava — Molten rock is called magma when it is below Earth's surface and lava once it
erupts and flows on the surface.

Low-silica (basaltic) magma — Kilauea's lava flows steadily because its basaltic magma
has low silica content (about 50%), making it very fluid. High-silica magmas are thick and



information, classify
its magma
composition.

A volcano erupts with
a massive explosion
of ash and gas but
very little flowing lava.
What type of volcano
is this most likely?

Why is volcanic soil
often very fertile for
farming?

Which volcanic rock is
so lightweight that it
can float on water?

Why do volcanic
eruptions at
convergent plate
boundaries tend to be
more dangerous to
nearby populations
than eruptions at
divergent boundaries?

Examine this scenario:
a volcano has not
erupted in 10,000
years, but hot springs
and gas vents are still
active nearby. Is this
volcano extinct or
dormant? Justify your
answer.

What is the Ring of
Fire?

A city government
must decide whether
to allow new housing
development on
fertile volcanic soil 20
km from an active
composite volcano.
Evaluate the risks and
benefits of this
decision.

sticky, leading to explosive eruptions rather than steady flows.

Composite volcano (stratovolcano) — Composite volcanoes are known for explosive
eruptions because their magma is rich in silica, making it very viscous. Gas cannot escape
easily, so pressure builds until it is released in a violent explosion of ash, gas, and rock.

Volcanic ash and lava break down into minerals that enrich the soil with nutrients
plants need — When volcanic ash and lava weather and break down over time, they
release essential minerals like potassium, phosphorus, calcium, and iron into the soil. This
makes volcanic regions some of the most fertile agricultural areas in the world.

Pumice — Pumice forms when gas-rich frothy lava cools rapidly, trapping many tiny air
bubbles inside. These bubbles make pumice less dense than water, allowing it to float.

Convergent boundary eruptions are more explosive and often occur near populated
coastal areas, while divergent boundary eruptions are usually effusive and occur on
the ocean floor — Convergent boundaries (subduction zones) produce viscous, gas-rich
magma that erupts explosively, and many subduction zone volcanoes are located near
populated coastlines. Divergent boundaries are mostly on the ocean floor (mid-ocean
ridges), where effusive basaltic eruptions pose little direct threat to people.

Dormant — the presence of hot springs and gas vents indicates an active heat source
and magma system beneath it — A dormant volcano has not erupted recently but still
shows signs of an active magmatic system, such as hot springs, fumaroles (gas vents), or
ground deformation. An extinct volcano has no remaining heat source. The ongoing
hydrothermal activity here indicates the volcano could erupt again.

A zone of frequent earthquakes and volcanic eruptions encircling the Pacific Ocean
— The Ring of Fire is a horseshoe-shaped zone around the edges of the Pacific Ocean
where many tectonic plates meet, producing about 90% of the world's earthquakes and
most volcanic eruptions.

The fertile soil benefits agriculture, but the proximity to an explosive composite
volcano poses serious risks from pyroclastic flows, lahars, and ashfall that can reach
20 km — While volcanic soil is excellent for agriculture, 20 km from an active composite
volcano is within range of pyroclastic flows (up to 100 km), lahars (which follow river valleys
for tens of km), and heavy ashfall. Any development should require strict building codes,
evacuation routes, early warning systems, and land-use zoning.



After a major eruption
covers a region in
thick ash, some
experts say the area
will recover quickly
while others predict
long-term damage.
Evaluate what factors
determine the
recovery timeline.

Which type of volcano
has broad, gently
sloping sides built
from many layers of
fluid lava flows?

Some scientists
propose injecting
water into volcanic
vents to extract
geothermal energy.
Evaluate the potential
risks of this approach.

Recovery depends on ash thickness, rainfall patterns, type of vegetation, soil
composition underneath, and whether toxic gases continue to be emitted — Thin ash
deposits (a few cm) can enrich soil within a few years as rainfall breaks down minerals.
Thick deposits (meters) may take decades or centuries to weather into usable soil. Factors
include rainfall (speeds weathering), temperature, pre-existing soil quality, whether plant
seeds survive underneath, and ongoing volcanic gas emissions that can poison soil and
water.

Shield volcano — Shield volcanoes have broad, gently sloping profiles because they are
built from many flows of low-viscosity basaltic lava that spreads far before cooling.

Injecting water into a volcanic system could trigger phreatic (steam) explosions,
induce earthquakes, or destabilize the magma chamber unpredictably — When water
contacts extremely hot rock or magma, it can flash to steam instantly, expanding to 1,700
times its liquid volume. This could trigger phreatic explosions. Additionally, injecting fluids
into rock can induce seismicity by changing pore pressure along faults, and the interaction
with a volcanic system adds unpredictable risks.



13. Plate Tectonics

< Question (fold

-)

What instrument is
used to detect and
record seismic
waves from
earthquakes?

A coastal town
receives a tsunami
warning 20 minutes
after a large
offshore
earthquake. What
actions should
residents take?

How can a relatively
small earthquake
far out at sea
generate a
devastating tsunami
on a distant coast?

Scientists at three
seismograph
stations each
determine their
distance from an
earthquake's
epicenter. How do
they pinpoint the
exact epicenter
location?

What is a tsunami?

What scale
measures the
magnitude of an
earthquake based
on the amplitude of
seismic waves?

Compare the
earthquake hazards

Answer

Seismograph (seismometer) — A seismograph (or seismometer) is an instrument that
detects ground motion caused by seismic waves. It records the vibrations on a seismogram,
which scientists analyze to determine an earthquake's location, depth, and magnitude.

Immediately move to high ground or inland, away from the coast — Residents should
immediately evacuate to high ground (at least 30 meters above sea level) or move as far
inland as possible. Tsunamis can arrive within minutes of the warning and travel faster than a
person can run. Going to the beach is extremely dangerous — if you can see the wave, it is
too late to escape. Multiple waves may arrive over several hours, so stay at high ground until
officials declare it safe. — do not wait to see the wave.

A submarine earthquake displaces a large volume of ocean water; the wave has low
height in deep water but grows dramatically as it reaches shallow coastal waters —
When a submarine earthquake vertically displaces the ocean floor, it pushes up a column of
water. In deep ocean, this wave has enormous energy but only about 1 meter of height,
traveling at jet-plane speeds. As it enters shallow coastal waters, the wave slows down and its
energy compresses, causing the wave height to increase dramatically — sometimes to 10-30
meters.

They use triangulation — drawing circles with the calculated radius around each
station; the epicenter is where all three circles intersect — Each station calculates its
distance from the epicenter using the P-wave and S-wave arrival time difference. A circle is
drawn around each station with that distance as the radius. Two circles intersect at two
points; a third circle narrows it to one point — the epicenter. This method is called
triangulation.

A series of large ocean waves caused by an underwater earthquake, volcanic eruption,
or landslide — A tsunami is a series of ocean waves with very long wavelengths generated
by large-scale disturbances of the ocean floor, most commonly from underwater
earthquakes at subduction zones. Tsunamis can travel across entire ocean basins at speeds
over 700 km/h.

Richter scale — The Richter scale (local magnitude scale), developed by Charles Richter in
1935, measures earthquake magnitude based on the largest seismic wave amplitude
recorded on a seismograph. Each whole number increase represents 10 times more ground
motion and about 31.6 times more energy released.

San Francisco faces strike-slip earthquakes with strong lateral shaking, while Tokyo



faced by a city on a
transform boundary
(like San Francisco)
versus a city on a
convergent
boundary (like
Tokyo). How do the
risks differ?

Seismograph
stations worldwide
detect P-waves from
an earthquake but
there is a zone
between 104° and
140° from the
epicenter where no
direct P-waves are
received. What
causes this 'shadow
zone'?

What is the
underground point
where an
earthquake rupture
begins called?

What is the point on
Earth's surface
directly above
where an
earthquake
originates?

What are the two
main types of
seismic body
waves?

Design an
earthquake
preparedness plan
for your school.
Include what to do
before, during, and
after an earthquake.

Japan's earthquake
early warning
system sends alerts
seconds before

faces subduction-zone earthquakes that can be more powerful and also generate
tsunamis — Transform boundary earthquakes (San Francisco) are typically magnitude 6-8
with strong horizontal shaking but rarely generate tsunamis. Subduction zone earthquakes
(Tokyo) can reach magnitude 9+ because the fault area is much larger, and the vertical
displacement of the ocean floor can trigger devastating tsunamis. Tokyo also faces deeper
earthquakes from the subducting plate. Both cities face liquefaction and building collapse
risks.

Earth's liquid outer core refracts P-waves, bending them away from the shadow zone
— When P-waves encounter the liquid outer core, they are refracted (bent) due to the change
in density and wave speed. This bending redirects P-waves away from the 104°-140° zone,
creating a 'shadow' where no direct P-waves are detected. This shadow zone was key
evidence that Earth has a liquid outer core.

Focus (hypocenter) — The focus (also called the hypocenter) is the point within Earth where
the earthquake rupture initiates. It can be shallow (0-70 km), intermediate (70-300 km), or
deep (300-700 km). The epicenter is the corresponding surface point directly above.

Epicenter — The epicenter is the point on Earth's surface directly above the focus
(hypocenter), which is where the earthquake actually begins underground. The epicenter is
where shaking is usually felt most strongly.

P-waves (primary) and S-waves (secondary) — P-waves (primary waves) are compressional
waves that travel fastest and arrive first. S-waves (secondary waves) are shear waves that
arrive second. Both travel through Earth's interior, unlike surface waves which travel along
the surface.

Before: secure heavy furniture, create emergency kits, practice drills. During: Drop,
Cover, Hold On under desks. After: evacuate if damaged, check for injuries, avoid
damaged structures, follow reunification plan — A comprehensive school earthquake
plan includes: BEFORE — secure bookshelves and heavy equipment to walls, stock
emergency supplies (water, first aid, flashlights), assign roles to staff, practice
Drop/Cover/Hold On drills quarterly. DURING — Drop, Cover, Hold On under desks, stay
away from windows, do not run outside during shaking. AFTER — evacuate to designated
assembly area, account for all students, check for injuries, do not re-enter buildings until
inspected, follow parent-student reunification procedures, have backup communication
plans if phones are down.

The system would be less effective in Haiti due to the need for a dense, expensive
seismograph network, reliable communication infrastructure, public education, and
earthquake-resistant buildings — all of which require significant investment — Japan's



strong shaking
arrives. Evaluate
whether this system
would be equally
effective in a
country like Haiti.

Some researchers
propose that
animals can predict
earthquakes.
Evaluate the
scientific validity of
using animal
behavior as an
earthquake warning
system.

Why do P-waves
arrive at a
seismograph station
before S-waves?

A seismograph
shows that P-waves
arrived 5 minutes
before S-waves. A
closer station
recorded a 2-minute
gap. Which station
is farther from the
epicenter?

Why do most
earthquakes occur
along tectonic plate
boundaries?

Analyze why Japan
experiences more
earthquakes than
Australia,
considering plate
tectonic setting.

Should earthquake-
prone cities
mandate that all
older buildings be
retrofitted to
modern seismic

early warning system works because of: thousands of seismometers providing dense
coverage, robust telecommunication infrastructure for instant alerts, public education so
people know how to respond, and building codes that help structures survive the seconds of
shaking. Haiti faces challenges in all these areas due to limited funding, infrastructure gaps,
and the 2010 earthquake's devastating impact on institutions. International support and
simpler, low-cost warning technologies could help bridge these gaps.

While some animals may detect P-waves or other precursors before humans feel
shaking, animal behavior is not reliable or consistent enough to serve as a scientific
early warning system — Some animals may sense P-waves, ground tilting, or
electromagnetic changes before humans notice shaking. However, there is no scientifically
validated, consistent pattern of animal behavior that reliably predicts earthquakes. Animals
react to many stimuli, making it impossible to distinguish earthquake-related behavior from
normal responses. Scientific early warning systems using seismograph networks are far more
reliable and can provide seconds to minutes of warning.

P-waves travel faster because they compress and expand rock in the direction of
travel, while S-waves move rock side-to-side which is slower — P-waves (compressional
waves) travel at about 6-8 km/s through crustal rock by compressing and expanding material
in the direction of wave travel. S-waves (shear waves) travel at about 3.5-4.5 km/s by moving
material perpendicular to the wave direction. This slower motion means S-waves always
arrive after P-waves.

The station with the 5-minute gap is farther from the epicenter — Since P-waves travel
faster than S-waves, the time gap between their arrivals increases with distance from the
epicenter. A 5-minute gap means the waves traveled farther (giving P-waves more time to
pull ahead), so that station is farther from the epicenter than the one with a 2-minute gap.

Plate boundaries are where plates interact, creating stress that builds up in rock until
it is released as an earthquake — Tectonic plates are constantly moving, and at their
boundaries they collide, pull apart, or slide past each other. These interactions create
enormous stress in the rock. When the stress exceeds the rock's strength, it fractures and
slips along a fault, releasing energy as an earthquake.

Japan sits at the junction of four tectonic plates with active subduction zones, while
Australia sits in the middle of the Indo-Australian Plate far from active boundaries —
Japan is located at the convergence of the Pacific, Philippine Sea, Eurasian, and North
American plates, with active subduction zones generating frequent earthquakes. Australia is
situated in the stable interior of the Indo-Australian Plate, far from any active plate boundary,
so it experiences very few and usually mild earthquakes.

Retrofitting saves lives and reduces economic losses from earthquake damage, but the
high cost can burden building owners and may displace residents — a phased approach
targeting highest-risk buildings first is most practical — Mandatory seismic retrofitting
saves lives and reduces injury, infrastructure damage, and long-term economic disruption.
However, retrofitting can cost thousands to millions of dollars per building, potentially
making housing unaffordable. A balanced approach prioritizes: unreinforced masonry



standards? Evaluate
the costs and
benefits.

You live in an
earthquake-prone
region and are
indoors when
shaking begins.
What should you
do?

After a magnitude
7.0 earthquake,
hundreds of smaller
earthquakes follow
over the next few
weeks. Analyze
what is happening
and what these
smaller earthquakes
are called.

Why can't S-waves
travel through
Earth's outer core?

If an earthquake
measures 6.0 on the
Richter scale,
approximately how
much more ground
shaking does it
produce compared
to a 4.0 earthquake?

An earthquake
strikes a city and
buildings on soft,
water-saturated soil
suffer far more
damage than
buildings on solid
bedrock nearby.
What phenomenon
explains this?

How does the
Richter scale differ
from the Modified
Mercalli Intensity
scale?

buildings (highest collapse risk), hospitals and schools (critical facilities), buildings on soft soil
(liquefaction risk), and provides financial assistance programs and phased timelines for
compliance.

Drop, Cover, and Hold On — get under a sturdy desk or table, cover your head and
neck, and hold on until shaking stops — The recommended earthquake safety action is
Drop, Cover, and Hold On. Drop to your hands and knees, take cover under a sturdy piece of
furniture, and hold on until shaking stops. Running outside is dangerous because of falling
debris from buildings. Standing in doorways is no longer recommended as doors can slam
and doorframes are no stronger than other parts of modern buildings.

These are aftershocks — smaller earthquakes caused by the crust readjusting and
redistributing stress after the mainshock — Aftershocks are smaller earthquakes that
follow a mainshock as the crust adjusts to the new stress distribution. The mainshock shifts
stress onto adjacent fault segments, which then slip in smaller ruptures. Aftershocks
decrease in frequency and magnitude over time (following Omori's Law) but can continue for
weeks, months, or even years after a major earthquake.

S-waves are shear waves that require a rigid medium, and the outer core is liquid,
which cannot support shearing motion — S-waves move rock particles perpendicular to
the wave's direction (shearing). Liquids have no rigidity and cannot support shear stress, so S-
waves cannot pass through them. This is actually how scientists discovered that Earth's outer
core is liquid — S-waves create a 'shadow zone' on the far side of Earth.

100 times more ground shaking — The Richter scale is logarithmic: each whole number
increase represents 10 times more ground motion amplitude. A magnitude 6.0 is 2 units
above 4.0, so it produces 10 x 10 = 100 times more ground shaking. (In terms of energy, it
would be about 31.6 x 31.6 = 1,000 times more energy.)

Liquefaction — saturated loose soil loses strength during shaking and behaves like a
liquid — Liquefaction occurs when water-saturated, loosely packed soil loses its strength
during earthquake shaking and behaves like a liquid. Buildings on liquefied ground can sink,
tilt, or collapse. Solid bedrock does not liquefy and also amplifies seismic waves less than soft
soil, resulting in less damage.

The Richter scale measures the magnitude (energy released) at the source, while the
Mercalli scale measures the intensity of shaking effects at specific locations — The
Richter scale assigns one magnitude number to an earthquake based on seismograph
recordings, measuring energy released at the source. The Modified Mercalli scale assigns
different intensity values (I-XIl) to different locations based on observed effects — damage,



shaking felt, and structural impact — so it varies with distance from the epicenter.



14. Plate Tectonics

< Question (fold

-)

Why does isostasy
cause mountains
to slowly rise even
as erosion wears
them down?

What is the term
for the process of
mountain building
caused by tectonic
forces?

What is the term
for the wearing
away and
transport of rock
material by wind,
water, ice, or
gravity?

You observe a
road cut exposing
rock layers that
are bentinto a U-
shape (curving
downward). What
geological
structure is this?

How does frost
wedging
contribute to the
breakdown of
mountain rock?

What is a fold in
geology?

Analyze why
mountains at the
equator can have
glaciers at their
summits while
surrounding

Answer

As erosion removes mass from the top, the lighter crust floats higher on the denser
mantle to reach a new equilibrium, causing the mountain roots to rise — Isostasy is the
gravitational equilibrium between Earth's crust and mantle, similar to how an iceberg floats in
water. Mountains have deep 'roots' of crust extending into the mantle. When erosion removes
mass from the top, the crust rebounds upward (isostatic rebound) to maintain equilibrium. This
means mountains erode much more slowly than expected because they partially 'bounce back'
as material is removed.

Orogeny — Orogeny is the process by which mountains are formed through tectonic forces,
primarily the collision and compression of tectonic plates. It involves folding, faulting, and
thickening of Earth's crust. Major orogenies include the Himalayan orogeny (India colliding with
Asia) and the Alleghenian orogeny (forming the Appalachians).

Erosion — Erosion is the process by which weathered rock and soil are picked up and
transported to new locations by agents like water (rivers, rain), wind, ice (glaciers), and gravity
(landslides). Erosion works alongside weathering to gradually wear down mountains and
reshape landscapes.

A syncline — A syncline is a fold in rock layers that bends downward, forming a U-shape or
trough. The oldest rocks are on the outside of the fold, and the youngest rocks are in the
center. An anticline is the opposite — an upward-arching fold (A-shape). The mnemonic
'syncline sinks' can help you remember.

Water seeps into cracks in rock and expands when it freezes, widening the cracks and
eventually breaking the rock apart — Frost wedging (freeze-thaw weathering) occurs when
water enters cracks and pores in rock. When temperatures drop below freezing, the water
expands by about 9% as it becomes ice, exerting tremendous pressure on the rock walls.
Repeated freeze-thaw cycles gradually widen cracks until pieces of rock break off. This is one of
the most effective physical weathering processes in mountain environments.

A bend in rock layers caused by compressional tectonic forces — A fold is a bend or curve
in originally flat rock layers (strata) caused by compressional forces. An upward-arching fold is
called an anticline, and a downward-bending fold is called a syncline. Folds are common in
mountain belts where tectonic plates converge.

Temperature decreases with altitude (about 6.5°C per 1000 m), so very high mountains
can be cold enough for glaciers even at tropical latitudes — The atmospheric lapse rate
causes temperature to drop approximately 6.5°C for every 1,000 meters of elevation gain. A
mountain at the equator with a summit at 5,000+ meters experiences temperatures well below
freezing at the top, even though the base may be in a warm tropical environment. This is why



lowlands are
warm and
tropical.

Compare the
formation of the
Himalayas
(continent-
continent
collision) with the
formation of the
Andes (ocean-
continent
subduction). How
do their
structures differ?

Design an
experiment to
demonstrate how
folding and
faulting create
mountains using
simple classroom
materials.

Which mountain
range was formed
by the collision of
the Indian and
Eurasian tectonic
plates?

Some people
argue that
mountain building
isonly a
destructive
process because
of earthquakes
and landslides.
Evaluate this
claim by
considering both
destructive and
constructive
aspects.

What type of fault
occurs when rock
on one side
moves upward
relative to the

mountains like Kilimanjaro (5,895 m) and the Ecuadorian Andes can support glaciers despite
their equatorial location.

The Himalayas are primarily folded and thrust-faulted sedimentary and metamorphic
rock without active volcanoes, while the Andes include a volcanic arc from subduction
plus folded sedimentary rock — The Himalayas formed from two continental plates colliding
— neither subducts because continental crust is too buoyant. This produces intense folding,
thrust faulting, and crustal thickening but no volcanic arc. The Andes formed from oceanic-
continental subduction, where the descending Nazca Plate melts and generates magma,
creating an active volcanic chain alongside folded and faulted sedimentary rock. The Andes
thus have both tectonic uplift and volcanic construction.

Layer different colored modeling clay or towels to represent rock strata, then push from
both ends to show folding (anticlines and synclines), and cut at an angle to demonstrate
how faults allow blocks to move up or down — Materials: colored modeling clay, foam
layers, or folded towels representing rock strata. Procedure: (1) Stack flat, horizontal layers of
different colors. (2) FOLDING: slowly push both ends inward — layers buckle into anticlines and
synclines, showing fold mountains. (3) FAULTING: use a knife to cut the layers at a 45° angle,
then push one side up to show a reverse fault, or pull apart to show a normal fault. (4)
EROSION: use a butter knife to scrape the tops of folds to reveal older layers exposed by
erosion. Students record observations and compare to real mountain cross-sections.

The Himalayas — The Himalayas formed when the Indian Plate collided with the Eurasian
Plate beginning about 50 million years ago. The collision is still ongoing, pushing the Himalayas
higher by about 5 mm per year. This is the most dramatic example of continental-continental
convergence.

Mountain building is both destructive (causing earthquakes, landslides, and habitat
disruption) and constructive (creating new habitats, mineral deposits, water resources,
fertile soil, and influencing climate and weather patterns) — While mountain building
causes destructive earthquakes and landslides, it is also profoundly constructive: mountains
create diverse habitats that support biodiversity, force air upward to produce rainfall
(orographic precipitation), act as water towers storing snow and ice that feed rivers, expose
mineral and ore deposits through uplift and erosion, generate fertile soil in valleys, and
influence global climate patterns. Human civilizations have depended on these mountain
benefits for millennia.

Reverse fault (thrust fault) — A reverse fault occurs when compressional forces push two
blocks of rock together, causing the hanging wall (block above the fault plane) to move upward
relative to the footwall. When the fault angle is very low (nearly horizontal), it is called a thrust
fault. These faults are common in mountain-building zones.



other due to
compression?

The Himalayan
mountain range
contains
metamorphic
rocks that were
once sedimentary
rocks. Analyze
what forces
caused this
transformation.

A proposed
highway would
cut through a
mountain range,
reducing travel
time significantly.
Evaluate the
environmental
trade-offs of this
project.

What is the
difference
between a normal
faultand a
reverse fault?

Engineers need to
build a tunnel
through a
mountain. They
discover the rock
layers are
intensely folded
and faulted. How
does this affect
their construction
plans?

The Andes
Mountains in
South America are
still growing taller
today. What
tectonic process is
responsible?

What is

The immense heat and pressure from two continental plates colliding transformed the
original sedimentary rocks into metamorphic rocks without melting them — When the
Indian and Eurasian plates collided, the sedimentary rocks caught between them were
subjected to enormous compressional forces and elevated temperatures from deep burial.
These conditions (high pressure and temperature, but below the melting point) caused the
minerals to recrystallize into new metamorphic minerals. Limestone became marble, shale
became slate or schist, and sandstone became quartzite — all without the rock fully melting.

Benefits include reduced travel time and emissions from shorter routes, but costs
include habitat fragmentation, increased erosion and landslide risk, disruption to water
drainage, and permanent alteration of mountain ecosystems — Environmental trade-offs
include: BENEFITS — shorter travel distances reduce fuel consumption and carbon emissions,
improved connectivity for communities. COSTS — habitat fragmentation isolates wildlife
populations, road cuts expose unstable rock to erosion and landslides, altered drainage
patterns can cause flooding or water contamination, noise and light pollution disturb wildlife,
and construction itself causes temporary air and water pollution. Mitigation measures like
wildlife crossings, retaining walls, and drainage engineering can reduce but not eliminate these
impacts.

A normal fault forms under tensional forces with the hanging wall moving down, while a
reverse fault forms under compressional forces with the hanging wall movingup — In a
normal fault, tensional (extensional) forces pull rock apart, and the hanging wall drops down
relative to the footwall. In a reverse fault, compressional forces push rock together, and the
hanging wall is pushed up over the footwall. Normal faults create grabens (rift valleys), while
reverse faults build mountains by stacking rock higher.

Folded and faulted rock is unstable and unpredictable — Folded and faulted rock presents
major engineering challenges: fault zones are weak and may contain water under pressure,
different rock layers in folds have varying strength and stability, compressed rock can store
stress that is released during excavation (rock bursts), and the rock quality changes
unpredictably along the tunnel path. Engineers must conduct detailed geological surveys, use
reinforced tunnel linings, install drainage systems, and monitor for instability. — they need
extensive geological surveys, stronger support structures, and must plan for varying rock
quality and water seepage along fault zones.

The Nazca Plate is subducting beneath the South American Plate, causing compression,
uplift, and volcanic activity that builds the Andes higher — The Andes are an active
mountain range formed by the subduction of the oceanic Nazca Plate beneath the continental
South American Plate. This convergent boundary creates compressional forces that fold, fault,
and uplift the crust, while magma generated by the subducting plate feeds volcanic eruptions
that add material to the range. The Andes continue to rise at about 1 cm per year.

The breakdown of rocks at Earth's surface by physical, chemical, or biological processes
— Weathering is the in-place breakdown of rocks and minerals at Earth's surface. Physical
(mechanical) weathering breaks rock into smaller pieces without changing composition (e.g.,



weathering?

Some mountain
ranges have a
pattern of parallel
ridges and valleys.
Analyze what
geological process
creates this
repeating pattern.

A farmer notices
that the flat field
between two

mountain ridges

has rich, deep soil.

Explain how the
mountains
contributed to
this soil
formation.

Geologists find
marine fossils
(ancient sea
creatures) at the
summit of a
mountain range.
How did ocean
fossils end up at
high elevation?

How does folding
of rock layers lead
to mountain
formation?

Why are the
Appalachian
Mountains
shorter and more
rounded than the
Himalayas?

A mountainous
region shows tall,
jagged peaks with
deep valleys. A

frost wedging, root growth). Chemical weathering changes the rock's mineral composition (e.g.,
acid rain dissolving limestone). Both processes gradually wear down mountains over millions of
years.

Differential erosion of alternating hard and soft folded rock layers — harder layers resist
erosion and form ridges, while softer layers erode faster and become valleys — When
parallel folds (anticlines and synclines) containing alternating layers of resistant rock
(sandstone, quartzite) and easily eroded rock (shale, limestone) are exposed to weathering and
erosion, the soft layers erode faster, creating valleys, while the hard layers remain as ridges.
This differential erosion creates the characteristic ridge-and-valley topography seen in areas
like the Valley and Ridge Province of the Appalachians.

Erosion of the mountains transported weathered rock and minerals into the valley,
where sediment accumulated over time to form deep, fertile soil — Mountains are
continuously weathered by physical and chemical processes. Rainfall and rivers transport the
weathered rock fragments and dissolved minerals downhill into valleys. Over thousands of
years, these sediments accumulate in valleys and plains, forming deep, mineral-rich soils. This
is why valley floors and floodplains near mountains often have the most fertile agricultural
land.

The rocks containing the fossils were originally deposited on an ocean floor, then
uplifted to mountain height by tectonic forces during continental collision — Marine
fossils found on mountaintops are powerful evidence of plate tectonics. The rocks formed on
an ancient ocean floor where marine organisms were buried in sediment. When continents
collided, these ocean floor sediments were compressed, folded, and thrust upward, sometimes
thousands of meters above sea level. The Himalayas contain marine limestone with fossils
from the ancient Tethys Sea.

Compressional forces squeeze rock layers, causing them to buckle upward into anticlines
(arches) and downward into synclines (troughs), thickening the crust and creating
elevated terrain — When tectonic plates converge, the enormous compressional forces
squeeze rock layers like an accordion. The layers buckle into a series of anticlines (upward
folds) and synclines (downward folds). This folding thickens the crust vertically, raising the
surface elevation and creating fold mountains. The Appalachians and the Alps are examples of
fold mountains.

The Appalachians are much older and have been worn down by hundreds of millions of
years of erosion, while the Himalayas are young and still being pushed up — The
Appalachians formed 480-300 million years ago during multiple orogenies and were once as
tall as the Himalayas. Over hundreds of millions of years, erosion by water, ice, and wind has
worn them down to their current modest heights (highest peak ~2,037 m). The Himalayas are
only about 50 million years old and are still actively rising faster than erosion can wear them
down.

The range with smooth, rounded summits is likely older because erosion has had more
time to wear down the peaks — Young mountain ranges (like the Himalayas or Alps) tend to



nearby mountain
range has
smooth, rounded
summits. Which
range is likely
older?

Evaluate whether
it is more accurate
to say mountains
are 'permanent
features' or
‘temporary
features' of
Earth's surface.

have jagged, rugged peaks because tectonic uplift is outpacing erosion. Older mountain ranges
(like the Appalachians or Scottish Highlands) have been exposed to erosion for hundreds of
millions of years, resulting in smoother, rounded profiles and lower elevations.

Mountains are temporary on geological timescales — they are constantly being built by
tectonic forces and worn down by erosion, and no mountain range lasts forever — On
geological timescales (millions to hundreds of millions of years), mountains are temporary
features. They are built by tectonic forces over millions of years but are simultaneously being
worn down by erosion. Eventually, if tectonic forces stop (as when plate motion changes),
erosion will reduce even the tallest mountains to low hills or plains. The Appalachians
demonstrate this — once Himalaya-height, they are now modest hills after 300 million years of
erosion.



15. Plate Tectonics

< Question
(fold —)

How did
scientists
determine that
Earth's outer core
is liquid without
ever seeing it
directly?

What is the
boundary
between Earth's
crust and mantle
called?

A seismologist
notices that P-
waves from a
distant
earthquake
suddenly
increase in speed
at a depth of
about 35 km
below a
continent. What
boundary has the
wave crossed?

Earth's inner core
is growing larger
over time as the
outer core slowly
solidifies. Analyze
what long-term
effect this will
have on Earth's
magnetic field.

Evaluate the
statement: 'The
mantle is a liquid
layer that
tectonic plates
float on.'

What is Earth's
outer core

Answer

S-waves from earthquakes cannot pass through the outer core, creating an S-wave
shadow zone — since S-waves only travel through solids, this proves the outer core is
liquid — When an earthquake occurs, S-waves are detected on the same side of Earth but not
on the opposite side beyond about 104° from the epicenter. This S-wave shadow zone exists
because S-waves (shear waves) cannot travel through liquid — they require a rigid medium. The
fact that S-waves are completely blocked by the outer core proves it must be liquid. P-waves
(compression waves) can pass through liquid but are refracted, creating their own shadow zone.

The Mohorovici¢ discontinuity (Moho) — The Mohorovici¢ discontinuity (Moho) is the
boundary between Earth's crust and mantle, discovered by Andrija Mohorovici¢ in 1909. He
noticed that seismic waves suddenly speed up at a certain depth, indicating a change in rock
composition and density. The Moho is at about 5-10 km depth under the oceans and 30-70 km
under continents.

The Mohorovici¢ discontinuity (Moho) — At about 35 km depth under continents (5-10 km
under oceans), seismic waves encounter the Moho — the crust-mantle boundary. The mantle
rock (peridotite) is denser and more rigid than crustal rock (granite/basalt), so P-waves
accelerate from about 6-7 km/s to about 8 km/s as they cross this boundary. This velocity jump
was how Mohorovici¢ originally discovered the boundary in 1909.

As more of the outer core solidifies, less liquid iron will be available for convection,
potentially weakening and eventually shutting down the geodynamo and Earth's
magnetic field — The geodynamo depends on convective flow in the liquid outer core. As the
inner core grows (at roughly 1 mm per year), the volume of liquid outer core decreases.
Eventually — likely billions of years from now — the outer core may solidify too much to sustain
vigorous convection, weakening and eventually shutting down Earth's magnetic field. Mars may
have undergone this process: it once had a global magnetic field but its smaller core solidified,
leaving it without magnetic protection from solar wind, contributing to the loss of most of its
atmosphere.

This is a common misconception — This is incorrect. The mantle is solid rock (S-waves travel
through it, which would be impossible if it were liquid). However, over millions of years, the
enormous heat and pressure allow mantle rock to deform and flow very slowly (a few
centimeters per year) — a behavior called solid-state creep. A better analogy is silly putty: solid
when hit sharply, but flows slowly under sustained force. Only the outer core is truly liquid
inside Earth. — the mantle is mostly solid rock that flows extremely slowly (like thick putty) over
geological time, not a liquid ocean.

Liquid iron and nickel — Earth's outer core is composed primarily of liquid iron with some
nickel and lighter elements (sulfur, oxygen, silicon). It extends from about 2,900 km to 5,150 km



primarily
composed of?

What type of heat
transfer moves
heat through the
mantle by the
physical
circulation of hot
material?

If Earth's
magnetic field
suddenly
disappeared,
evaluate what
consequences
this would have
for life on Earth.

Why does Earth
still have internal
heat after 4.5
billion years?

Analyze how the
discovery that
Earth's outer core
is liquid and the
inner core is solid
improved our
understanding of
Earth's magnetic
field.

What is the
approximate
temperature of
Earth's inner
core?

Earth's magnetic
field periodically
reverses polarity
(magnetic north
becomes south).
How do scientists
know this has

depth. The liquid state of the outer core is critical — its flowing motion generates Earth's
magnetic field through the geodynamo process.

Convection — Convection is heat transfer through the movement of material. In Earth's mantle,
hot rock near the core is less dense and rises slowly, while cooler rock near the surface is
denser and sinks. This creates convection currents — large-scale circular patterns of flowing
rock that transfer heat from Earth's interior to the surface.

Without the magnetic field, solar wind would gradually strip away the atmosphere,
radiation levels at the surface would increase dramatically, navigation systems would
fail, and many species that use the magnetic field for migration would be disoriented —
Without Earth's magnetic field: (1) Solar wind (charged particles) would directly impact the upper
atmosphere, gradually stripping away lighter gases. Mars lost most of its atmosphere this way.
(2) Increased radiation at the surface would raise cancer rates and damage DNA in organisms.
(3) All magnetic navigation (compasses, some GPS systems) would fail. (4) Animals that navigate
using the magnetic field (birds, sea turtles, salmon) would be severely disoriented. (5)
Spectacular auroras would be visible worldwide. The effects would not be instantaneous —
atmospheric stripping would take thousands to millions of years — but the radiation increase
would be noticed within years.

Earth retains heat from its original formation, ongoing radioactive decay of elements like
uranium and thorium in the mantle, and the slow crystallization of the inner core
releasing latent heat — Earth's internal heat comes from three main sources: (1) primordial
heat left over from the planet's formation through accretion and differentiation (when heavy
elements sank to form the core), (2) radiogenic heat from the ongoing decay of radioactive
isotopes (uranium-238, thorium-232, potassium-40) in the mantle and crust, and (3) latent heat
released as the inner core slowly crystallizes. Radiogenic heat accounts for roughly half of
Earth's total heat output.

The liquid outer core's convective motion of electrically conducting iron generates the
geodynamo that produces Earth's magnetic field; the solid inner core provides a stable
heat source driving this convection as it slowly crystallizes — Understanding that the outer
core is liquid iron was crucial because the geodynamo requires a flowing electrically conductive
fluid to generate a magnetic field. The solid inner core plays a supporting role: as it slowly grows
by crystallization, it releases latent heat and light elements that drive convection in the outer
core. Without the liquid outer core, Earth would have no magnetic field — and without the
magnetic field, the atmosphere would be stripped away by solar wind, making life as we know it
impossible.

About 5,000-6,000°C (similar to the surface of the Sun) — Earth's inner core reaches
temperatures of approximately 5,000-6,000°C, similar to the surface of the Sun. Despite these
extreme temperatures, the inner core remains solid because the enormous pressure at Earth's
center (about 360 GPa) raises the melting point of iron far above the actual temperature.

Magnetic minerals in cooling lava align with the current magnetic field direction and are
'frozen' in place when the rock solidifies, creating a permanent record of the field's
orientation at that time — When lava erupts and cools, magnetic minerals (like magnetite)
align with Earth's current magnetic field and become locked in that orientation when the rock
solidifies. By studying the magnetic orientation of rocks of different ages, scientists discovered
that the field has reversed hundreds of times. The most dramatic evidence comes from the



happened in the
past?

Compare Earth's
internal structure
to that of the
Moon. The Moon
has no global
magnetic field —
what does this
tell us about its
interior?

If you could ride
an elevator from
Earth's surface
straight down to
the center,
describe how
temperature and
pressure would
change during
your journey.

Some scientists
have proposed
drilling to the
mantle to directly
sample mantle
rock. Evaluate the
scientific value
and practical
challenges of
such a project.

Seismic
tomography
creates 3D
images of Earth's
mantle by
analyzing seismic
wave speeds
from many
earthquakes.
Analyze what a
region of slower-
than-normal
wave speed deep
in the mantle
would indicate.

How do
convection

symmetric stripe pattern of alternating magnetic polarity in ocean floor basalt on either side of
mid-ocean ridges.

The Moon likely has no liquid metallic core (or a very small one), since a global magnetic
field requires convection in a liquid conducting layer — The absence of a global magnetic
field on the Moon indicates it either lacks a liquid metallic core or has one too small and cool to
sustain convection. Research suggests the Moon has a small iron core (about 350 km radius vs.
Earth's 3,485 km), and most of it may have solidified. Without vigorous convection in a liquid
conducting layer, the geodynamo cannot operate. Ancient lunar rocks show remnant
magnetism, suggesting the Moon may have had a magnetic field billions of years ago when its
core was still partially liquid.

Both temperature and pressure would increase dramatically and continuously, reaching
about 5,500°C and 360 GPa at the center — Starting at the surface (~15°C, 1 atm), both
temperature and pressure increase with depth. Temperature rises roughly 25-30°C per km in
the crust, then more gradually through the mantle, reaching ~3,500°C at the core-mantle
boundary and ~5,500°C at the center. Pressure increases from 1 atmosphere to about 360 GPa
(3.6 million atmospheres) at the center due to the weight of overlying material. The relationship
is not perfectly linear — there are jumps at major boundaries.

Direct mantle samples would revolutionize our understanding of Earth's composition and
dynamics, but the extreme depth (at least 5-10 km through oceanic crust), temperature,
and pressure make drilling extremely difficult and expensive — Scientific value: Direct
mantle samples would confirm or revise models of mantle composition, answer questions
about volatile content (water, carbon), provide insight into mantle heterogeneity, and help
calibrate seismic velocity models. Challenges: The thinnest crust is ~5 km thick under deep
ocean, requiring offshore drilling in extreme conditions; temperatures exceed 300°C at mantle
depth; drill bits wear rapidly in hard rock; pressure management is difficult; and costs could
reach billions of dollars. The JOIDES Resolution and Chikyu drilling vessels have attempted this
but have not yet reached the mantle.

Slower wave speeds indicate hotter, less dense material — Seismic wave speed depends on
rock density and rigidity. Hotter rock is less dense and less rigid, so waves travel slower through
it. A slow-velocity anomaly deep in the mantle indicates an area of higher-than-normal
temperature — consistent with a rising mantle plume. These plumes carry heat from the core-
mantle boundary upward and may be responsible for hotspot volcanism (like Hawaii).
Conversely, fast-velocity anomalies indicate colder, denser material — typically sinking slabs of
subducted lithosphere.

Hot mantle rock rises near the core, spreads horizontally beneath the lithosphere, cools,
and sinks — this circulation creates a drag force that moves the overlying tectonic plates
— Convection currents form when heat from the core warms the lower mantle, making it less



currents in the
mantle drive the
movement of
tectonic plates?

What generates
Earth's magnetic
field?

You are heating a
pot of water on a
stove. Explain
how this is
similar to
convection in
Earth's mantle.

What are the four
main layers of
Earth from
outermost to
innermost?

Design a scale
model of Earth's
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using common
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represent the
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thickness and
physical
properties of
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Why is Earth's
inner core solid
while the outer
core is liquid,
even though the
inner core is
hotter?

A geologist
measures that
heat flow from
Earth's interior is
higher at a mid-
ocean ridge than
in the middle of a
continent.
Explain why.

dense so it rises. At the top, it spreads horizontally, cools, becomes denser, and sinks back
down. This circulation creates a drag force on the overlying lithospheric plates. Where mantle
material rises (mid-ocean ridges), plates spread apart; where it sinks (subduction zones), plates
are pulled down. The mantle flows like a very thick fluid over geological time despite being solid
rock.

Convection currents in the liquid outer core of iron and nickel (the geodynamo) — Earth's
magnetic field is generated by the geodynamo — convection currents in the electrically
conducting liquid outer core. As the liquid iron moves, it creates electric currents that in turn
generate a magnetic field. Earth's rotation organizes these currents into a roughly dipolar field
similar to a bar magnet, with magnetic poles near (but not exactly at) the geographic poles.

In both cases, heat applied at the bottom causes material to expand and rise, cool at the
top, become denser, and sink — creating a circular convection current — In a heated pot,
water near the bottom absorbs heat, becomes less dense, and rises. At the surface it cools,
becomes denser, and sinks back down, creating a circular convection cell. Earth's mantle
behaves similarly: rock near the hot core heats up, expands, and slowly rises. Near the cool
surface, it loses heat, becomes denser, and sinks. The key difference is timescale — water
convects in minutes while mantle rock flows centimeters per year over millions of years.

Crust, mantle, outer core, inner core — Earth's four main layers from outside to inside are:
the crust (thin, rocky outer shell), the mantle (thick layer of hot rock), the outer core (liquid iron
and nickel), and the inner core (solid iron and nickel). Each layer has distinct composition,
temperature, and physical properties.

Use a small steel ball for the solid inner core, surround it with honey or oil for the liquid
outer core, pack thick clay or play-doh for the solid mantle, and wrap a thin paper shell
for the crust — scale thicknesses proportionally — Design a cross-section model: (1) INNER
CORE — small solid metal ball (marble or steel ball bearing) representing solid iron/nickel at
~1,220 km radius. (2) OUTER CORE — surround with a sealable bag of corn syrup or honey
(~2,260 km thick in scale) representing liquid iron. (3) MANTLE — thick layer of modeling clay
(~2,900 km thick) representing slowly flowing solid rock; use two colors for upper/lower mantle.
(4) CRUST — thin wrap of paper or foil (~5-70 km, barely visible at scale) representing the rocky
surface. Label each layer with composition, state, temperature, and pressure. Include a key
showing the scale factor and correct proportional thicknesses.

The immense pressure at Earth's center raises the melting point of iron above the actual
temperature, keeping it solid despite the heat — Pressure increases with depth inside Earth.
At the center, pressure is about 360 gigapascals. This extreme pressure raises iron's melting
point well above the actual temperature (~5,500°C). In the outer core, pressure is lower, so the
same iron-nickel composition remains liquid at those temperatures. This is why state of matter
depends on both temperature AND pressure.

At mid-ocean ridges, hot mantle material rises close to the surface as plates spread
apart, bringing more heat to the surface; continental interiors are far from rising
convection currents — Mid-ocean ridges are divergent plate boundaries where hot mantle
material rises to fill the gap between spreading plates. This brings heat directly from the deep
mantle to near the surface, producing high heat flow. Continental interiors sit on thick crust (30-
70 km) far from active mantle upwelling zones. The thick continental lithosphere acts as an
insulating blanket, and there is no nearby rising mantle plume to enhance heat flow.



Scientists
discover a new
mineral that can
only form under
pressures above
25 GPa. In which
layer of Earth
would this
mineral most
likely be found?

Why do seismic
waves travel at
different speeds
through different
layers of Earth?

The lower mantle — Pressure of 25 GPa corresponds to depths in the lower mantle (roughly
670-2,900 km depth), where pressures range from about 24 GPa to 136 GPa. The crust has
pressures of only about 0.001-1 GPa, and the upper mantle reaches about 24 GPa. High-
pressure minerals like bridgmanite (perovskite structure) and post-perovskite only form under
the extreme conditions of the lower mantle.

Each layer has different composition, density, temperature, and physical state (solid vs.
liquid), which affect how fast seismic waves can travel through them — Seismic wave
speed depends on the elastic properties and density of the material. Denser, more rigid
materials transmit waves faster. P-waves speed up from ~6 km/s in the crust to ~13 km/s in the
inner core. S-waves travel through solid layers but cannot pass through the liquid outer core.
These speed changes cause waves to refract (bend) at layer boundaries, which is how scientists
map Earth's internal structure.
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< Question (fold —)

Why is groundwater
considered a renewable
resource in some
locations but
nonrenewable in others?

A rock sample contains a
radioactive element with
a half-life of 100 million
years. Testing shows 25%
of the original parent
atoms remain. How old is
the rock?

Create an earthquake
safety plan for a school.
List three key elements it
should include.

The 'Ring of Fire' encircles
the Pacific Ocean. Why is
this region so seismically
active?

Who proposed the theory
of continental drift?

Create a timeline showing
the life cycle of a
mountain range from
formation to erosion,
including at least four
major stages and the
processes involved at
each stage.

Earth's rock cycle has
operated for 4 billion
years. Why don't we have
rocks from the very
beginning of Earth's
history?

Is the rock cycle really a

Answer

In areas with adequate rainfall, aquifers recharge naturally. In arid regions or
deep aquifers, water is pumped out faster than it is replenished — Groundwater
renewability depends on the balance between recharge (from precipitation percolating
down) and extraction. In wet climates with shallow aquifers, recharge keeps pace with
use. In arid regions or deep fossil aquifers (like the Ogallala), extraction far exceeds
recharge, making the water effectively nonrenewable.

200 million years old — After 1 half-life (100 Ma): 50% remains. After 2 half-lives (200
Ma): 25% remains. Since 25% of parent atoms remain, 2 half-lives have passed, making
the rock 200 million years old.

1) Drop-Cover-Hold On procedures for each room, 2) Evacuation routes to open
areas away from buildings, 3) Emergency supply kit locations and communication
plan — A school earthquake plan should include: immediate response (Drop, Cover,
Hold On), evacuation procedures after shaking stops (avoid damaged structures, go to
open areas), and emergency preparedness (supplies, communication tree, reunification
plan).

Multiple tectonic plates converge around the Pacific, creating numerous
subduction zones — The Ring of Fire is a horseshoe of subduction zones where the
Pacific Plate and neighboring plates are being consumed beneath continental and other
oceanic plates. This convergence produces ~90% of the world's earthquakes and ~75%
of its active volcanoes.

Alfred Wegener — Alfred Wegener proposed continental drift in 1912, suggesting
continents were once joined in a supercontinent called Pangaea and have since drifted
apart.

Stage 1: Plate collision begins uplift and folding. Stage 2: Rapid uplift creates tall,
jagged peaks while erosion begins. Stage 3: Uplift slows; erosion dominates,
rounding peaks and widening valleys. Stage 4: Mountains worn to low, rolling hills
(peneplain) over hundreds of millions of years. — Mountain ranges follow a life
cycle: tectonic forces build them up while erosion simultaneously works to tear them
down. When uplift exceeds erosion, mountains grow. When uplift ceases, erosion
gradually reduces them to gentle hills over geologic time.

The rock cycle continuously recycles material — The rock cycle continuously recycles
Earth's crust. Ancient rocks are weathered, eroded, subducted, melted, or
metamorphosed. The oldest known rocks (~4 billion years) are rare survivors. Most of
Earth's original crust has been recycled.

Yes — 'cycle’ refers to the continuous recycling of material between rock types,
not a fixed linear path — The rock cycle is called a cycle because Earth's materials are



'cycle' if rocks don't
always follow the same
sequence?

How does radioactive
dating work to determine
the age of a rock?

Compare what happens
when oceanic crust meets
continental crust versus
when two continental
plates collide.

Scientists proposed
drilling to the mantle
through oceanic crust
(Project Mohole, 1960s).
The project was
abandoned. Evaluate
whether this goal is
achievable with modern
technology.

A country wants to
reduce its dependence on
imported oil. Using
geology, suggest where
they should explore for
domestic energy
resources.

What is the difference
between renewable and
nonrenewable resources?

Why was Wegener's
continental drift theory
initially rejected by the
scientific community?

Iceland uses geothermal
energy from volcanic
activity. How does this
work?

Mt. St. Helens erupted
explosively in 1980 with
thick, silica-rich magma.

continuously recycled, but the path is not fixed. Igneous can become sedimentary or
metamorphic directly. Any rock type can transform into any other through various
processes.

Radioactive elements in the rock decay at a known rate (half-life), so measuring
the ratio of parent to daughter atoms reveals the rock's age — Radioactive (parent)
atoms decay into stable (daughter) atoms at a constant rate called the half-life. By
measuring the ratio of parent to daughter atoms in a rock, scientists can calculate how
long ago the rock formed.

Oceanic-continental: the denser oceanic plate subducts, creating trenches and
volcanoes. Continental-continental: neither subducts easily, so crust crumples
into mountains — Oceanic crust (basalt, denser) subducts beneath continental crust
(granite, less dense), creating deep ocean trenches and volcanic arcs. When two
continental plates collide, neither subducts easily, so the crust folds and thrusts
upward, forming mountain ranges like the Himalayas.

Still extremely challenging — the deepest borehole ever drilled (12.3 km) didn't
reach the mantle, and extreme heat, pressure, and equipment failure remain
major obstacles — The deepest hole ever drilled (Kola Superdeep Borehole, 12.3 km)
encountered temperatures of 180°C and had to stop. Even under thin oceanic crust,
reaching the mantle requires drilling through hard basalt at extreme temperatures and
pressures. Japan's Chikyu drill ship is attempting this challenge.

Investigate sedimentary basins for oil/gas, geothermal areas near volcanic
regions for geothermal energy, coastal/highland areas for wind, and sunny
regions for solar potential — Oil and gas are found in sedimentary basins with source
rocks, reservoir rocks, and trap structures. Geothermal energy is concentrated near
volcanic and tectonic activity. Understanding local geology helps target exploration
efficiently and identify the most promising domestic energy sources.

Renewable resources can be replenished naturally in a human lifetime;
nonrenewable resources take millions of years to form and are finite —
Renewable resources (solar, wind, water, biomass) are replenished by natural processes
within a human lifetime. Nonrenewable resources (fossil fuels, minerals) formed over
millions of years and exist in finite quantities that are being depleted faster than they
form.

He couldn't explain the mechanism — Wegener had strong observational evidence
but couldn't explain the driving force behind continental movement. It wasn't until the
1960s, when seafloor spreading and convection currents were discovered, that plate
tectonics was accepted. — what force could move entire continents.

Underground heat from magma warms water, which is used to generate
electricity and heat buildings — In geothermal energy, water heated by magma or
hot rock underground produces steam that drives turbines for electricity. Iceland heats
90% of its homes with geothermal energy from its volcanic activity.

Composite (stratovolcano) — Mt. St. Helens is a composite (strato) volcano — tall,
steep-sided, with alternating layers of lava and ash from explosive eruptions of viscous,



What type of volcano is it?

A building in an
earthquake zone needs
to be designed to resist
shaking. Which feature
would help most?

Seismic waves travel
faster through the mantle
than through the crust.
What does this tell us
about the physical
properties of the mantle
compared to the crust?

What is lava?

Glacial valleys are U-
shaped while river valleys
are V-shaped. What does
this difference tell us
about how each agent of
erosion works?

Mass extinctions show a
pattern: after each one,
biodiversity drops sharply
but then recovers and
eventually exceeds pre-
extinction levels. What
drives this recovery
pattern?

How do scientists know
the outer core is liquid if
no one has ever been
there?

A mountain has sharp,
jagged peaks on one side
and rounded, gentle
slopes on the other. What
can you infer about the
erosion patterns?

Why do tectonic plates
move?

Sandstone is a
sedimentary rock made
of cemented sand grains.
If sandstone is buried

silica-rich magma.

A flexible steel frame that sways without breaking — Flexible steel frames absorb
seismic energy by swaying, preventing catastrophic failure. Rigid structures resist
movement but can crack and collapse. Modern earthquake engineering uses base
isolators and flexible designs.

The mantle is denser and more rigid than the crust, which causes seismic waves
to travel faster through it — Seismic wave velocity depends on the elasticity and
density of the material. The mantle's greater density and rigidity compared to the crust
means waves can propagate faster through it, which is why wave speed increases at the
Moho boundary.

Magma that has erupted onto Earth's surface — Lava is magma that has reached
Earth's surface through a volcanic eruption. It cools and solidifies into igneous rock.

Glaciers carve wide, flat-bottomed valleys by scraping the sides and floor, while
rivers cut narrow channels by eroding mainly downward — Glaciers are massive
sheets of ice that scrape and erode the valley floor and walls simultaneously, creating
wide U-shapes. Rivers concentrate their erosive force in a narrow channel, cutting
downward to create V-shapes.

Extinctions create empty ecological niches that surviving species evolve to fill
through adaptive radiation, eventually producing greater diversity than before —
Mass extinctions remove dominant species, freeing ecological niches. Surviving species
undergo adaptive radiation — rapidly evolving to fill empty niches. This diversification
eventually produces more species than existed before, often with entirely new body
plans and lifestyles.

S-waves from earthquakes cannot pass through the outer core, and S-waves
cannot travel through liquids — S-waves (shear waves) cannot travel through liquids.
When seismologists noticed that S-waves are blocked by the outer core (creating a
'shadow zone'), they concluded the outer core must be liquid.

The rounded side has experienced more weathering and erosion over time,
possibly from prevailing wind or rain direction — The asymmetry suggests
differential erosion. The rounded side likely faces prevailing weather (windward),
receiving more rain and wind erosion, while the jagged side (leeward) is more sheltered.

Convection currents in the mantle push and pull the plates — Convection currents
in the semi-fluid asthenosphere, driven by heat from Earth's core, cause the overlying
tectonic plates to move slowly (a few centimeters per year).

Quartzite (a metamorphic rock) — When sandstone is metamorphosed, the quartz



deep and subjected to sand grains recrystallize and fuse together into quartzite, a hard metamorphic rock. The
heat and pressure, what process doesn't melt the rock, just reorganizes its structure.

type of rock does it

become?
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