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Classroom Exer cise Demonstrating Seismic
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Expandedfrom "Looking for whatyou carit se€' (Neal, 1998)

Time: 90 Minutes
Grace Level: 11" and 12" Grade physicsstuderts

5-E Phas:

This activity isinterded asa Extend Phase activity to provide students with a realworld application
for the concepts of waves This should follow an Explore/Explain phasesactivity, such asthe
tradtional light labthat explains concepts includedin this lab such asreflection, refraction ard
transmission of erergy.

Objecive(s):
Explore how refracted seismic wavesare usedto determine earth structure.
Reinforce the concepts of refleced and refracion of wavesthrough a realworld example.
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MaterialsList

Downloadthe associated powerpoint available on the web at
http://www.iris.eduhgtesource/how_shdlow_earth_dructure _is_ddermined
Copiesof studernt workshees and homework found in Appendix A




Lesson De<cription: Quick Summary

OPERA

Activity

Time

Open

Intro discussion about what allows us to OgeDor image 10

what isinside earth

Prior Knowledge

Diagram reviewing reflection, refraction and ray-path angles | 10

in different materials

Explore/Explain | Studerts desgn the geametry for an experiment, analyze data | 45
froman experiment, and use visualizations of wavefrontsto
correlate the data and the red phenomera
Reflect Connectpast concepts to new situation 10
Apply Sudents analyzered data from New Zedand 15+
Homework

Lesson Dexcription: Teacher | nstr uctions (w/ Potential Quedioning Seaiences

Openb 10 Minutes

O. Taxonomy Quedion Answer

Knowledge Whatis under our fee® Accep all amswers but leadstuderts to see
that they may have a gereral sense of what
isunderour feetbut they the lack
resolution to seevery far.

Comprehersion What do we needto be ableto see You arelikely to get X-ray asaregonse.
inside of someting like the Earth?

Knowledge Cananx-ray see through everything? | Leadstuderts to seethatan x-ray wonOt
Whatabout leador arealy thick work because the materials that make up
object? the Earth are too dernse and thick

Knowledge An x-ray wasagreatidea so maybe Accept all amswersbut leadstudentsto the
something likeit. What|S anx-ray? ideathatanx-ray is aform of erergy.

Knowledge Maybe we could use another form of Accept all arswersbut leadstudentsto
erergy. Whatform of energy could we | seismic energy.
getto travel through the eath?

Comprehersion Canwe creak a seismic wave? Accept all arswers
Have a student(s) go to the back of the
room and put their earto the ground on
apieceof paper, while you climb onto
achair in the front of the room and
jump off. Ask the studert(s) to
describe to the reg of the class what
they experienced

Knowledge What did the person jumping off the Createdthe sudden pulse of erergy or the
chair do? seismic wave. Thusthey arethe source.

Knowledge Whatdid the person listening to the Deteciedthe seismic wave asit traveledto
floor do? them. Thusthey arethe sernsor.

Comprehersion Predct how your experience might L ead studerts to the idea that the OgnsorO

have diff eredif we were on amatin
the gym or if they were on the wooden

would have experiencedthe samejump
differently depending on what material

How Shallow Earth Structure |'s Determined




gym floor, or if we wereon agiarnt
pieceof metal.

they wereon. Thisisthe same principle
usedto determine the shallow structure of
the Earth. Sebmic wavescantell us
something about the material they are
traveling in.

Prior Knowledge 10 Minutes

Distribute Studert Handout #1 QWhat do you know?0 Studerts should have ~5 minutesto complete the
handout leaving 5 Minutesfor reviewing arswers Whendiscussing answersbe sure to survey the class
before acceping anamswer to getanideaof how confidert students areabout these topics. If students are
unsure of these badcs, a quick review maybe necessary before proceedng.

P. Taxonomy Quedion Answer
Knowledge 1. Whichletterindicakesthe directray? | Cor B
Knowledge 2. Whichletterindicatestherefleced | B;
ray?
Knowledge 3. Whichletterindicatestherefracted | B,
ray?
Comprehersion/ | 4. In which layer doesthe erergy Layer2 isthefaded. You know this
Analysis travel the faged? How do you know becase the B, bends away from the

this?

normal. *NOTE BELOW

*Note Blt isimportart to note that optical dersity (describesthe speedof light in a transparert material)
which studernts will be familiar with is not the same asmass dersity. The speed of seismic waves
gereraly increa® with depth asdoesthe density (! = density) of Earth materials, therefore mary peagple
incorrecly assume that the velocity of seismic wavesincreagsasdersity increags However, asshown
by the equation below the increase in the speedof seismic wavesis areallt of therigidity (1 = redstance
to shearing) and incompressibility (" = redstanceto compression) of the material increasng with depth
fagerthandersity. For example the velocity of aprimary wave (V) is determinedby V, =

((" +4/3u)/! )2, We canalso use this to explain why secandary wavesdonOtravel through liquids. The
velocity of ans-wave (V) is determined by V=(u/! )2 Since liquids donOsupport shearing i is ecqual to
zerothus Vsin aliquid must be equal to zera

Explore/Explain B45 Minutes

Handout Studert Worksheet #2.
E. Taxonomy Quedion Answer
Knowledge 1. Basedon our previous discussion We needa source and a sensor.

and humansimulation, what two
componerts will we needcallect
informaiton about whatis below the
surfacewithout digging?

Comprehersion

2. Draw the componerts you listed
above on the diagram in a position or
geametry that would provide us with
enough informaiton to help the school
district.

Students will draw their source and sensors
in avariety of different arrangemerts. The
discussion should focus on the fact that the
sourcewill send erergy out in all
direcions, however for each sernsor
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placenen (asuming thatthereisa
bedrock layer down there) thereare only
two paths from source to sensor, direct and
reflecedrefracted Therefore, we need
multiple sensors to find out about the ertire
area

Comprehersion

Now that we have our experiment
desgned, lets preterd we go aheadard
set off the explosion and the waves
travel to the sersors. What canwe
actually meaaure?

Leadstudents to the idea that we can
measire the distancefrom the source to
eachsersor, and that we canmeasire the
timeit takesfor the seismic wavesto travel
from the source to eachsensor. Thus, if we
have adistance and atime we cancalculate
avelocity.

Aloca gegphysdcsconsulting firm has conductedthe surveywe havejust desgnedand the data isnow in.
Distribute Sudent Handout #3.

E. Taxonomy Quedion Answer

Knowledge Thisis seismic data, howeverasl am | The X-axis shows distance from sourceto
sure you have alread/ noticed itis gegphonein meters The Y-axis shows
nothing more thanagraph. Sowhat timein seconds.
informaton doesthis X-axistell us?

The Y-axis?

Comprehersion If you follow down the line at 30 These are seismograms. Thus the point at
metersyou noticethat for part of the whichthe wiggling startsisthetimeat
way thelineis nice and straight ard which the seismic wavesarrivedat the
thenonceit getsto 0.032 secondsthe | gegphone or sensor.
line begnsto charge or move back
ard forth. What do you suppose that
thisistelling us?

Applicaion Sowe cantell whattime the seismic Since we know time and distance we can
wavesfirst arrive at eachpoint! Since | determine the velocity of the wave to each
we know whereeach sensor islocaied | sensor.
and we know the time sincethe
explosion occured, what canwe
determine about the wave traveling to
eachpoint?

Applicaion If we assume thatthe material the If the material is the same thenthe velocity
wave is traveling through is made of of the wave should be constart.
the same material, what would this
meanfor the velocity of the wave
traveling though it?

Analysis What would the shape of a constart A constart velocity shown on adistance

velocity be on agraph of distanceand
time?

veraus timegraph would be a straight line
where the slope would be a function of the
velocity. Givenour graph the velocity is
the inverse of the slope.

Once you have edablishedthat a sloping line on a distance versus time graph tells us a constant velocity,
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ask studerts to determine the velocity of the wave by drawing a line on their graph. * Note: studernts will
not be ableto fit all pointsto oneline. Thus many students will attenpt to best fit a line to the points.
The solution is that two linesor velocitiesmust be used.

Analysis

If two linesmust be used what does
that meanabout the material that the
seismic wave is traveling in?

If two linesmust be usedthenit mears that
the wave must be traveling through two
different medums each with adifferent
velocity.

Why doesthe data look the way it does? To help you understand the data we havejust lookedat, lets ook
at a mathematical model of wavestraveling in the earth. Show the seriesof gifsin the powerpoint. On
the nexttwo pages seweral key imagesfrom the powerpoint have beenannotatedfor you.

E. Taxonomy Quedion Answer

Knowledge Whatis amodel?

Knowledge Show the first image of the power No. It isahypothetical de<ription of a
point. Is thisa photograph of the complex ertity or process. In thiscasit
inside of the earth? Doesthis model shows wavefronts traveling through two
actually exist? different medums where the bottom

medum allows the seismic wavesto travel
fader.
No. Thisisamodel creaedin the
computer.
0 T T ]
S0+ ; ]
Note, previoudy students
Direct Wave have dealt with ray paths
E 100} and this gif shows ;
b wavefronts. Youmay need
% 150 | to draw a sketch onthe ]
A boad to hdp students
trangtion between the two.
200 - 1
250 & 3

100 200

Distance (m)

How Shallow Earth Structure |'s Determined

300 400 500




50|
E 100+
Basot

200}

250 t

Source

Thewavefront
encounersa
bounday. Inthiscase
therefracted wave
travels faster than the
direct wave

¢

%
Refracted Wave

500

0 100 200 300 400
Distance (m)
Direct Wave

Theenergy striking the
bounday at thecritical
angle travelsalongthe
bounday between thetwo
layers generating a
headwave as aresult of
Huygen@prindple.

Refracted Wave

100 200 300 200 500

Distance (m)
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50

E 100

oy

& 150
200

250

Direct Wave

Reflected
Waves

Eventudly, the
A headwave arrives at the Headwave i
sensors before thedirect
i wave. |
100 200 300 400 500
Distance (m)

Yau will probably needto stepthrough the powerpoint many timesto help studerts visualize this. Once
studerts begn to grasp the concept, begn referring back to the data to help them transition betweena

graph and what the graph actually means On the ground.O

E. Taxonomy Quedion Answer

Application Whereisthe headwave in our gragh? | The secand velocity on the graph isthe
headvave arriving before the direct wave.

Synthess Now thatyou have seenthe dataard Accep all amswers but leadstuderts to see

the model, suppose thatyou got some
weird data back from somewherein
thefield. Do you think the model
could be helpful ?

that you could alter the model until you got
something that matchedthe strange data. It
isalso importart to point out to themthat
just because the model matchesthe data
doesnot necesarily meanthatit isthe only
correctinterpretation.

Once you feelstuderts are comfortabl e with the concept introduce themto the equation theywill needto
help the schoal district find the depth of the bedrock. Studerts should thencomplete the reg of Studert
Handout #3. (The solutions are on page5.)

Reflectb20 Minutes

R. Taxonomy

| Quegion

| Answer

Prior to this exercise we learned about wavesusing light, however asyou have seentoday, all the same
badc principlesapply to this new geogphysicsexample. Distribute Student Handout #4.

Applicaion

You will have 10 minutesto add the
following termsto the diagram below.
Thereis no single correctplacement
for eachterm, so you must be able to
justify the placenert of the tem;
Angle of reflecion, Angle of
refraction, Headwave, Directwave,

Thereisno single correctamnswer. Students
should be able to use correctlogic to place
eachterm on the diagram.

Review studerts regonseson the overhead
asaclass and allow studerts to determine
if they agreeor disagee with eachterms
placeren and the studerts justifi cation.
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Huygerf)$)rlnciple, Normal, Critical
argle, SrellOd4 aw

Apply BAssign Homework SeeAppendix XXX
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Appendix A: Sudent Worksheet(s)& Homework

Student Handout #1
WHAT DO YOU KNOW?

Directions: Based on your prior knowledge, pleas answer the following quegions regardng the diag.am

Explosion b or
energy source

Bi
Layer 1

2

Layer .2

2. Whichletterindicatesthereflecedray?
3. Whichletterindicaesthe refractedray?

4. In whichlayer doesthe erergy travel the faged? How do you know this?

How Shallow Earth Structure |'s Determined 9



Student Handout #2

Name:

Direction(s): The school district is plaming construction of a new elemertary school. To planthe work
necesary to begn construction, they have agked our physics class to help them find out whatis
underreat the playground, and how farit is from the surfaceto the bedrock.

Surface

1. Basedon our previous discussion and humansimulation, what two componerts will we needcollect
information about whatis below the surface without digging?

2. Draw the components you listed above on the diagram in a position or geomety that would provide us
with enough information to help the school district.
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Student Handout #3

Name:

Directions: The survey we desgnedasa class hasbeencariedout by alocal gegphysicsconsulting firm
ard thereaultsarein. Below isaprintout of thedata. Timeisthe time sincethe explosion. Please study
the data and arswer the quegions below.

Distance (Explosion to Geophone in Meters)

30 40 50 60 70 80 90 100 110
Y Y'Y Y Y Y Y YY

0.00

0.01

0.02

0.03

0.04
Time (S) .....

0.05

0.06

0.07

0.09

Notes

Equation:
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Quedions:

1. Calculate the depth to the bedrock from the data above?

Material VP (m/s) Material VP (m/s)
Grante 5000 - 6000 Marble 3700 - 7000
Diorite 5780 Sardstone 1400 - 4300
Galbbro 6450 Limegone 5900 - 6100
Basalt 5400 - 6400 Anhydrite 4100
Dunite 6800 - 8640 Shale 2100 - 3400
Gneiss 3500 - 7500

Table 2.1. P- -wave speeds for some rock material, from Dobrin (1976).

2. Using the talle above and your calculations from the first page, what type of rock will the elementary

school be built?

How Shallow Earth Structure |'s Determined
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Student Handout #4

Name:

Directions: Add the following termsto the diagram below. Thereis no single correctplacemert for each
term, so you must be able to justify the placemen of the tem; .

Angle of reflection, Angle of refraction, Headwave, Direct wave, Huygen@ prindple, Normal,
Critical angle, Sndl® Law

geophone : seismic sensors

NV Y \/ vV Vv VY
20 a0 B0 AN 70 20N an 100 110
X ¥ ¥ ¥ ¥ X ¥ Y T

i

|

|

|

|

|

|

|

>
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HOMEWORK

Analysis of realdata

Basedon your success with the previous data set, the local geogphysicsteam hasdecidedto hire you asa
summe intern They have recerily gottenback from thefield in New Zealand wherethey collectedthis
seismic recad from aregon caled Wainuiomata. Write up alabreport thatincludesyour interpretation
of the data asa potertial building site. (Note: You will wart to do some internet researchon what makes
agood building site)

Geaphone 1 (first vertical line on the left) was100 m from the explosion and the gegphonesare 8 m apart,
so the lag gegphone (number 24) was184 m from the explosion. The vertical timescaleisin
millisecands, starting from O (the time of the explosion) atthe dark line at the top of the plot to 200
millisecands at the bottom of the plot.

Filtered record

24 geophones @ 8 m spacing 14
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Appendix B: Teacher Background Discussion

Energy travels through the Earth in seismic waves As a seismic wave travelsit cawsesthe particlesin the

Earth to oscillate. Thes oscillations arerelatedto the 'rock stiffness’ or rigidity of the rock. Evertually
seismic wavesdissipate their energy to the earth and lose amplitude. Like other waves seismic waves
obey the laws of physics. For example, seismic waves have diffi culty passing from one medum into
arother, hercethey reflect (partially) from such aboundary. Wavesalso have diff erern speedsin

different meda because eachmedum hasits own rigidity. Different speeds give rise to refraction effect,
including critical angle.

Diagram 1: An exploson sendsseismic wavesinto the

exploson .. earth. Thewavesinitialy travel outin al directions
but depending onthar direction, they have various
end points.
K A ~ ___
top layer
- B (slow)
E D -
BO £
| & \ CC
EO, DO
‘ \ fata) > boundary
EQ@ D lower layer
(fast)
Wave = Wave propagation in the upper What happensat the boundary
path medium
A Direct wave - along the surface (doemnOuet to the boundary)
Suwper-critical wave - down & BO The waweistotally reflectedback up to the
B along atanangle greaer thanthe surface(atanequal angle)
criticalangle
C Critical wave - down & along at CO refractedso much by the lower medum thatit
the critical angle i travels along the boundary ...
C@: ard refracts back up towards the surface at the
criticalangle.

How Shallow Earth Structure |'s Determined
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sub-critical wave - down & along DO: someof the erergy is reflected back to the
D atanargle lessthanthe critical surfaceat anequal angle.

argle

D@: whilethe red of the waveserergy is
transmittedinto the lower medum but ata new,
refractedargle.

Vertical wave - straight down EOQ asmal part of the waveserergy isrefleced
perpendicular to the boundary straight backup

EOC while most istrarsmitted The direcion does
not change but the speeddoes

How do we use thisto learn about whatis under the ground?

We can calculate the seismic wave velocitiesin both layersand the depth to the boundary. We determine
the 2 velocitiesusing the time it takesfor the seismic wavesto travel to recorderson the surface. Usually,
seismic wavestravel slowly in the top layer ard fager in the lower layer (the lower layer is more rigid).
Going on to Diagram 2. below...

The directwave (A) travels slowly toward the gegphones(on the right).

The critical wave (C) starts by traveling slowly down and acrass the top layer at the critical angle. When
it getsto the boundary it refracts and travels along the boundary at the faster speedof the lower layer. At
points along the boundary it refracts up towardthe surface,again, at the critical angle asareault of
HuygenOsrinciple. HuygenOsrinciple says that eachpoint on awave front is consideredto be the
sourceof awawvelet Thelinetargert to all these wavelets definesa new position of awavefront. For
gegphonesneaier the left hand side of the diagram, the directwave will arivefirst. For gegphonesneaer
theright hand side of the diagram, the refracted wave will arrive before the direct wave becawse it has
traveled much of its path at the fager speed The gegphonesarelinkedtogether and all start recording at
theinstant of the explosion.

Diagram 2: Therefracted wave arrives at the distant geophone before the
direct wave. Geophone : Distance from source

N N\ N N V N N
20 40 50 AN 70 RN an 100 110
e e e e~ T G e
directp .0
Energy released back up t?g (I)%er
N at thecritical angleasa
critical C result of Huygen@ .-
prinaple
> bounday
critically refracted /\
wave travels along lower layer
thebounday at the (fast)
faster speed.
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Geaphone records show the timesthatthefirst (& also later) seismic wave arrived at eachgeophone. The
first seismic wave to arrive at the close gegphonesis the direct wave. However, more distarnt gegohones
recad the refractedwave first. For the close gegohones the time difference between consecutive
gegphone arrivalsis related to the speed of the direct wave and, of course, the distance betweenthe
gegphones

However, the differercein arrival timesfor two consecutive distart gegohonesis relatedto the speedof
the refracted wave asit wastraveling along the boundary (atthe fager speed). Canyou explain why?
(The actual arrival timeis related to the whole wave path - going down, going acrass, going back up.
Thus, the only difference in the path traveledfor wavesarriving at 2 adacert stations is the secion of the
path along the lower boundary. Thetimedifferencein the arrival atthe 2 stationsisthetimeit takesthe
wave to travel the distance betweenthe 2 stations, but along the lower boundary.)

Finding the velocities

Whenviewing the gegphone recadsin Diagram 3 it isimportant to keepin mind thatthese are a series
of seismograms situated next to one another. Pgsitionedthisway, the seismogramsline up to creak a
simple distanceveraustimegraph. While graph is conceptually simple, studerts oftenhave difficulty
interpreting graphs so the presence of seismogramsmay cauwse themdiffi culty atfirst. Whenworking
with studertsit isimportarnt to keepin mind that mary studerts interpret distancetime graphs asthe paths
of actual journeys (Kerslake, 1981).

Distance (Explosion to Geophone in Meters)

30 40 50 60 70 80 90 100 110

0.00

Time (8) |t i &

0.0

Diagram 3. Gegphone recads plotted with regectto distance.
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Diagram 4. Connecing the 1% arrival timesto find the velocity of the layers. We use the graderts of
these 2 linesto calculate the velocities

The velocity in the top layer (Diagram 4) isfound by taking the inverse of thefirst (steeger) gradent, ard
the speedof the lower layer isfound by taking the inverse of the secand (shallower) gradert. Studerts
oftenconfuse the slope of a graph with the maximum or the minimum value and do not know that the
slope of agraph is ameadure of rate so extra care must be takenwhenexploring these concepts with
studerts (McDermatt etal., 1987; Clement, 1989).

““ *cross

. . V n V
Finally, we cancalcul ate the depth, z, to the boundary using thisformula... z=0.5 / 2 " L X
V2 Vl

{where Xos iS the distance from the source where the two gradert linescross over}

In thisexample....

1
The top layer velocity, vy, = ————— = 850ms*
playe Y I = 5 .00117¢
the lower layer velocity v, = 1 = 1520ms*
0.00065¢

and the depth to the boundary, z = 0.5 w #67 =18 m
(1520+ 850
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Appeandix C: Alignment with Standards

Reinforces- By the end of 8" Grade

4.F. Motion

Vibrationsin materials set up wavelike disturbancesthat spreadaway from the source. Sound ard
earhquake wavesareexamples These and other wavesmove at diff erert speedsin diff erert materials.

4.C. Processesthat Shape the Earth

Thousards of layersof sedmertary rock confirm the long history of the charging surface of the eart and
the changing life formswhose remains are found in succesive layers The younged layersare not always
found on top, because of folding, breaking, and uplift of layers

9. B. Symbolic Relationships

Graphs canshow a variety of possible relationships betweentwo variables As one variabe increases
uniformly, the other may do one of the following: increase or decrea® steadly, increa® or decrea®
fager and fager, getcloser and closerto somelimiting value, reachsome intermedate max mum or
minimum, alternately increa® and decrease indefinitely, increase or decreas in steps, or do something
differert from any of the<.

Supports - By the erd of 12" Grade

4.F. Motion

Wavescan superpose on one another, bend around corners reflect off surfaces be absorbedby materials
they enter, and charge direcion whenentering anew matrial. All thes effects vary with wavelength.
The erergy of waves(like any form of energy) canbe changedinto other formsof erergy.
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