Measuring plate motion with GPS:
Introducing GPS to study tectonic plates

as they move, twist, and crumple

Roger Groom and Cate Fox-Lent, UNAVCO Master
Teachers-in-Residence, Nancy West and Shelley Olds,
UNAVCO




By the end of this activity...

You should be able to:

Describe generally how GPS works;

Interpret graphs in a GPS time series plot;

Determine velocity vectors from GPS time series
plots;

Explain relative motions of tectonic plates in
Iceland; and

Explore global GPS data.



uNAvco, About geodesy

Geodesy is the science of ...
measuring Earth’s

size, shape, orientation,
gravitational field, and
variations of these
with time.




Anatomy of a GPS station

GPS antenna inside the dome is
anchored to the ground with
braces.

Solar panel for power.

Equipment enclosure includes:
 GPS receiver

« Power/batteries

« Communications

- Data storage




Modeling GPS

Sketch a diagram of the demonstration. Label
the components

—,




Three satellite signals
locate the receiver in 3D

space.

The fourth satellite is
used for time accuracy.

Position can be located
to within less than a
centimeter.



One satellite,
the GPS could be anywhere
the edge of the sphere.

Two satellites,
GPS could be

on the circle
where
spheres
Intersect.

3 satellites:
spheres intersect in 2 places.

4 satellites,
spheres

intersect in
one place.



Instantaneous positioning with GPS

Consumer grade accuracy of
 +/-10 m (30 ft) error

‘ (horizontal)
~© +/- 15 m (45 ft) error (ve ﬁc:ﬁ%

‘y
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UNAVED, High-precision GPS

» Use the carrier phase
* Dual-frequency receivers
* High-precision orbital
information

* Good monuments

* Multiple stations

» Sophisticated processing
software

* Collect lots of data



Movement of GPS stations

GPS station positions change as plates move.
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’How will Station A move
relative to Station B?



Movement of GPS stations

GPS station positions change as plates move
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Part 1: Modeling GPS

To build a gumdrop model of a GPS monument:
1. Use one gumdrop as the receiver (GPS monument).
Use toothpicks as three legs and one center post (monument braces).

2.
3. Form feet from three small lumps of clay (concrete).
4. Place on a small piece of transparent paper (“see-through” crust).




UNAVCO

Contact:

education @ unavco.org
http://www.unavco.org/

Follow UNAVCOon B

Facebook Twitter



GPS Velocity Viewer

Map Satellite

Hybrid Terrain

Data Source

[ GSRM project, no net rotation m

Velocity vectors
® on QO off

Velocity vector error ellipses
L AN )

Velocity vector color

VECTO Caling
| size 3 (original) B

Vertical motion symbols

O on ©® off

Vertical motion error circles
O on @ off

Station labels with data boxes
O on @® off

Tectonic Plate Boundaries:
O on ® off
Earthquakes:
| no earthquakes plotted 49
Volcanoes and volcanic
features:
O on ® off
Volcano labels with data boxes
O on @ off

How many symbols to show
| show all available )

(Drawmap )

Data source: Global Strain Rate Map Project ; Reference Frame: No Net Rotation
UNAVCO GPS Velocity Viewer:

http://facility.unavco.org/data/maps/GPSVelocityViewer/GPSVelocityViewer.html
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Nearby PBO GPS Stations

http://www.unavco.org/instrumentation/
networks/status/ pbo
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North America reference frame
http://www.unavco.org/software/visualization/GPS-

Velocity-Viewer/GPS-Velocity-Viewer.html
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Velocities compared to Eurasia

http://www.unavco.org/software/visualization/GPS-
Velocity-Viewer/GPS-Velocity-Viewer.html
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Plate motions from another

perspective: world reference frame

GPS Velocity Viewer
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Part 2: Measuring movement

SBCC GPS STATION Vertical
Date North (mm) | East (mm) (mm)
« Located near Mission Viejo, CA | 1/1/2004 36.57 2.33
 Position data collected ever
OSIlo y 1/2/2004 | -38.04 35.73 5.63
30 seconds
. One position estimate 1/3/2004 | -37.16 35.83 4.69
developed for each day: 1/4/2004 | -37.34 36.34 5.36
> North
1/5/2004 | -37.59 36.44 9.11
> East
> Vertical
1/1/2005 9.43 9.63 2.36
1/1/2006 16.48 -18.09 7.35
1/1/2007 | 45.98 ' 43.42 -6.43




GPS time series plots

3 separate plots

» Height
(Vertical)

Notice that scales
vary.

SBCC (SBCC_SCGN_CS1999)

North (mm)

East (mm)

Height (mm)

\

Red
points:
rapid
estimates

10 -
15+

1 I S e e e

2004.0 2004.4 2004.8 2005.2 2005.6 2006.0 2006.4 2006.8 2007.2

X-axis: date of the measurement



Sources of Error

\"cv.c:\\’o JN U GEE Tgf GONE BAD ’
Some GPS Error Sources o= —
* Selective Availability ;;;\j\,,w% J ?
. . Aayrsdg ™ Tac "’72
* Satellite orbits wud fr o quik S
. . AROUND THE ads
e Satellite and receiver ,::S'w.g.-:?§ ;“I -2,
AW g see0 <
clock errors AT
« Atmospheric delays
»lonosphere
» Troposphere
 Multi-path
* Human errors

\ )
The New Yorker, Roz Chast
-



Which way are we going?

Is the GPS station
moving

north or south?

North (mm)

east or west?

East (mm)

up or down? £ oo

Time



Which way are we going?

Positive slope:

The station is moving
north.

North (mm)

The station is moving
east.

East (mm)

The station is moving ==

£
up. o

Time



Which way are we going?

Is the GPS station
moving

north or south?

North (mm)

east or west?

East (mm)

? £
up or down" E

004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014

Time

n ©
i



Which way are we going?

Negative slope:

The station is moving
south.

The station is moving
west.

North (mm)

East (mm)

The station is moving
down.

o
o

-5

Height (mm)

OA -
2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014

Time



If the GPS Time Series Plots look like:

Time series plots

If the GPS Time Series Plots look like:

GPS vector GPS vector
looks like: looks like:
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SR Gaps in data

P281 (CholameCrkCN2004)

Causes:

* Power outages

* SNow coverage

* Equipment failure
* Vandalism
o« Wildlife

North (mm)

East (mm)

*

Height (mm)

-20 -

|

'301."l'l | B S | L B S S By S B S B SN S S S SN A S B S
2004.8 2005.2 2005.6 2006.0 2006.4 2006.8 2007.2 2007.6 2008.0 2008.4



Iceland’s GPS data




Iceland’s GPS data

‘wfn

HOFN

REYK



Iceland’s GPS data
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Units on time series plots

What are the units of measurement for this data?
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GPS monument HOFEN: north

How quickly is HOFN moving in the north - south direction?

n (mm)
w
o o
1 1

positio

North (mm)

-100 |
|

| | | | 1 |
1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010

Let’'s look at 1998 and 2008.

Average position on 1/1/2008 = mm
Average position on 1/1/1998 = mm




GPS monument HOFEN: north

50

opsition (mm)

D—

a

=50

North (mm)

-100 ==

1 1
1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010

Average position on 1/1/2008 = 50 mm
Average position on 1/1/1998 = -98 mm

Change in position = 50 — (-98) = 148 mm

Annual speed of HOFN north = 148 mm/10 years
= 14.8 mm/yr to the north for HOFN



GPS monument HOFN: east

How quickly is HOFN moving in the east - west direction?

50

(mm)

0_

=50

-100 4 ] ] ]
1967 1968 19608 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009

|
2010

Average position on 1/1/2008 = mm
Average position on 1/1/1998 = mm
Speed of HOFN east=_ mm/10 years

= /yr to the (east or west)



GPS monument HOFN: east

How quickly is HOFN moving in the east - west direction?

50

(mm)

0—

East (mm)

=50

-100 ] 1 1 ] ] ] 1 1
1967 1668 16602 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010

Average position on 1/1/2008 = 50 mm
Average position on 1/1/1998 = -80 mm

Speed of HOFN east = 130 mm/10 years
= 13 mm/yr to the east for HOFN



North (mm)

position (mm)

East (mm)

position (mm)

What direction is Monument HOFN moving?
a) north only
c) northeast

50

0

-50

-100

1997

50

-50

-100

1997

GPS monument HOFN

b) northwest
d) southwest

—

—

|

|

|

1998

1999

2000

2001

2002

2003

2004

2005

2006

2007

2008

2009

2010

—

I

|

|

|

1998

1999

2000

2001

2002

2003

2004

2005

2006

2007

2008

2009

2010



GPS monument REYK

North (mm)

East (mm)

position (mm)

position (mm)

What direction

Think, then discuss with your neighbor:
iIs monument REYK moving? About how fast?

I 1 1 I 1 I 1 1 I 1 I I 1 I 1 t
100 [ /_/ i
50 o i
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UNAVCO,, GPS monument REYK

How quickly is REYK moving in the north - south direction?

(10&

5 of e

(m
N 74
v |
\
\

North (mm)

\

-100
<150

1 | | 1 | 1 |
1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010

Average position on 1/1/2008 = 90 mm
Average position on 1/1/1998 = -115 mm

Speed of REYK north = (90 —-115) mm/10 years
=205 mm/10 yr
= 20.5 mm/yr to the north for REYK



UNAVCO,, GPS monument REYK

How quickly are they moving in the east - west direction?
ol — _

1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010

East (mm)

Average position on 1/1/2008 = -50 mm
Average position on 1/1/1998 = 60 mm

Speed of REYK (east) = (-50 - 60) mm/10 years
=-110 mm/10 yrs

= 110 mm/10yr to the west

= -11 mm/yr to the west for REYK



Displaying velocities on a map

There must be an easier way to show this!

North: 20.5 mm/yr
East: -11 mm/yr
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Are REYK and HOFN moving...

...towards each other, away from each other, or in
the same direction?

SR /“'A"}"'Iil (20°W AS1)1°N) l‘."':":"."‘ '-.H"{]‘
] o, 1

@tom North: 15 mm/yr

North: 20.5 mm/yr reyk East: 13 mmiyr

East: -11 mml/yr @-r HOFN
REYK

Mimic these motions with your GPS models.



What is a vector?

Anatomy of a Vector

The direction of the vector
shows the direction
the GPS station is
moving

A vector shows
speed and
direction.




UNAvco,, Graph paper as a map

Each axis uses the same

scale. 25
X-axis: east in millimeters T 20—
. . . 15 — =
Y-axis: north in millimeters & ~ |
£
£ 10
On your graph paper, each 2
block represents 1 mm. 5

_ o _ o O [ HEEEN [
Where is the origin on this 0 5 10 15 20 25
graph paper? East (mm) — >



-20

-15  -10 -5
East (mm) —>

Graph paper as a map

25

20

15

10

North (mm) —>

25

20

15

10

10 15

East (mm)

20
—>

25



UNAVCO, Plotting REYK vectors

25
« Vector: magnitude and
direction |20

> Tall is the GPS
monument location. 19

»Length of arrow is the
magnitude.

»Shows direction on a 5
map.

10

North (mm) —>

20 15 10 5 o

East (mm) —>



Plotting REYK vectors

Step 1. Draw the first vector
along the north axis with the
tail at 0. "

e GPS monument REYK
moves 20.5 mm to the
north per year 5

‘20

10

North (mm) —>

0
 Draw a vector arrow 20.5 =20 <15 10 -5 g

East (mm) —>
blocks along the north
axis.



UNAVCO, Plotting REYK vectors

25

Step 2. Place the tail of
the east vector at the 20
head of the north vector.

15
Draw the vector -11.0 0
blocks (mm) beginning
at the head of the north 5
arrow

North (mm) —>

20 15 10 5 o2

East (mm) —>



Adding REYK vectors

Step 3. Draw the total
vector from the tail of the

north vector to the 20
arrowhead of the east

vector. This new vector is 15 I
the sum of the north and 0 £
east vectors. £

-20 -15 -10 -5 0
East (mm) —>



Adding vectors

Or, use the Pythagorean
theorem to add vectors.

GPS monument moves
at: V(x2 + y2) =
mm/yr to the
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Mapping vectors
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1. Graph the vectors for HOFN and REYK.
2. Answer questions in “Thinking through the
data and maps.”



What is happening to Ilceland?
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Extra credit — How is REYK moving compared to
HOFN ? (pretend HOFN is not moving)



What is happening to Iceland?

Extra credit — How is REYK moving compared to

HOFN ? (pretend HOFN is not moving)
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East Africa Mystery - worldview
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UNAVCO GPS Velocity Viewer *

GPS velocity vectors show how the surface of the Earth is moving.
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East Africa Mystery - revisited

GPS Velocity Viewer
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East Africa Mystery - revisited

GPS Velocity Viewer
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Part 3: Applying knowledge




Match cars and graphs

) North East What Which car?
direction?

North (miles)
East (miles)

Time (Hours) Time (Hours)




UNAvVCO,, Match cars and graphs

) North East What Which car?
direction?

Car A

North (miles)
East (miles)

North-
Time (Hours) Time (Hours) Northeast




UNAvVCO,, Match cars and graphs

ii) North East What Which car?

l\ direction?

Time (Hours) Time (Hours)

North (miles)
East (miles)




UNAvVCO,, Match cars and graphs

ii) North East What Which car?

direction?
. Car C
South

Time (Hours) Time (Hours)

North (miles)

East (miles)




What direction is car D moving?

V) What direction is Draw the north and east graphs

Car D moving? North East

North (miles)
East (miles)

Time (Hours) Time (Hours)




What direction is car D moving?

V) What direction is Draw the north and east graphs

Car D moving? North East

North (miles)
East (miles)

Southeast Time (Hours) Time (Hours)




GPS Velocity Viewer

Map Satellite

Hybrid Terrain

Data Source

[ GSRM project, no net rotation m
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Data source: Global Strain Rate Map Project ; Reference Frame: No Net Rotation
UNAVCO GPS Velocity Viewer:

http://facility.unavco.org/data/maps/GPSVelocityViewer/GPSVelocityViewer.html



UNAVCO, Let’s explore

e Data for Educators

» http://www.unavco.org/edu_outreach/data/
data.html

* UNAVCO Velocity Viewer

» http://facility.unavco.org/data/maps/
GPSVelocityViewer/GPSVelocityViewer.html



UNAVCO

You should now be able to:

 Describe how GPS works;

* Interpret graphs in a GPS time series plot;

« Determine velocity vectors from GPS time series
plots;

« Explain relative plate motions in Iceland; and
« Explore global GPS data.



UNAVCO

Contact:

education @ unavco.org
http://www.unavco.org/

Follow UNAVCOon B

Facebook Twitter



Other tools to explore

« UNAVCO GPS, Earthquake, Volcano
Viewer

> http://geon.unavco.org/unavco/GEV.php

* |IRIS Earthquake Browser

» http://www.iris.washington.edu/servlet/
eventserver/map.do




Comparing Plate Movement

GSRM Project GPS Data



Measuring the Crust and Mantle Move

EARTH’S RECOVERY FROM THE ICE AGE
Sources o

Ilce

* |ce-age melting

* Present-day
melting

Water

* Ocean tides

* Wind-driven surges
* Reservoir depletion

o 20,000+ years ago @ 12,000 years ago
Air Glacial ice sheets blanket vast As glaciers melt, the land
regions of the Earth, causing ;| rebounds. Canadian land rises
* Water Vapor the Earth's crust to sink from | {abowve). Chicago sinks as the
* Weather systems 1,4 yeight of the ice. . mantle under the city flows
as noise and signal Chicago Tribune | back into Canada.

(information)

Sella and others, 2007



Measuring the Land Rebound (or Sink)

Isostatic Adjustment

~

=20 o Glacial

A, . . )
Vertical velocity, mm/yr & hinge line

e ) 7)Y __—

2 0 2 4 6 8 10 N\

e — - S Jb\‘t

Calais et al., GU 2009



> A
inﬁ %
..‘ ‘%
.ih. ’ - E_‘E
il ’ \ = Ji

glesidual Velocities

b A%
\\"U-‘I :
: =
5

A WOBAN 2 \ LN Ao %

ir 4 \&‘\ UL NS T S

‘ =R - BN ” 8¢

Al G PR 52 58

A = 1/ A ;%3

3 - I.Smmfiyr| € ° - % o 538

—» Rieid i TR ) =8,

0-1 5 mm/fyr 151 () 82

}- PRI °58

+ve < —= GIA " i 299
\ Tect. e \ =0 |
-ve . Effect | X “E5E
Green line shows 0 mmyr vertical *hinge line” separating uplift from subsidence. ¢ i%
(left) Vertical GPS site motions w858
. [ [l ] [ [ ) ! S
(right) Horizontal motion Red vectors represent sites primarily affected by GIA.  Ge gé
Purple vectors represent sites that include effects of tectonics. 522




UNAVCO

.7( P! mbk L ~\ . N~ Lj
.-'I ” : .\N .
i i M 1NN
J “
i £ e % R ? B
v T NS AR LR R T

o ) J\\-'.\\\ W, TSN

2R RERE RN &

\ AN P
/ﬁ AN By e
7l 4 // \\\\‘ ' ,:_,,-'
2 A PR T

1,

sgt in “s’lca%&”: 3 3

azzotti,

gareeim

U
73
(]

1

.\ R 6
g’ AR B VAN T 2
e OGN AN L R ES
: S 58

e TeClORIC 1 ‘\‘ N NP ESAS/
—» EGPS ¥ w2 558
3 CGI'S s §§ ﬁ
e Interpolated - ? c S §
wee Hinge line (0 mmfyr) :/ /1 {\ §§'§

T <

GPS horizontal velocities with motion of rigid North America removed. 568
. . . . TR

Interpolated velocity field based on these data derived using GMT #osq
y X (@

9228

385




Horizontal GPS Motions
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GPS




Add load GPS




GPS receiver moves
downward and
towards the load

Add load GPS




GPS receiver moves
upward and away from
the load

remove load GPS




Websites shown during demonstration

Learn more about how GPS works and the science learned through research
GPS Spotlight @ Spotiight Map

@ Spotlight Map
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GPS Spotlight: http://xenon.colorado.edu/spotlight/index.php
PBO H20: http://xenon.colorado.edu/portal/index.php




Websites shown during demonstration

See the g_r|ound and forests with LiDAR

I 8 0 0 Google Earth
¥ Search 0O o efe @& @ ] [ RE][R][E Sign in
Search ¢
ex: NYC
Get Directions _History
¥ Places

» [ & WallaceCrk3
» [ & Learn about Plate Tect
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B climate change
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» [ # Ocean
» /%% Weather
» [ i% Gallery
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Tour Guide

Image USDA Farm Service Agency

Many places to get LiDAR!
Open Topography: http://www.opentopography.org

New York: http://gis.ny.gov/elevation/lidar-coverage.htm

Maine: http://www.maine.gov/megis/projects/lidar.shtml

Vermont: http://vcgi.vermont.gov/warehouse/products/ALL-LDR_MIX_LIDAR_STATE_ALL
New Hampshire: http://www.granit.unh.edu/resourcelibrary/specialtopics/lidar/




About GRACE

Earth's Gravity Field Anomalies [milligals)
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http://earthobservatory.nasa.gov/Features/ GRACE/page3.php



Measuring the Plates Move

Satellite Hybri
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UNAVCO Plate Boundary Observatory Data



