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How do Faults Slip: Earthquakes versus Episodic Tremor and Slip
Despite what we have learned from the theory of plate tectonics, the specifics of how those plate motions contribute to movement along faults remain a matter of much debate.  Since the discovery of plate tectonics, scientists have recognized that earthquake activity, both the orientation and magnitude, is related to plate motions.  However, efforts to total up the motion simply associated with earthquakes often falls far short of the plate motions.  This suggests that plates have a way to slide past one another along faults without generating earthquakes, and discovering what controls whether faults produce earthquakes is critical for better characterizing seismic hazards around the world.  Scientists are using a combination of GPS and seismometer recordings to investigate this issue. Some portions of a fault reveal traditional earthquake stick-slip behavior where gradual GPS motions show the fault is locked for a long time while plate motions cause stress to accumulate at the fault until the rocks break and the fault moves over the span of minutes generating large seismic signals and an abrupt GPS motion.  In 2003, researchers discovered that portions of a fault also release accumulated stress more gradually over the course of several weeks in the form of a slow slip event that is accompanied by weak seismic tremors observed in a narrow frequency range that requires specific filtering to observe.  These new phenomena are described as episodic tremor and slip as they recur on nearly an annual basis, much more frequently than large earthquakes which can have recurrence intervals of 50-5000 years. 
To better understand how faults move in this activity, we will examine both GPS and seismic data to identify key observations and build interpretation from them.  The map below shows an area of Northern California and Southern Oregon where the Juan de Fuca plate is subducting underneath the North American plate.  The cross-section below is slice through the Earth going from west to east and shows how the plate boundary fault dips to the east from the trench (line with teeth in the map view). This subduction zone fault is very dangerous as it produced a magnitude ~9 earthquake in 1700 that sent a large tsunami all the way to Japan.  There have been no similar earthquakes in this region since 1700, so scientists believe the shallow part of the fault is locked and building up stress, which is shown in aqua color both in map view (oval shape) and in cross-sectional view (along the dipping fault).  The map and cross-section also show 3 GPS instruments (colored squares) with increasing distance from the trench, one seismometer (triangle), one recent magnitude 7 earthquake (star), and one recent tremor and slip event (circle).
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1) If the hypothesis that the fault is locked and building up stress towards the next magnitude 9 earthquake is correct, what pattern of motion with respect to the North American plate should we see in the GPS data?
a. Similar rates of eastward motion of all 3 GPS stations.

b. Similar rates of westward motion of all 3 GPS stations.

c. Larger rates of motion of the blue station than the red station.

d. Larger rates of motion of the red station than the blue station.

2) If the hypothesis that the fault is locked and building up stress towards the next magnitude 9 earthquake is correct, what patterns would we see on the seismometer?

a. Very frequent earthquakes in the locked zone

b. Very infrequent earthquakes in the locked zone

3) The location of a recent magnitude 7 earthquake is show as a star in the plots above.  Did this earthquake occur on the subduction zone fault between the plates?

a. Yes

b. No

4) The location of a recent tremor and slip event is shown as a circle in the plots above.  Did this tremor and slip event occur on the subduction zone fault between the plates?

a. Yes

b. No

5) Scientists have discovered that tremor and slip events do extend towards the coastline.  They have suggested a hypothesis that these tremor and slip events may be pushing on the locked zone, and “tickling the dragon’s belly”. Is this hypothesis consistent with the data?
a. Yes

b. No

6) Is it a good idea for the government to fund research into tremor and slip events?
a. Yes, we should fund science no matter what it’s used for.
b. Yes, tremor and slip might have an impact on hazard assessment and earthquake forecasting.
c. No, we should only fund science on proven results.
d. No, earthquakes will cause damage and deaths no matter what we learn about tremor and slip.

The plot below shows the eastward motions of the 3 GPS instruments with respect to the North American plate over a 2 year time span, where the colors correspond to the colored squares in the previous plots.    
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7) Which GPS instrument time series shows the best evidence for an earthquake?

a. Blue station

b. Green station

c. Red station

8) Is the earthquake location in the map related to this station location?

a. Yes, the earthquake is closest to this station, so it shows the largest signals

b. No, the earthquake is further from this station, but the station is apparently more sensitive to the signals

9) What time in the GPS data shows the best evidence for an earthquake?

a. A

b. B

c. C

10) Are there other times that show similar evidence for an earthquake?

a. No

b. Yes, early 2005

c. Yes, early 2006

d. Yes, late 2006

11) Which GPS instrument time series shows the best evidence for a slow slip event?

a. Blue station

b. Green station

c. Red station

12) Is the tremor and slip location in the map related to this station location?

a. Yes, the tremor and slip is closest to this station, so it shows the largest signals

b. No, the tremor and slip is further from this station, but the station is apparently more sensitive to the signals

13) What time in the GPS data shows the best evidence for a slow slip event?

a. A

b. B

c. C

14) Are there other times that show similar evidence for slow slip event?

a. No

b. Yes, early 2005

c. Yes, early 2006

d. Yes, late 2006
The plot below shows seismometer recordings made between 6 pm and 8 pm on 3 different days at the station shown as a triangle in the map above.  In each case, the top seismogram is the raw recording, and the bottom seismogram has been filtered to the specific frequency range where tremor is likely to occur.  Please note that the amplitude scale is different for each seismogram.
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15) Which seismograms show evidence for an earthquake?

a. Day 1

b. Day 2

c. Day 3

16) Which seismograms show evidence for tremor?

a. Day 1

b. Day 2

c. Day 3

17) What do the other day seismograms show evidence for?
a. Small earthquakes

b. Weak tremor

c. Background noise
18) How does the earthquake amplitude compare to that of the tremor?

a. The amplitudes are the same size.

b. The earthquake amplitude is 3 times larger than the tremor.

c. The earthquake amplitude is 2000 times larger than the tremor.

d. The tremor amplitude is 3 times larger than the earthquake.

e. The tremor amplitude is 2000 times larger than the earthquake.

19) There are no seismograms from the giant magnitude 9 earthquake that occurred in 1700, but approximately how much larger would the amplitude be for that event relative to the amplitude of the magnitude 7 earthquake shown above?

a. The amplitudes would be the same size.

b. The amplitude would be 2 times larger.

c. The amplitude would be 10 times larger.

d. The amplitude would be 100 times larger.

e. The amplitude would be 10000 times larger.

20) How does the earthquake duration compare to that of the tremor?

a. The durations are the same length.

b. The earthquake duration is much longer than the tremor.

c. The tremor duration is much longer than the earthquake.

21) Based on the comparisons between earthquakes and tremor, why have scientists known about earthquakes for many years but scientists only discovered tremor signals a few years ago?  Choose all that apply.

a. Tremor signals look different than earthquakes

b. Tremor signals are much smaller than earthquakes

c. Tremor signals last much longer than earthquakes

d. Tremor signals can only be seen when seismograms are filtered to a particular frequency range

22) What time does the Day 1 seismogram correspond to in the GPS time series plot above?

a. A

b. B

c. C

23) What time does the Day 2 seismogram correspond to in the GPS time series plot above?

a. A

b. B

c. C

24) What time does the Day 3 seismogram correspond to in the GPS time series plot above?

a. A

b. B

c. C

Finally, let’s examine the behavior of earthquakes and tremor and slip in space and time.  The animation file map.nvt.eq.mpg shows the patterns of earthquakes and tremor and slip in the entire Cascadia subduction zone region, extending from Northern California to Southern Canada.  A screen shot from this animation is shown below.  The bottom part of the animation shows a plot of the latitude of the events versus time, and a red bar will move across as the animation goes from late 2005 to late 2009.  Please watch this animation and pay attention the different patterns in the different maps.
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25) What statement best describes the patterns of earthquakes in space?

a. They are evenly dispersed across the entire map.

b. They are typically dispersed over a broad region, but occasionally cluster in a small region.

c. They are focused into a narrow band that is parallel to the trench.

d. They are typically focused into a narrow region, but occasionally are evenly dispersed across the entire map.

26) What statement best describes the patterns of tremor and slip in space?

a. They are evenly dispersed across the entire map.

b. They are typically dispersed over a broad region, but occasionally cluster in a small region.

c. They are focused into a narrow band that is parallel to the trench.

d. They are typically focused into a narrow region, but occasionally are evenly dispersed across the entire map.

27) Based on the spatial patterns of earthquakes, what is the most likely interpretation?

a. They occur on a large number of faults, with no particular preference.

b. They occur on a large number of faults, but some faults are more active than others.

c. They occur associated with a specific fault: the subduction zone fault that dips from the trench beneath the coast

d. They often occur on a specific fault, but they can occur on a large number of faults across the region

28) Based on the spatial patterns of earthquakes, what is the most likely interpretation?

a. They occur on a large number of faults, with no particular preference.

b. They occur on a large number of faults, but some faults are more active than others.

c. They occur associated with a specific fault: the subduction zone fault that dips from the trench beneath the coast

d. They often occur on a specific fault, but they can occur on a large number of faults across the region

29) What statement best describes the patterns of earthquakes in time?

a. They are evenly dispersed across the entire time range.

b. They are typically dispersed in time, but occasionally many events cluster in a short time frame.

c. They are almost exclusively clustered in time.

d. They are typically clustered in time, but there are isolated events evenly dispersed across the entire time range.

30) What statement best describes the patterns of tremor and slip in time?

a. They are evenly dispersed across the entire time range.

b. They are typically dispersed in time, but occasionally many events cluster in a short time frame.

c. They are almost exclusively clustered in time.

d. They are typically clustered in time, but there are isolated events evenly dispersed across the entire time range.

31) Based on the temporal patterns of earthquakes, what is the most likely interpretation?

a. At least one fault is moving all the time, with no particular pattern.

b. At least one fault is moving all the time, but occasionally there are short time periods when the particular fault moves repeatedly over several days.

c. The faults only move at specific times with motions occurring in succession over several days.

d. The faults typically move at specific times and continue for several days, at least one fault is moving all the time.
32) Based on the temporal patterns of tremor and slip, what is the most likely interpretation?

a. At least one fault is moving all the time, with no particular pattern.

b. At least one fault is moving all the time, but occasionally there are short time periods when the particular fault moves repeatedly over several days.

c. The faults only move at specific times with motions occurring in succession over several days.

d. The faults typically move at specific times and continue for several days, at least one fault is moving all the time.
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