Student Worksheet KEY–  Earthquake Hazards: The next big one? 

Version – 3.2; Last updated – June 2017

Introduction
Let’s say you live in an earthquake hazard zone. If you were a city planner or emergency manager, how would you decide how much emphasis to place on earthquake preparedness for your community, compared to other hazards such as floods and hurricanes?  It’s not possible to predict the exact time, location and size of the next big earthquake, but it is possible to estimate the probability of one happening over a longer time span.  In this activity you will review basic concepts of probability, examine the distribution of earthquake size and frequency using a simple model, and then apply those concepts to earthquake hazards in different regions.

Part I -Introduction to Probability
In your day-to-day life, you frequently encounter the concept of probability.  For example, you might hear that there is a 20% chance of rain in your town today or that your odds of winning the lottery are 1 in 175 million.  

The probability of an event occurring is described as a quantity, and can be represented as a fraction, decimal number, or % chance.  These values technically mean the same thing.

Mathematicians use the following formula to quantify the probability of certain events:

Probability = number of ways an event can occur
              total number of possible outcomes

If you wanted to know the probability of rolling a 2 with a die, you would set up the following equation

Number of ways to roll a 2 on the die = 1
Number of possible outcomes on 6 sided die =  6

Probability:  
 = 1/6 = 0.167 = 16.7% chance of rolling a 2 each time you roll the die











Fill in the table below:
	Desired event
	# of ways event could occur
	# of Total possible outcomes
	Fraction
	Decimal representation of fraction
	% Representation of probability

	Roll a 2 with 6 sided die
	1
	6
	1/6
	0.167
	16.7%

	Flip a coin with heads up
	1
	2
	1/2
	0.50
	50%

	Roll a 2 with a 10 sided die
	1
	10
	1/10
	0.10
	10%

	Pull a red marble out of a bag with 3 blue and 2 red marbles
	2
	5
	2/5
	0.40
	40%

	Pick a king out of a deck of cards
	4
	52
	4/52 = 1/13
	0.077
	7.7%




Part II – Calculating EQ Probabilities
 (
Figure 1. The Earthquake Machine is a mechanical model for illustrating the inputs and outputs of the earthquake 
system.
)Estimating the probability of an event is a useful way for scientists to assess the likelihood of a certain hazardous event.  For example, in your “role” as an emergency manager or city planner, it would be useful to know the probability of an earthquake occurring in a particular location so that appropriate building codes can be developed. To help you understand how one would create such estimates, we will use a physical model (Figure 1) to represent a fault system and determine the probability of various sizes of events occurring in the model.  

First, let’s get oriented with the model. Play with the model by slowly pulling on the measuring tape attached to the rubber band, which is attached to the block. 

1) Which of the following statements best describes what you see occurring as you slowly pull the measuring tape?
a) As the measuring tape is pulled, the block moves forward an equal amount. 
▶▶▶▶b) As the measuring tape is pulled, energy is stored in the rubber band until suddenly the stored energy is released when the block lurches forward.

This model is useful because the behavior you observed is similar to the way we believe faults behave in Earth.  The model’s wooden block, rubber band, measuring tape and sandpaper base all represent components of an active fault section.  Your pull on the measuring tape and rubber band attached to the block is analogous to slow, continuous plate motions. For example, this might represent the downward pull of a subducting slab of lithospheric plate, which is continuously adding tension to the system. The rubber band represents the elastic properties of the surrounding rocks, storing potential energy as they are deformed (yes, rocks can bend elastically!). The sandpaper represents the contact between the sides of the fault. When the frictional forces between the block and sandpaper are overcome, the block lurches forward, representing ground motion during an earthquake. The description of this entire process (that is, the slow accumulation of strain energy in elastic material, followed by the released in a sudden slip event) is known as elastic rebound theory. In this model, the amount of slip is dependent on the amount of energy released. This is analogous to the magnitude of an earthquake because the size of the block is constant for each event. For example, the larger the slip of the block, the larger the magnitude of that event. 

While this model is useful to visualize the earthquake system, it is important to note that it is ultimately a simplification of a complex Earth system. 


2) Draw a line from the behavior of the EQ Machine on the left to match it with the corresponding behaviors of Earth on the right. 

	Model Behavior
	
	Earth Behavior

	Pull on measuring tape

	
	Storing of energy elastically in rocks

	Friction between sandpaper and wooden block

	
	Fault slip that creates an earthquake

	Stretching of the rubber band

	
	Continuous, slow plate motions

	Sudden slip of block
	
	Contact between the sides of the fault





3) Make a list of how the model is unlike the real earth.

How the Model is Unlike Actual Fault Rupture
· The physical make up of the model is notably different from Earth materials.
· In Earth, elastic energy is stored over tens to hundreds to thousands of years in rocks spanning area of up to hundreds or thousands of kilometers, rather than the seconds it takes to store energy in the small rubber band.
· The block always has fixed dimensions, while the dimensions of the part of a fault that slips usually varies for each earthquake.   
· In the model, the boundary between the sides of the fault (or two plates) is parallel to the surface where friction occurs along the bottom of the wooden block. However, in Earth, fault planes (and plate boundaries) are seldom horizontal and parallel to the surface like between the sand paper and the block system. Further, the locking forces on a fault are much more complex.
· Energy to move the system in the model comes from our hands.  In Earth, a broad range of energy sources influences the forces on plate boundaries and faults.

Now that we understand the model, we would like to describe the behavior of the Earthquake Machine model quantitatively, which means collecting and analyzing some data. We would like to know how frequently “events” (slips of the block) of various magnitudes (distances of slips) occur.  The relationship between the average frequency of earthquakes equal to or greater than a given magnitude is called the Gutenberg-Richter relationship. 

Log10N = a - bM

N is the number of earthquakes having a magnitude ≥ magnitude M. Constants a and b are related to the stresses experienced by a body of rock. Constant a indicates the total seismicity rate of the region over a set time period, and constant b is generally calculated/assumed (for Earth, this value is usually approximately 1). Discussing the Gutenberg-Richter relationship is a useful way to compare the rates of seismicity of different regions.

To collect the information to explore the Gutenberg-Richter relationship from our model, we need to know how many events occurred within some time period, and the ”magnitude” for each event.  

The magnitude of an earthquake is proportional to 

Area x Displacement (Slip) x Rigidity 

In our model, rigidity (strength of the material) and fault area are fixed.  This leaves displacement (slip of the block) as the only variable that changes in our model. As a result, we can use fault slip as a proxy for magnitude.  
4) Other than the slip distance for each event, what other data do you need to record to be able to compare the relative frequency of different sized events?

You would also need to know how often the events occur




Data Collection
Event Number – Collect data for 40 events
Time – Let’s assume that the plate in our model is moving at 1cm/year. Thus, for every cm of tape pulled past the marker, one year of time goes by. 
Magnitude – The distance the block slips for each event
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	Event Number
	Time since last event (Years)
	Magnitude (cm)

	1
	
	

	2
	
	

	3
	
	

	4
	
	

	5
	
	

	6
	
	

	7
	
	

	8
	
	

	9
	
	

	10
	
	

	11
	
	

	12
	
	

	13
	
	

	14
	
	

	15
	
	

	16
	
	

	17
	
	

	18
	
	

	19
	
	

	20
	
	

	21
	
	

	22
	
	

	23
	
	

	24
	
	

	25
	
	

	26
	
	

	27
	
	

	28
	
	

	29
	
	

	30
	
	

	31
	
	

	32
	
	

	33
	
	

	34
	
	

	35
	
	

	36
	
	

	37
	
	

	38
	
	

	39
	
	

	40
	
	





5) Review your data table above. Which of the following statements best describes the data you collected? 
a) There are many large events and only a few small events.
b) The number of large and small events is relatively equal.
▶▶▶▶c) There are many small events and only a few large events. 

6) How could you sort the data that you collected such that you could analyze whether your data can be described by the Gutenberg-Richter relationship?

You can bin the data by the size of the events and count the number in each bin.

7) One way is to gather the number of events into five categories (bins) based on magnitude and plot the results on the graph below.
Each bin can include events with magnitudes greater than or equal to the bin value listed (i.e., greater than or equal to 1; greater than or equal to 3; etc.). 
	Magnitude (cm)
	(N)
	(N)/year

	1
	
	

	3
	
	

	5
	
	

	7
	
	

	9
	
	


 
DATA WILL VARY. Note that (N)/year is determined by dividing each (N) by the sum of the years of all 40 events.  Also note that since (N) is the number greater than or equal to a particular magnitude, the large events are counted multiple times.



8) Note the log scale on X axis of the plot below. Given the discussion above about the Gutenburg-Richter relationship, how might you expect your data to be represented on the plot (e.g what shape will the data take)?

Students familiar with logarithms should realize that the Gutenberg-Richter relationship is an equation for a straight line if log (N) is plotted against magnitude.  


9) Plot your “binned” data from question 6 (above) onto the graph below. 


10) Based on your data from the model, what is the annual probability of a magnitude 5 event? Show your work to demonstrate how you calculated this value.

Students may either select the N/year number from their data table or determine the value from a best fit of their data to a straight line in the above plot.   In the sample plot below, the annual probability for an M5 event is 0.067. Students could also express the probability as 6.7% or as 1/15.



11) Restate this probability in two other formats. (Remember, as illustrated in Part I probabilities can be represented as a fraction, decimal number, or % chance). Show your work to demonstrate how you calculated these values.


Students should show the other 2 probability formats described above.




Below is data from a sample run of the Earthquake Machine model. Examine it and answer the following questions. 



12) Describe how the hazard at your Earthquake Machine compares to the hazard for this model?


An acceptable response will describe whether the hazard is higher or lower. A complete response will also consider whether the slope is the same or different (relative number of small vs large events).  


13a) How often would you expect a magnitude 7 earthquake to occur in the above model?
a) Roughly once every 3 years
▶▶▶▶b) Roughly once every 33 years
c) Roughly once every 333 years

13b) How did you determine your answer?
There are 0.03 M7 events per year, so on average an M7 event should occur every 1/0.03 = 33 years
14) This data was collected using a model.  Describe how you think similar data could be collected for actual faults that have the potential to impact society?


Similar data could be collected by maintaining a catalog of events (date, time, magnitude, depth, etc) for a given fault segment. This data could then be mined to create a similar plot.  

NOTE: This can be modeled for students using www.iris.edu/ieb 


Part III – Investigating Seismic Hazards
In this part of the lab, you will explore how geoscientists use probability to describe potential earthquake effects in a given location.  This exercise will focus on seismic hazard, which can be described by the likelihood of a certain level of ground shaking for a particular region.  Once the seismic hazard is quantified, the seismic risk can be estimated by determining the vulnerability of the region affected by the seismic hazard.  Vulnerability includes things like the potential effects of damage or loss to the built environment, including damage to buildings, other structures, roads, gas/water/sewer lines, public transportation systems, etc. Scientists and engineers describe the relationship as:

Seismic risk = Seismic hazard  X  Vulnerability

A high seismic hazard area can have low risk if few people live there or nothing vulnerable to loss or damage exists.  Low and modest seismic hazard areas can still have high risk due to high vulnerability – that is, large populations and an extensive built environment with poor construction.

To create these assessments, geoscientists study the locations of faults and their geologically recent activity (over the past 1000’s of years in some cases) to estimate the average time between large earthquakes in individual regions. In some cases, these recurrence rates can be hundreds of years or more, while in other areas the recurrence rate can be tens of years or less.  The recurrence rate information is combined with the pattern, frequency and magnitude of recent (past 25-50 years) instrumentally recorded earthquakes in the region. This instrumental data is used to determine the probability of earthquakes of different sizes (that is, filling out the graph you used in the previous section to determine the frequency-magnitude relationship for a given area).  Geoscientists assume that the pattern of future earthquakes will be similar to the pattern of past earthquakes, and base their assumption on observations of earthquakes over many years.  In the U.S., the United States Geological Survey has the official responsibility of producing these probabilities. 

To explore earthquake probability for 2 sites in the U.S., we will use model data provided by the USGS.
15) Convert the probability of a magnitude 7 earthquake occurring within 50 km of two locations in the United States to a % chance.

	Time
Span
	Magnitude
	San Bernardino, CA 92418
	New Madrid, MO 
63869

	
	
	Probability
	% Chance
	  Probability
	% Chance

	1 year
	7
	.01
	1%
	0.0
	0%

	5 years
	7
	.08
	8%
	.01
	1%

	10 years
	7
	.15
	15%
	.02
	2%

	25 years
	7
	.30
	30%
	.06
	6%

	50 years
	7
	.60
	60%
	.12
	12%

	100 years
	7
	.80
	80%
	.20
	20%

	500 years
	7
	.90
	90%
	.60
	60%

	1000 years
	7
	.90
	90%
	.90
	90%



16) What are the probabilities of earthquake occurrence in the above table based on?
a.  the strain buildup in the area
▶▶▶▶b.  the rate of past earthquake occurrence in the area 
c.  the magnitude of P-waves recorded at the nearby seismic station
d.  the location of the most recent earthquake only

17) Which region would you say has the greatest overall likelihood of experiencing a magnitude 7 earthquake?
▶▶▶▶a. San Bernardino, CA 
b. New Madrid, MO

18) How do the probabilities of a magnitude 7 quake change over time?
a) The probabilities increase with an increasing time window in the same way for both cities
b) The probabilities decrease with an increasing time window in the same way for both cities
▶▶▶▶c) The probabilities increase for both cities with increased length of time but the increase over time is slower in New Madrid.
d) The probabilities increase for both cities with increased length of time but the increase over time is slower in San Bernardino
 
19) Based on the data above, which of the following statements is most likely true?
▶▶▶▶a. San Bernardino, CA has experienced more magnitude 7s in the past than New Madrid, MO 
b. New Madrid, MO has experienced more magnitude 7s in the past than San Bernardino, CA
c. San Bernardino, CA and New Madrid, MO have experienced the same number of magnitude 7s in the past 
20) Over what time period is the probability of a magnitude 7 earthquake the same between New Madrid, MO and San Bernardino, CA?  

The probability of a magnitude 7 earthquake is the same for New Madrid, MO and San Bernardino, CA over a 1000 year time period. 


21) Explain how can the probability be nearly the same for some time periods but not others? 

This occurs because San Bernardino experiences M7 earthquakes more frequently than New Madrid and therefore over shorter time periods, an earthquake is more likely in San Bernardino.  However, over very long time periods (much longer than the average time between M7 earthquakes in New Madrid), the likelihood of an M7 event is essentially the same for both areas.






22) What local and regional factors do you think contribute to the seismic hazard in the two locations?

Accept all answers but students may cite such factors as proximity to the plate boundary, local faults, historical records of large earthquakes, or the failed rift near New Madrid.  They may also mention amplification due to soft sediments.



23) Can we use these probability values to determine which city has the highest risk?
a) Yes, the city with the lowest probability will have the highest risk
▶▶▶▶b) No, there are other factors that might influence the risk
c) Yes, the city with the highest probability will have the highest risk
d) No, the city with the highest probability will not have the highest risk

24)  What factors might influence the risk from a large earthquake? Choose all that apply. 
a) The strength of the building codes
b) How faulted the rocks are in the crust
c) The probability of a large earthquake
d) How well enforced the building codes are
▶▶▶▶e) All of the above
f) None of the above
25) So far, you have calculated the probability of occurrence of a particular-sized earthquake in two regions.  Brainstorm other types of information that might also be needed to create a complete seismic hazard map of a region. Describe how the additional info you propose contributes to creating a complete picture of the seismic hazard. 

The next section will delve into this question, so accept all answers, but a complete answer might include the following:

Seismic hazard is usually expressed as the probability of exceeding a certain level of ground shaking in a set period of time. To estimate that ground shaking, we need to know:
1. Sources: Locations of know faults and rates of seismicity on those faults as well as the background level of seismicity.
2. Path effects: How does the shaking attenuate with distance?
3. Site effects: Effect of the local near-surface geology on the shaking.

Part IV – Relating earthquake probabilities to ground shaking hazard

The probabilities you determined in Part II showed how likely an earthquake is to occur, but more information is needed to estimate how much the ground is going to shake during an earthquake.  To estimate the extent of ground shaking for future earthquakes, geoscientists use earthquake recordings to develop models of ground shaking at an earthquake epicenter, and how the shaking will decrease with distance from the epicenter. The modeling process is repeated for different magnitude events, and sometimes assuming different directions of fault slip.  When the model of ground shaking intensity is combined with earthquake probability, the result is a probability of ground shaking intensity within a given length of time. 

Figure 2 shows one way to represent an estimate of the maximum amount of vertical ground shaking within a given time frame.  This estimate is known as peak ground acceleration (PGA).  Figure 2 shows a typical way that values from these models are represented, which is by showing which areas have a 2% probability of experiencing a given vertical ground acceleration or greater from an earthquake within the next 50 years.  Because the measurement is for vertical acceleration, predicted PGA values are colored as a percentage of g (Earth’s gravitational acceleration of 9.8 m/s2).   

As an example, green areas of the map have a 2% chance of shaking that exceeds 0.10 g to 0.12 g (10-12% of g) within the next 50 years.  This corresponds to a PGA of ~1 m/s2. As a point of reference, people lose their balance when PGA is 0.02 g (2% of g), while some damage to buildings can occur with accelerations of 0.2 g to 0.3 g; of course, more damage usually occurs with greater accelerations. Use Figure 2 to help answer the following questions (Next Page). 

[image: ::::::Desktop:2percent50years2014.tiff]

Figure 2: USGS map of areas within the United States that have a 2% probability of experiencing a given peak ground acceleration (PGA) from an earthquake within the next 50 years.  

26) What areas in the U.S. have the greatest earthquake hazard? How did you determine which regions to include?

Students could either include only 0.8g and higher:
Southern CA, Northern CA, New Madrid, MO, Charleston SC

Or they could include 0.4g and higher:
Southern CA, Northern CA, New Madrid, MO, Charleston SC, Pacific Northwest coast, Yellowstone, and central/eastern Utah (Wasatch Front), western Nevada

27) What is the approximate PGA value that has a 2% probability of being exceeded in the next 50 years for Seattle, WA? 

0.4 g


28) What is the approximate PGA value that has a 2% probability of being exceeded in the next 50 years for Salt Lake, UT? 

0.4 g

29) Use the map to estimate the 2% exceedance PGA value over the next 50 years for San Bernardino and New Madrid. 

0.8 g

30) Find a map online showing tectonic plate boundaries of the world and sketch in regional plate boundaries on Figure 2. 

Students should sketch in the San Andreas fault and the Cascadia subduction zone.

31) How do the locations of high seismic hazard areas correspond to plate boundaries on the map? Was this what you expected? Why or why not? 

The hazards will correspond to plate boundaries on the west coast of the US. The other hazards in the mid-continent and eastern U.S. do not correspond directly to any plate boundaries. 

32) Paleoseismology is a field of study that investigates geologic sediments and rocks for signs of ancient earthquakes.  Read the description of paleoseismic studies in the New Madrid region at:  http://mptuttle.com/newmadrid5.html.  What is the average recurrence time of magnitude 7 earthquakes in the New Madrid area?

Based on the data presented, the recurrence interval is 832 years between all events.

33) How do you think this compares to the frequency of magnitude 7 earthquakes near San Bernardino?  

The frequency of a magnitude 7 quake in New Madrid is significantly less than in San Bernardino. 


34) Which of the following might be useful to help quantify this comparison of magnitude 7 earthquake reoccurrence rates?  
a) Trenching to date earlier fault movements
b) Archival research of newspapers and other historic documents
c) Tree ring analysis
d) Extrapolating data from other regions of the world
e) a, b, and c
▶▶▶▶f) All of the above
g) None of the above

35) The 2% probability in 50 years hazard map is approximately showing the expected ground shaking in a 2500-year period.   If the map instead showed the 10% probability in 50 years (approximately the expected shaking in 500 years), would you expect to see a difference between San Bernardino and New Madrid?  Why or why not? 

One would expect to see a difference between San Bernardino and New Madrid on a 10% probability in 50 years map because the probability of a large quake in New Madrid is less at shorter time scales as shown in the data provided for question 14.


36) Examine Figure 3. Notice that the scale of both maps are the same. The highest shaking zone on the map for the eastern US after an earthquake in Virginia is much broader in comparison to the zones in California.  If California has larger and more frequent earthquakes than Missouri and other parts of the eastern US, how could this pattern of shaking be explained? In the space below, predict, what factors could contribute to this phenomenon. 

The crust in the east, including the New Madrid region, is older and colder which means that it is more rigid and has less open fractures. As a result, seismic energy is propagated more efficiently in the east since seismic waves attenuate less, resulting in significant shaking propagating over a larger area than in the west.

[image: :Images:east_v_west1.png]
Figure 3. These “Did You Feel It” maps, a product of the USGS, were generated from citizens reporting their experiences during the earthquakes.  (see https://on.doi.gov/2s1WATp and https://on.doi.gov/2smJcGU for details of each earthquake)




37) The landscape of the New Madrid, MO region is heavily influenced by the nearby Mississippi River. Because of the river, the near-surface geology features deep layers of sediment that have been deposited. Watch this animation (http://www.iris.edu/hq/inclass/animation/111) and predict how you think these deep sedimentary layers might also contribute to an increased regional hazard (though this effect is not included in Figure 2, which assumes all sites are rock sites).

Because these sediments are unconsolidated, which slows down the seismic waves, the amplitude of the seismic waves increases to conserve momentum.  Seismic waves can also be trapped in the sediment layer and cause a resonance like in a bowl of jello.  

38) Putting it all together - Which of the following best describes the results for New Madrid, MO?
a) Similar probability of a magnitude 7 earthquake and similar PGA that has a 2% in 50 years chance of being exceeded relative to San Bernardino 
▶▶▶▶b) Smaller probability of a magnitude 7 earthquake and similar PGA that has a 2% in 50 years chance of being exceeded relative to San Bernardino .
c) Significantly larger probability of a magnitude 7 earthquake and significant larger PGA that has a 2% in 50 years chance of being exceeded relative to San Bernardino. 
d) Similar probability of magnitude 7 earthquake relative to San Bernardino but significant larger PGA that has a 2% in 50 years chance of being exceeded than San Bernardino. 


Whereas the USGS national seismic hazard map, (Figure 2), doesn’t include the local effects of near-surface materials such as soft sediments, local and regional maps have been created for many areas, and local building codes take the ground classification into account when estimating the likely shaking.   In general, soft sediments can significantly increase the shaking in an earthquake.

39) Putting it all together - Imagine again that you are a city planner or emergency manager. What factors would differ in your approach to creating a plan to improve community resilience to earthquakes between the San Bernardino region and New Madrid region? Provide a claim, evidence and reasoning below in response to the question 

Note that community resilience is the sustained ability of a community to utilize available resources (e.g. energy, communication, food, etc) to respond to, withstand, and recover from adverse situations. 

Claim (a conclusion about the difference in your approach for the two regions):
[bookmark: _GoBack]Several different claims could be made, and what is most important is that students justify their claims with evidence and reasoning, using what they have learned in the activity along with other knowledge.

A potential claim is: 
They would provide more resources for San Bernardino because of the greater short-term hazard.  The San Bernardino plan would focus on a smaller geographic area because the damage is expected to be more localized.  In the New Madrid region, the focus would be on critical structures because of the high hazard and risk over long time periods.  



Evidence (Scientific data that is appropriate and sufficient to support the claim):

· Same very long-term hazard: both areas have a 2% chance of ground shaking exceeding 0.8g in 50 years
· There is a much lower probability of an M7 event in the New Madrid region in 50-100 years.
· DYFI map (figure 3) shows that the area of shaking is much less on the west coast compared to the east coast for a similar sized earthquake

Reasoning (a justification that shows why the data counts as evidence to support the claim and includes appropriate scientific principles): 


Ground shaking hazard maps can be used to inform building codes for new buildings and to make decisions about what infrastructure should be strengthened to prepare for future earthquakes.  However the cost of making buildings more earthquake resistant has to be balanced against the other needs and risks of the community such as health care and flooding.  

While the long-term hazard is similar for San Bernardino and New Madrid, at shorter time scales, the hazard is much higher in San Bernardino.  Thus while it is important to make sure that critical structures and lifelines (e.g. hospitals, schools, water, electricity) in both areas are designed to the survive the 2% in 50 year ground motion, a lower criteria is probably appropriate for average structures since 50 years is a reasonable lifetime for such structures.

While not mentioned in the activity, students might also discuss the difference in their approach to public awareness of the earthquake hazard.  In San Bernardino the local population will be well aware of earthquakes and the focus will be on getting people to act to improve the safety of their homes and to know what to do in an earthquake (drop, cover, and hold on).  In the New Madrid region, the first step will be convincing the local population that there is a significant earthquake risk and that they need to be prepared.
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