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Introduction: 
During large earthquakes, tectonic plates shift past each other. The rapid slip generates seismic waves that propagate away and cause significant damage to buildings, roads, and critical infrastructure. The movement along faults at depth permanently displaces the Earth’s surface in a way that depends on the magnitude of the earthquake, the amount and sense of slip, and the fault’s geometry. Immediately following an earthquake, geologists play a critical role in assessing damage, measuring the geometry of the activated fault, and estimating the likelihood of an upcoming earthquake on nearby faults. Some geologists use remote sensing imagery to map the fault geometry and estimate the earthquake magnitude.

You are a geologist working for the United States Geological Survey (USGS). In this exercise, you are to pretend that an earthquake occurred last night along the Wasatch Fault in Salt Lake City. Your supervisor has asked you to aid in the agency’s response by mapping the surface rupture and calculating the surface displacement, coseismic slip, and the earthquake magnitude. You will use high resolution point cloud topographic data acquired with lidar (light detection and ranging) before and after the earthquake. Your measurements and written summary will be part of a report that the USGS plans to publish shortly.  

Lidar point cloud data are a set of (x, y, z) measurements that represent the elevation and are sometimes associated with the color of the Earth’s surface. The irregular-spaced individual elevation measurements within a topography dataset are often gridded into a digital elevation model (DEM) raster where the data are represented with rows and columns of pixels each with a height value. DEM’s are often visualized as topographic hillshades, which mimic how the elevation would appear from above. The data are frequently acquired by an airplane that flies at 1-2 km altitude. The wavelength of the emitted laser signal is typically in the near infrared (1064 nm or 1550 nm) for terrestrial-based applications. Lidar imagery is used in a range of applications including geology, agriculture, forest management, fire preparation, environmental assessment, flood modeling, mining, gaming, construction, and vehicle automation.

Topographic differencing is a technique used to estimate 3D surface displacements from high-resolution topographic data acquired before and after an earthquake (Chen and Medioni, 1992; Nissen et al., 2012; Scott et al., 2018). You are provided with a pre- earthquake lidar point cloud that was acquired by the state of Utah in 2013-2014. The “post-earthquake” data in Figure 4 mimics the lidar data that would be acquired in the days to weeks following a major earthquake. You will use CloudCompare software to calculate surface displacements from these two datasets. 

****** The earthquake in this exercise represents a hypothetical event. The ‘post’ event high resolution topography was synthetically offset, in a way that simulates a possible earthquake along the Wasatch fault given mapped fault geometry and earthquake scaling laws (Kanamori and Anderson, 1975; Okada, 1985). An event similar to the hypothetical earthquake here is possible: Since 1847 when pioneers settled in Salt Lake City, there have been over 16 earthquakes with magnitude greater than 5.5. Geologic studies show repeated large earthquakes occurred prior to European settlement in the region (Utah Geological Survey, 2020). Recently (March 18, 2020), the Salt Lake Valley was shaken by the M5.7 Magna earthquake (https://earthquake.usgs.gov/earthquakes/eventpage/uu60363602/). This recent reminder further motivates our exercise.******



Available data:

1. Shaded relief map of Salt Lake City showing the simulated earthquake’s surface rupture (Figure 4)

2. Pre- and post- earthquake high resolution topography point cloud .laz files are available here: https://opentopography.org/learn/ugrad_differencing. Select the pre- and post- .laz file from one of the three available tiles. The small tile can be helpful if doing this exercise on a laptop computer or with limited internet. The pre-earthquake data are colored, while the post-earthquake data have no RGB color and will appear white when opened in CloudCompare.  

3. Surface displacement profiles (Figure 5) showing the relationship between fault slip at depth and movement of the Earth’s surface. Use this plot to calculate the amount of coseismic slip. 

4. Far-field vertical coseismic displacement field (Figure 6). Use this plot to estimate the fault width.

Software:
Download CloudCompare at: http://www.danielgm.net/cc/release/
Directions to compute 3D displacements are available in the video at https://opentopography.org/learn/ugrad_differencing. 

Your assignment is write a short report to the USGS with the following information:

1. Search online for several articles or videos from reputable news sources, the Utah Geological Survey, and the city or state government (e.g., the mayor’s office) about the seismic risk in Utah and how people should prepare. Summarize the information that you find and provide links to at least three sources of information. Be sure to use reputable sources. 

2. Map and describe the surface rupture in Figure 4. Where is the surface rupture in relationship to Salt Lake City? Is the fault straight? What else is important?

3. In Table 1, list at least three displacement measurements made in CloudCompare on both the hanging wall and the footwall. Include a quality estimate and describe what impacts your quality estimate. 

4. Plot your measurements in Figure 4. Use arrows to draw horizontal displacements on the map. Include a scale bar for the displacements. Use an open circle to denote upward motion and a closed circle to denote downward motion. What type of fault was activated in this earthquake? Explain your answer. Hint: the fault is dipping to the west. 

5. How much did the fault slip during the earthquake? Use Figure 5 and explain how you arrived at your answer.  

6. Earthquake moment magnitude. Hint: Use Figure 6 in the calculation and be careful of unit conversions. Show your work. 

7. What are the sources of error in the surface displacement measurements? How did the error impact your answers to Questions 4-6?

8. The earthquake in this assignment was make-believe but similar earthquakes are possible in Salt Lake City. Pretend your aunt lives in Salt Lake City and is apprehensive about the earthquake risk. In non-technical language, explain to her the seismic risk of living in Salt Lake City and the early response to an earthquake. What should she do to prepare?

Background:

Fault geometry and Earthquake magnitude:
[image: ]
Figure 1: Schematic image of a fault plane showing geometric faults terms.  

The fault that ruptures in an earthquake is characterized by the fault length (), the down-dip fault width (), and the amount and sense (rake) of fault slip (s). Figure 1 shows an example of a fault plane that ruptures to the Earth’s surface. Earthquake moment () is a measure of the earthquake’s size and is calculated from these geometric parameters: 

	.
	(1)



 is the shear modulus equal to 32 GPa (one Pa is N/m2). Moment magnitude () is: 

	- 9.1),
	(2)



Where  has units of Newton meters.  (Hint: Be mindful of units and orders of magnitude while working with these equations.)


Surface slip: 

The surface deformation depends on the fault geometry (strike and dip), depth, sense of slip (rake), and the amount of fault slip. Geologists use displacement at the Earth’s surface to infer the amount of fault slip at depth. Figure 2 shows the vertical surface displacement resulting from 30 cm of slip on a 60° dipping normal fault. Increasing the slip will increase the amount of surface displacement. For this fault geometry, the maximum upward surface displacement occurs where the fault ruptures the surface. Estimating the down-dip extent of the fault’s location is always more challenging. In Figure 2, the down-dip extent of the fault occurs a quarter to a third of the distance between the surface rupture and the area with almost no displacement. 

[image: A close up of a map



Description automatically generated]
Figure 2: Top: Vertical surface displacement produced by 30 cm of slip on a 60° dipping normal fault.  Bottom: Fault geometry that produced the displacement profile in the top figure. Does the displacement field extend beyond the fault plane? 

3D displacements:

3D coseismic surface displacements are calculated from pre- and post- earthquake high resolution topography using the Iterative Closest Point (ICP) algorithm as shown in Figure 3 (Besl and McKay, 1992; Chen and Medioni, 1992; Nissen et al. 2012). In this algorithm, the point cloud topography datasets are windowed. For each window, the ICP algorithm iteratively aligns the pre-earthquake point cloud with the post-earthquake point cloud using a rigid body transformation. The rigid body transformation assumes that the deformation can be well-described by a displacement (or translation) and a rotation. In other words, the strain within the individual window must be very small. The net displacement and rotation of the pre-earthquake point cloud required for the alignment is the coseismic deformation. 

Vectors, matrices, and matrix multiplication are used to describe rotations and displacements mathematically.  We can apply a rotation and translation to the pre- earthquake point cloud () and produce a point cloud () that describes the Earth’s topography after the earthquake: 
	

	(3)


, , and are rotations about the ,  and  axes, and ,  and  are translations in the ,  and  directions. The rotation and displacement are commonly described succinctly as: 
	

	(4)


In CloudCompare, the deformation is output as this 4x4 matrix. Which terms describe the displacement?

[image: ]
Figure 3: Outline of the Iterative Closest Point (ICP) algorithm used to calculate 3D surface displacements. (A) Select subsets of the pre- earthquake (blue) and post- earthquake (red) point clouds. (B) Calculate the 3D rigid deformation (rotation and displacement) that produces the best alignment between the two point clouds. 





[image: ]
Figure 4: Post-earthquake topographic hillshade showing a portion of the surface rupture. Note this imagery does not span the full earthquake. Trace the surface rupture. Use arrows to draw horizontal displacements on this map. Include a scale bar for the displacements. Use an open circle to denote upward motion and a closed circle to denote downward motion.
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Table 1: Record your surface displacement measurements. In the ‘distance from fault’ column, negative distances correspond to measurements on the hanging wall (west of the fault), and positive distances correspond to measurements on the footwall (east of the fault).   

[bookmark: _gjdgxs]
[image: ]
Figure 5: Surface displacement profiles produced by 0.45 m (red), 2.43 m (green), and 5.62 m (blue) of fault slip on a 60° dipping normal fault. Plot your surface displacement vs. distance from fault measurements on the profiles to estimate the amount of surface slip. Hint: Which of these lines is most similar to your data? The vertical displacement estimate is the most reliable. 
[image: ]
Figure 6: Map view of the vertical surface displacement field. This covers the full surface rupture. Estimate the fault area for the magnitude calculation. Hint: First map where the fault is exposed at the surface (i.e., where there is a sharp change in the displacement field). What is the length? To calculate the width, draw the fault on the map. Remember that in map view, the fault covers a quarter to a third of the distance between the surface rupture and the location of zero deformation. It may be helpful to first draw a cross-section and remember that the fault dips to the west. 
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