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Main Points

• Central U.S. seismic zones: Faults and Earthquake history.

• Earthquakes in central and eastern U.S. affect a much larger area than 
western U.S. earthquakes.

• Shallow deposits can amplify ground shaking and cause liquefaction.

• Impacts of a large central U.S. earthquake (analog, Christchurch, NZ).

• USGS products for monitoring earthquakes and mitigating damage.



Rank MagnitudeDate Location
1 ~9 Jan. 26, 1700 Cascadia Subduction Zone
2 7.9 Jan. 9, 1857 Fort Tejon, California
3 7.7 April 18, 1906 San Francisco, California
4 7.8 Feb. 24, 1892 Imperial Valley, California
5 7.5 Dec. 16, 1811 New Madrid, Missouri
6  7.5 Feb. 7, 1812 New Madrid, Missouri
7 7.4 Mar 26, 1872 Owens Valley, California
8 7.3 Jan. 23, 1812 New Madrid, Missouri
9 7.3 June 28, 1992 Landers, California
10 7.3 Aug. 19, 1959 Hebgen Lake, Montana
11 7.3 July 21, 1952 Kern County, California
12 7.3 Jan. 31, 1922 Offshore Eureka, California
13 7.3 Aug. 31, 1886 Charleston, South Carolina
14 7.3 Nov. 23, 1873 Oregon-California border
15 7.3 Dec. 15, 1872 N Cascades, Washington

15 largest earthquakes in the continental United States (outside of Alaska)
(They’re not just in California!)

Presenter
Presentation Notes
Some of the largest U.S. earthquakes are in the central and eastern U.S., in particular the New Madrid sequence of three large earthquakes in 1811-1812.
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Seismic zones in the
central and eastern U.S.,
plotted on top of the
National Seismic Hazard 
Model

But: Notice the scattered 
seismicity throughout
the region

Presenter
Presentation Notes
In addition to the main seismic zones, earthquakes occur in many areas of the central and eastern U.S.



December 16, 1811; 
2:15 a.m. (M~7-7.3)

February 7,1812; 
4:45 a.m. (M7.1-7.5)

January 23, 1812; 
9 a.m. (M~6.8-7.)

*
*
*

Memphis

By Kbh3rd - Own work, CC BY-SA 3.0, 
https://commons.wikimedia.org/w/index.php?curid=17858804

New Madrid Seismic Zone

Presenter
Presentation Notes
The slide shows the pattern of earthquakes in the New Madrid seismic zone, and the approximate locations of the three large earthquakes in 1811-1812. The land to the west of the seismic zone is moving northeast relative to the land on the other side of the seismic zone (arrows).



Print from the Granger Collection, NYC

Tuttle and others, 2019, 
Paleoliquefaction Studies 
and the evaluation of 
seismic hazard, 
Geosciences, v. 9 p. 311.

Presenter
Presentation Notes
The 1811-1812 earthquake sequence lifted part of the Mississippi River, causing part of it to run backwards as water flowed off the lifted land. Land lifted along the Reelfoot scarp (red dashed line in upper right image) caused Reelfoot Lake to form. The earthquakes also caused widespread liquefaction (sand blows) that are still visible in the area (lower left), and obtaining age dates on the soils above and below the sand blows allows us to estimate the ages of the earthquakes that caused them.



Tuttle and others, BSSA, 2002

History of New Madrid earthquakes from paleoseismic studies:
1811/1812, about A.D. 1500, about A.D. 900, perhaps earlier

Presenter
Presentation Notes
This slide shows results from a large number of sites where age dates have been obtained, resulting in evidence for earthquakes in 1811-1812, about 1500 A.D., about 900 A.D., and possibly earlier earthquakes. It is from the timing of these past earthquakes that we can estimate the repeat times and the chances of future earthquakes.



Probabilities of Large New Madrid 
Earthquakes in the Next 50 Years

• Magnitude ~ 7.5
(similar to 1811-1812 earthquakes)

- Approximately 7-10%

• Magnitude 6.0 or greater 
(such as the 1843 Marked Tree, AR 

and 1895 Charleston, MO earthquakes)
- Approximately 25-40%

Presenter
Presentation Notes
So we know that NM events occur about every 500 years and the last one was about 200 years ago.  
All things considered, the probability of the repeat of a New Madrid event during the next 50 years is low (7-10%), but such an event is still possible. 
Therefore, it is prudent to plan for a M 7+ earthquake and hope that it doesn’t happen.  In emergency management parlance, “plan for the worst and hope for the best.” 




Fault scarps when earthquakes reach the near-surface

https://research.engineering.ucdavis.edu/gpa/earthquake-
hazards/surface-rupture-taiwan/

photo by Thomas Pratt, USGS1999, Chi-Chi, Taiwan
Seattle, WA

Santa Monica, CA

Presenter
Presentation Notes
Fault scarps form when fault motion reaches the surface, lifting one side upwards. Here are examples from several locations.



Reelfoot scarp – looks like a levee!

Photos by Thomas Pratt, USGS

Presenter
Presentation Notes
The Reelfoot scarp in the New Madrid area has an obvious fault scarp that lifts land upward southwest of the fault. It looks much like a levee, but was formed in part during the 1811-1812 earthquake.



Reelfoot scarp is evident on Google Earth, between Reelfoot Lake and the Mississippi River

Presenter
Presentation Notes
The Reelfoot scarp is evident on Google Earth between Reelfoot Lake and the Mississippi River. It has a steeper northeast side and more gently sloping southwest side.



16 – 17 m of slip

Computer model by Thomas Pratt, USGS. Preliminary Information-Subject to Revision. Not for Citation or Distribution.

Topography of the Reelfoot Scarp matches what is expected above a thrust fault with about 16 to 17 m of slip.

Presenter
Presentation Notes
Computer models of a fault beneath Reelfoot scarp show a pattern of uplift that matches the topography of the scarp with about 16 to 17 m of slip. This suggests that a number of past earthquakes contributed to forming the scarp.



https://pubs.usgs.gov/fs/2006/3125/pdf/FS06-3125_508.pdf

The neighbor to the north:
The Wabash Valley seismic zone

Note, however, that the Wabash
Seismic zone is not as well
Defined by earthquakes as the
New Madrid seismic zone

Presenter
Presentation Notes
The other seismic zone in the central U.S. is the Wabash Seismic zone along the Indiana/Illinois border. It is less active than the New Madrid seismic zone, but there are faults that have had earthquakes in the past few thousand years.



Wabash Valley Seismic 
Zone

-recent fault scarp
(earthquake about 3500 years ago)

Counts, R. C., R. V. Arsdale, E. Woolery, M. K. Murari, L. A. 
Owen, E. Glynn Beck, S. Mahan, and J. Durbin (2021). 
Late Holocene Deformation near the Southern Limits of 
the Wabash Valley Seismic Zone of Kentucky and Indiana, 
Central United States, with Seismic Implications, Bull. 
Seismol. Soc. Am. 111, 1154–1179, doi: 
10.1785/0120190089

Presenter
Presentation Notes
Recently, a fault scarp in the Wabash seismic zone in the north part of Kentucky was found to have formed during an earthquake about 3500 years ago.



Induced seismicity

• Primarily in Oklahoma, 
Texas and Kansas;

• but also in Arkansas, 
Colorado, New Mexico 
and Ohio.

• Mostly due to injection 
of fluids at high 
pressures deep into the 
Earth

https://www.usgs.gov/media/images/increasing-rate-earthquakes-beginning-2009

Presenter
Presentation Notes
In parts of the central U.S., oil and gas operations have increased the numbers of earthquakes from a low level of natural events. Most of these “induced” earthquakes are caused by injection of wastewater deep into the Earth at high pressures.



U.S. National Seismic Hazard Model (Map)

(2% chance of exceedance in 50-year period)

Presenter
Presentation Notes
These seismic zones cause areas of relatively high hazard in the National Seismic Hazard Model, which forecasts plausible levels of ground shaking in the future. The ground shaking is expressed as a percent of the force of gravity (%g). These maps are used in building codes, and generally look at the possible ground motions during a 50-year period.
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“Did You Feel It?” Comparison  Napa 
vs. Oklahoma vs. Central Virginia

M5.8 Mineral, VA,
earthquake
August 23, 2011

M6.0 Napa, CA, earthquake
August 24, 2014

(Dots represent areas where people reported shaking)

M5.6 Prague, OK, 
earthquake
Nov. 5, 2011

Presenter
Presentation Notes
This map shows reported ground shaking in the USGS “Did-You-Feel-It?” (“DYFI?”) website after three similar-sized earthquakes. Notice how much more widely earthquakes in the central and eastern U.S. were felt compared to a similar earthquake in California. This is because energy is more effectively transmitted in the older, more consolidated central and eastern part of the continent.



U. S. National Seismic Hazard Map
Note wider hazard patterns in central and eastern U.S. compared to western U.S.

(2% chance of exceedance in 50-year period)

Presenter
Presentation Notes
The larger felt area for central and eastern U.S. earthquakes results in wider areas of higher hazard around the fault zones in the eastern U.S.
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M
Floodplain
Deposits

Mississippi
Embayment

Deposits

Cross section from Center for Earthquake Research and
Information (CERI), University of Memphis.

USGS Open File Report 00-443 

Presenter
Presentation Notes
The Mississippi Embayment is a deep, former valley that is filled with younger sediment. This younger sediment is an extension of the Coastal Plain sediments that cover much of the coastal regions of the southern and eastern U.S. In the lower right is a cross section showing the approximate shape of these sediment layers.



Site Response – affect of local geology
• Soft sediments at the surface, or in basins, can dramatically increase 

the strength of ground shaking during earthquakes
• “bowl of Jello” model  (example: Christchurch, New Zealand)

Diagram by Thomas Pratt, USGS

Presenter
Presentation Notes
Shallow sediment layers can amplify ground shaking in 3 ways:
Weaker, lighter materials (the sediments) move farther that the stronger bedrock, causing amplification;
Seismic energy can be trapped in the sediments, reflecting from the bottom and sides like an echo in a cave;
The entire sediment package can slosh back and forth like a bowl of jello or bowl of water, causing waves similar to water waves.



Site Response – affect of local geology
• Soft sediments at the surface, or in basins, can dramatically increase 

the strength of ground shaking during earthquakes (“bowl of Jello”)

Stronger, longer shaking

Pratt, T. L., J. W. Horton Jr., J. Muñoz, S. E. Hough, M. C. Chapman, and C. G. Olgun (2017). Amplification of earthquake ground motions in 
Washington, DC, and implications for hazard assessments in central and eastern North America, Geophys. Res. Lett. 44, 12,150–12,160, doi: 
10.1002/2017GL075517.

Presenter
Presentation Notes
The amplification effect of sediments was seen during the 2011 Mineral, Virginia, earthquake, where amplification by sediments beneath Washington, DC, caused damage despite the city being about 80 miles from the earthquake.  Here I show recordings of other earthquakes made by a temporary seismometer network in the city (red dots on map on left). Notice the stronger shaking and longer length of shaking on the seismometer records at sites on the sediments (yellow) compared to sites on bedrock (pink).



Computer model, Christchurch, New Zealand, Heathcote Valley

Jeong, S., and B.A. Bradley (2017). Amplification of Strong Ground Motions at Heathcote Valley during the 2010–2011 Canterbury Earthquakes: 
The Role of 2D Nonlinear Site Response, Bull. Seismol. Soc. Am., 107(5), 2117–2130, doi: 10.1785/0120160389

Presenter
Presentation Notes
Here is a computer model of a valley in New Zealand showing amplification and trapping of waves during a simulated earthquake. Notice the stronger shaking and longer time of shaking in the valley sediments compared to the surrounding bedrock. Also notice the similarity of the waves in the valley to water waves in a pond or lake.
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Earthquake Engineering Research Institute, 2011; 
The M6.3 Christchurch, New Zealand, Earthquake of February 22, 2011, EERI special Earthquake Report
https://www.eeri.org/site/images/eeri_newsletter/2011_pdf/EERI_NewZealand_EQRpt_web.pdf

Presenter
Presentation Notes
A large earthquake can be especially damaging in the central and eastern U.S., where many older buildings are not built to withstand earthquakes. An similar situation occurred during a magnitude 6.3 earthquake in 2011 Christchurch, New Zealand, which has similar building stock to many cities and towns in the central and eastern U.S. Here we see examples of building facades collapsing, shelves collapsing, and buildings shifting off their foundations.



80% of downtown buildings being rebuilt – photos from September, 2014

Photos by
Thomas Pratt
(USGS)

Presenter
Presentation Notes
A large fraction of the buildings in Christchurch were badly damaged and needed to be torn down and rebuilt, even though it was only a magnitude 6.3 earthquake beneath the city. The city, however, is built on sediments that amplified the ground shaking.



Cubrinovski, Green and others, 2010, Geotechnical 
Reconnaissance of the 2010 Darfield (Canterbury) 
Earthquake. Bulletin of the New Zealand Society for 
Earthquake Engineering, v. 43, no. 4.

Cubrinovski, Misko, "Liquefaction-Induced Damage in 
The2010-2011 Christchurch (New Zealand)
Earthquakes" (2013). International Conference on Case 
Histories in Geotechnical Engineering. 1.
https://scholarsmine.mst.edu/icchge/7icchge/session12/1

Presenter
Presentation Notes
Liquefaction was widespread in Christchurch during the earthquake, causing eruption of muddy water to the surface. The mud then settled and was difficult to remove.



C.A. Davis, S. Giovinazzi and D.E. Hart, 2015, Liquefaction Induced Flooding in Christchuch, New Zealand, 
6th International Conference on Earthquake Geotechnical Engineering, 1-4 November 2015, Christchurch, New Zealand   

Mark Mitchell/New Zealand Herald/Associated Press;  Boston.com 
(http://archive.boston.com/bigpicture/2011/02/christchurch_earthquake.html)

(Brett Phibbs/AFP/Getty Images); Boston.com 
(http://archive.boston.com/bigpicture/2011/02/christchurch_earthquake.html)

Presenter
Presentation Notes
Here are some photos of the liquefaction effects after the earthquake. The water in the top left photo was expelled from beneath the ground, temporarily causing shallow flooding and bringing mud to the surface.



Cubrinovski, Green and others, 2010, Geotechnical Reconnaissance of the 2010 Darfield (Canterbury) Earthquake. Bulletin of the New Zealand Society 
for Earthquake Engineering, v. 43, no. 4.
Cubrinovski, Misko, "Liquefaction-Induced Damage in The2010-2011 Christchurch (New Zealand) Earthquakes" (2013). International Conference on 
Case Histories in Geotechnical Engineering. 1. https://scholarsmine.mst.edu/icchge/7icchge/session12/1

Presenter
Presentation Notes
Many fissures were opened by the shaking, which caused extensive damage to the water and sewer systems in Christchurch.



Water System

Cubrinovski and others, 2011, Liquefaction Impacts on Pipe Networks, Research Report 2011-
04 Civil & Natural Resources Engineering, University of Canterbury, Christchurch, NZ

Presenter
Presentation Notes
Here is a map of Christchurch showing the many breaks in the water system (red dots), and the area of extensive liquefaction (pink areas).



Maps from the U.S. Department of Transportation,
National Pipeline Mapping System
https://pipeline101.org/topic/where-are-gas-pipelines-located/
https://pipeline101.org/topic/where-are-liquid-pipelines-located/

Presenter
Presentation Notes
A New Madrid earthquake, or other earthquakes in the central and eastern U.S. could have large impacts nationally. In these maps of liquid and gas pipelines, notice the number of pipelines cross the New Madrid area to supply fuel to the northeastern U.S.



Presenter
Presentation Notes
The New Madrid area is also an important transportation corridor for freight in the U.S. with a large fraction of the barge traffic and truck traffic traversing the region.
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USGS Earthquake Response Products
• Earthquake Notifications (ENS)
• PAGER Loss Estimates
• https://earthquake.usgs.gov/ens/

Presenter
Presentation Notes
The USGS monitors earthquakes within the U.S. and worldwide, and has many products to provide awareness of the impacts of earthquakes. The Earthquake Notification Service (ENS), which anyone can sign up for, will send a text message to your cell phone or an email alerting you to a significant earthquake, with links to further information about the earthquake and its impacts.



Presenter
Presentation Notes
The USGS “Latest Earthquakes” website provides an interactive map of recent earthquakes. Clicking on an earthquake on the map provides information as shown in the lower left. Clicking on the name of the earthquake in the lower left window brings up a more extensive set of web pages with more information about the earthquake and its impacts.



Presenter
Presentation Notes
Here are examples of the information available within minutes of an earthquake. The information includes maps of the ground shaking, information about earthquakes in the region, a map of felt reports, and more technical information about the earthquake fault and source characteristics.



Other products:
• Shakemap (strength of ground 

shaking)
• Ground failure map (likely locations 

of landslides/liquefaction)
• “Did-you-Feel-It?” (DYFI?) map 

(strength of shaking reported by 
citizens)

• Aftershock forecasts (chances of 
different sized aftershocks)

• Earthquake scenarios (for 
response/recovery exercises)

Presenter
Presentation Notes
On the right is an example of a “Shakemap” showing the strength of ground shaking after an earthquake, in this case a “scenario” earthquake showing what can happen during a New Madrid earthquake.  Other products include a map of areas with likely ground failure (landslides, liquefaction), a map of ground shaking reported by people going to the USGS website (“Did-You-Feel-It?” or DYFI?”), information about the probabilities of damaging aftershocks in the days after a large earthquake, and “scenario” earthquakes that can be used for emergency planning.



PAGER

• Gives a rapid assessment of 
estimated impacts of an 
earthquake (fatalities, economic 
damage)

Presenter
Presentation Notes
One useful product to quickly assess the impact of an earthquake is the USGS “PAGER” alert, which comes out within about a half hour of a large earthquake. The PAGER provides an estimate of the number of fatalities and the economic impact of a potentially damaging earthquake.



Earthquake Early Warning/
Aftershock forecasting

• Alert system
• NOT Prediction!!

Wikipedia, Philpottm

Will it be a homer?

Gary Larson, “The Far Side”

Presenter
Presentation Notes
You may have heard about the “Earthquake Early Warning” system that the USGS and its partners have in the western U.S.  This is NOT earthquake prediction – we still do not have a reliable way to predict earthquakes.  It sis much like what is known about a hitter in baseball – we can estimate the chances of an earthquake (a home run), but we cannot predict when one will occur (will the batter hit a home run at this plate appearance?).



Earthquake Early Warning
• Alert system
• NOT Prediction!!

https://doi.org/10.3133/fs20143083

Presenter
Presentation Notes
Earthquake Early Warning works by quickly determining if an earthquake is potentially damaging by examining the strength of the seismic waves on nearby seismometers. If it is quickly determined to be a large earthquake, a warning can be sent to nearby areas to warn that the seismic wave are headed their way.

https://doi.org/10.3133/fs20143083


Aftershock forecasting

Ridgecrest, CA, Earthquake sequence (USGS)

https://www.usgs.gov/media/images/graph-
2019-ridgecrest-earthquakes-function-time

Downs Collection, Winterthur Library
http://museumblog.winterthur.org/2016/08/31/the-day-the-earth-shook/

Presenter
Presentation Notes
Aftershocks can be frightening to people after an earthquake, as with the photo in the lower right with people camping in park after a large earthquake in Charleston, South Carolina, because they were scared to return to their homes during the numerous aftershocks. The 2019 Ridgecrest, California, earthquake, for example, had thousand of aftershocks in the days after the main earthquakes. The USGS now provides estimates of the propbagbilities of different sized eaftershocks after a large earthquake.



Summary

• The central and eastern U.S. are not immune to large earthquakes.

• Earthquakes in central and eastern U.S. affect a much larger area than western U.S. 
earthquakes.

• Shallow deposits can amplify ground shaking and cause liquefaction.

• Impacts of a large central U.S. earthquake can include extensive building damage and 
ground deformation such as liquefaction (analog, Christchurch, NZ).

• The USGS provides products summarizing the effects of an earthquake after one occurs, 
and providing information for earthquake emergency planning and mitigation.



END
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