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New Madrid Seismic Zone

e Sits within the
Mississippi embayment

 Possibly reactivation of
faults associated with

Cambrian age rifting

* ~200 earthquakes/year



Historic Seismicity

1811-1812 New Madrid events (M7-8)
 Dec. 1811 M7.1-7.5 (Axial/CWG)

e Dec. 1811 M7 (Dawn Aftershock)

e Jan. 1812 M7.0-7.3 (North Limb or IL)
 Feb. 1812 M7.4-7.5 (Reelfoot)

1843 Marked Tree, AR (M5.4-6.3)

1895 Charleston, MO (M6.6)
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Paleoseismic History

Figure removed due to copyright issues.

Please see publications by Martitia Tuttle regarding the
paleoseismic history of the New Madrid seismic zone.




Aftershocks? Not Likely

<5% probability that the
1811-1812 sequence has so
few M6 earthquakes

Suggests current strain
accumulation

Figures removed due to copyright issues. Please see
Figures 1 and 2 in Page and Hough, 2014

Page and Hough, 2014



The Fault System

e Microseismicity occurs

primarily along 4 arms

e Axial strike-slip fault
aka Cottonwood Grove

e Reelfoot thrust fault

e New Madrid north ss

e New Madrid west ss



Point of slide: Fault names change over time and by
author.

Figures removed due to copyright issues.

Please see In Pratt, 2012 and Guo et al., 2014

Pratt, 2012 Guo et al., 2014



Network History




Catalog History




USArray Transportable Array — Nov. 2012

Figure taken from the NSF Earthscope website circa 2012




Combined Data - 7/1/2011 to 10/31/2012

Stations Earthquake Catalogs

@ Transportable Array & Array National Facility Catalog
@ CNMSN Stations & Catalog @ U Network



Work in progress: NELE & OIINK

OIINK

NELE

Figure modified from the NSF Earthscope website circa 2015




High-resolution Earthquake Location

= Double-difference Location
= accurate to 200-300 m
epicentrally and 400-500
m in depth;

= absolute errors ~2x
larger

* PANDA data (1989-1992)

* CNMSN (1995-2011)



3D Velocity Model — Vp, Vs, Vp/Vs
Vp Vs Vp/Vs

Dunn et al. (2013)



Relocation Results

1) Axial fault seismicity south of
36° remains diffuse

2) A few earthquakes remain
near the liquefaction defined
Bootheel lineament

3) There are some events along

the eastern margin and/or
Meeman-Shelby fault



New Madrid North

4) New Madrid North is two sub-
| parallel stands of seismicity



Axial Fault

5) Event density decreases as
the Axial fault intersects the
Reelfoot South fault

6) Events to the SE along off




Comparison to Reflection Survey

Figure removed due to copyright issues.

Please see figure showing Mississippi River active
source data collected across the Axial and Cottonword
Grove faults, New Madrid seismic zone, in Guo et al.
2014

8) Near surface faulting is more complex than faulting
within the basement granites



Reelfoot Fault

9) Event density low along
Reelfoot transition; associated
with high Vp/Vs ratio




10) Reelfoot thrust fault is well
defined to the north but seismicity
more scattered to the south



Comparison to Reflection Survey

Figure removed due to copyright issues.

Please see figure showing Mississippi River active
source data collected across the Reelfoot fault, New
Madrid seismic zone, in Guo et al. 2014

11) Reelfoot North and New
Markham thrusts at the surface
become single thrust fault at depth

Guo et al. 2014



Swarms & Repeating Earthquakes

= Swarms — highly similar waveforms
recurring over a short (<1 day) time span

» Repeating earthquakes — nearly identical
waveforms separated in time



Swarms & Repeating Earthquakes

Bisrat et al. (2014)



Microearthquakes (M~ -1)

= Areflection/refraction experiment, recorded a sequence of high frequency
signals that moved across a linear array at 3-25 km/s (Langston et al., 2010).

= Similar signal noted on a 19-station array
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summary

* New Madrid Seismic Zone can produce large (M>7)
earthquakes and has over multiple seismic cycles

e Current seismicity is likely not aftershocks of 1811-1812
and strain is being accumulated within the seismic zone

o Surface deformation is complex and denser areas of
microseismicity may not reflect all potentially active
faults

« Earthquake catalogs and station distributions have
changed over time and all dots are not created equal

« NMSZ faults have a wide range of event behavior — just
like other actively loaded faults
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Paleoliguefaction Studies
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Outline

<> Historical and modern cases of eg-induced liquefaction
e opportunities to learn how to recognize liguefaction features
e analogues for interpretation paleoliguefaction events
e targets for paleoliguefaction studies

<> Dating of liquefaction features

 critical to constrain ages of features as best as possible

» well-constrained ages of features help to correlate features
across region & to estimate timing, source areas, magnitudes,
and recurrence times of paleoearthquakes

* poorly constrained ages can lead large uncertainties of
paleoearthquake characteristics



1811-1812 M~7-8 New Madrid Earthquakes

From Fuller, 1912, “The New Madrid earthquakes,”U.S. Geol. Surv. Bull. 494

“sand sloughs...cracks as large as any of those of the last great disturbance...with trees fully
200 years old grown on their bottoms”...pointing “to a considerably earlier origin.”

Sand Blows, Sand Sloughs, & Sand Dikes

Sand Sloughs Predating 1811-1812

Fuller, 1912




Signature of 1811-1812 & Prior New Madrid Egs

<> During past 40-50 years, investigators have built on Fuller’s careful
documentation of liquefaction-related effects of 1811-1812 and prior egs

Russ, 1979 <> Russ (1979) identified pre-1811

liguefaction features, as well as
deformation related to faulting, in
trenches of Reelfoot fault scarp

Russ, 1979




Kelson et al., 1996

<> Later, also in trenches of Reelfoot
scarp, Kelson et al. (1996)
identified 2 generations of
liguefaction features related to
1811-1812 earthquakes and to an
event between A.D. 780-1000

Kelson et al., 1996



<> Saucier (1991) & Price also identified 2 generations of pre-1811
liguefaction features in past 2 kyr at Towosahgy mound in SE MO

Saucier, 1991

EVENT 2 A.D. 539 - 991

EVENT 1
prior to A.D. 539




<> Tuttle et al. (2006) reopened Towosahgy test units and found 2 genera-
tions of liquefaction features

<> Artifact assemblage above and below sand blow suggests it formed
during L. Wood.- E. Miss. Period (A.D. 800-1000)

< Dating indicates sand blow formed
between A.D. 670-1010; younger
sand dikes formed since A.D. 1010

M. Tuttle, 2006

Event Horizon

A.D'.T\67O A.D.'T‘880 A'T.‘D. 1010



<> Saucier (1989) realized that historical sand blows are compound
structures made up of depositional layers related to liquefaction during
multiple egs in 1811-1812 sequence

1811 &1812 Compound
Sand Blow & Feeder Dikes

Saucier, 1989

Photographs by M. Tuttle, 2010




<> Tuttle et al. (2002) realized that some pre-1811 sand blows also
are compound structures related to multiple egs in a sequence

Compound Sand Blow & Feeder Dikes - A.D. 900 Earthquakes
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<> During past 20 years, we found, measured, dated 100s paleoliquefaction
features in fields and along rivers & compared them with historic features

Tuttle, 2010

A.D. 1450

A.D. 900



<> For paleoevents, areal distribution and size of paleoliquefaction features
are similar to those that formed in 1811-1812; interpreted paleoevents to
be centered in the NMSZ and to have similar magnitudes

Modified from Tuttle et al., 2002



1886 M~7 Charleston, SC Earthquake

From Dutton, 1889, “The Charleston earthquake,”U.S. Geological Survey 9" Annual Report

“Wherever [quicksand] occurs near the surface the 1886 Ground Fissure

craterlets are abundant....”

1886 Sand-Blow Crater



Obermeier
et al., 1987

< In 1980s & 1990s, Talwani & Cox
(1985), Weems et al. (1986),
Obermeier et al. (1987), Amick
(1990), Schaeffer (1996) worked at
liguefaction sites, many described
by Dutton (e.g., Ten Mile Hill)

« Spatial concentration of 1886 and
paleoliquefaction features
decreases away from Charleston

» Size of 1886 and paleolique-
faction features decreases away
from Charleston



<> Talwani and Schaeffer (2001) compiled radiocarbon dates, interpreted
timing of paleoearthquake, and estimated recurrence time of ~600 yr;
later EPRI-DOE-NRC (2012) recalibrated and reinterpreted dates

Contemporary Ages Only To Constrain Timing
EPRI et al., 2012




1988 M 5.9 Saguenay, Quebec Earthquake

Liquefaction up to 30 km from epicenter

Sand Blow
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Explanation

Estimated sand dike age in years BP, relative to 1950 AD (1)
@ 1(1988AD)

O 25-400

© 450-650

O 4800-5800

O Poorly constrained

Sand dike width (cm) (1)

1-9

10-19

20-29

30-50

Notable instrumental earthquake epicenter (2)

Notable historical earthquake epicenter (3)

+ g d [|00 O

CEUS SSC earthquake catalog M>2 (2)

Modified from Tuttle & Hartleb.,
2012, CEUS SSC Project

Sources: 1. CEUS SSC paleoliquefaction database;
2. CEUS SSC earthquake catalog; 3. Bent, 1992;
Lamontagne, 2009. Basemap: SRTM Shaded Relief,
USGS (2005)

N O 15 mi

A(}T—#—Hﬁ

40 km

Sand Blow

Saguenay earthquake centered in an
historically aseismic area ~80 km NW of CSZ
No surface rupture associated with ~28 km
deep earthquake
Surface geologic signature — liquefaction
features, not faulting

Tuttle et al., 1990 & 1992




1988 M 5.9 Saguenay, Quebec Earthquake

Modern and Paleoliquefaction Liquefaction Features

} 1988 Sand Blow

} A.D. 1420 +/- 200 yr
Sand Blow

1988 Sand Dikes Inject
} Along Margins of Older Dikes

Tuttle et al.,
1990 & 1992




2010-2011 Canterbury New Zealand Sequence
Liquefaction Induced by Multiple Earthquakes

Sept 4, 2010
M 7.1 Darfield
PGA0.6-0.8¢g

Feb 22, 2011

M 6.2 Christchurch
PGA0.1-0.2 g

Courtesy of W. Ries
& R. Langridge



<> Hardwick site - repeated liquefaction produced compound sand blows

Compound Sand Blow Compound Sand Blow
Sept 2010 & Feb 2011 Eqs Sept 2010, Feb & June 2011 Eqs

Photographs by C. Hardwick, 2011




Compound Sand Blow _

NZ Liquefaction Events
Unit 4. Feb 22, 2011 - M 5.6

Unit 3. Feb 22, 2011 - M 5.5
Unit 2. Feb 22, 2011 - M 6.2

Unit 1. Sept 4, 2010-M 7.1

Note: many soil clasts in basal unit;
very thin silty layers capping units

Tuttle et al., 2012




<> Paleoliquefaction found at modern lig. sites
<> Crevasse splay buried and preserved




2011 Sand Blows in River Bed

2011 M 5.7 Mineral, VA Earthquake
Liquefaction features in epicentral area

2011 Sand Vented Thru Crayfish Burrow

Possible Paleoliquefaction Feature

Tuttle et al., 2015




Paleoliquefaction Features in CVSZ

< Ages poorly constrained; C14 &
past 4.5 kyr

< Info needed to interpret timing, location, & magnitude

OSL dating of sediment -
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Explanation

Sand blow formed during
the August 2011 earthquake

Borehole Location
Conditions conducive to formation
of liquefaction features

Conditions not conducive to formati
of liquefaction features

@
O Prehistoric sand dike (Dominion, 2004)
[}

A SsD
Recent Earthquakes

Paleoliquefaction Feature, width in cm
2011 CVSZ earthquake sequence

(Tuttle and Busch, 2011;Tuttle, Carter, Dunahue, 2015)

B 1-15cm Seismicity 1974-2011

(CERI catalog)
+

4+ 3-45Mm

<3M

Tuttle et al., 2015

Surficial Geoleogy
(Soller and Reheis, 2004)
Holocene to Pliocene

Holocene to Pliocene
alluvial sediments, thin

on

Holocene to Tertiary

Colluvial sediments
Residuum developed in
alluvial sediments
Residuum developed in
bedrock

Residuum developed in
igneous and
metamorphic rocks
Residuum developed in
sedimentary rocks




2011 M 5.7 Mineral, VA Earthquake

Main Points

<> Liquefaction induced by paleoearthquakes may have resulted
In slurry of water and sand venting through animal burrows
and root casts

<> Small paleoliquefaction features were bioturbated in the
weathering zone making them difficult to identify

<> Important to search for features when the river levels are very
low to examine features deeper in the section



Dating of Liquefaction Features

< Critical to obtain well-constrained ages of features to correlate across region
<> More likely to do this with sand blows than sand dikes and sills

Vertical Profile Through Sand Blow

Crater Fill

Plow Zone

/ /— Sand Dike (filled fissure)

Host Sediments ( &

. ) [\ﬁb{ Sand Sil

Source Layer

0 Am

IS T |

Modified from Tuttle & Hartleb, 2012

Age Estimate
of Sand Blow

Example:

Age Estimate
of Sand Blow

Sample

Average of Minimum Minimum and

Description Age Yr BP
Charcoal within soil 650 - 740
above sand blow
Leaves accumulated 950 - 1050
in crater
Twigs in buried soil 1050 - 1150
immediately below
sand blow
Charcoal within 2750 - 2680
host sediments
Tree trunk bedded 4530 - 4720

within sand layer

' Uncertainty

Maximum Maximum Constraining Ages

950 + 1150 _
2

1050 Yr BP

* 100yr (800 to 1000 C.E.)

Constraint
Minimum
Close
minimum
Close
maximum

Maximum

Maximum;
source
layer age



Age Estimate of Sand Blow

Dating post molds above and occupation horizon below: A.D. 1420-1690

A.D. 1500-1690

A.D. 1420-1500




Age Estimate of Sand Dikes

Dating sediment crosscut by sand dikes: <5 kyr B.P.;
only rarely possible to establish minimum age constraint




Estimation of Paleoearthquake Timing

<> Narrowly bracket ages of numerous sand blows across region

<> Estimate timing of event and chronologically correlate features

<> Estimate source area, magnitude, and recurrence time

<> Little data or poor age constraint - likely to have large uncertainties

A.D. 1450

A.D. 900

? 800B.C. 7

2350 B.C. +/- 200 yr



Conclusions

<> Historical & modern cases of eg-induced liquefaction

e provide opportunities to understand characteristics of liquefaction
features (e.g., compound sand blows result from eq clustering) and
geologic factors influencing liquefaction and related ground failures

e provide opportunities to identify setting where paleoliquefaction
features may have formed and be preserved as well as to develop
investigative techniques

e provide targets for paleoliquefaction studies
* serve as modern analogues for interpreting paleoliquefaction events

<> Dating of paleoliquefaction features
e critical to constrain ages of features as best as possible

* sand blows more likely than dikes and sills to provide well-
constrained ages

e search for samples that will provide close maximum, minimum, and
contemporary ages

e surficial geology can limit age and completeness of paleoeq record
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Resistivity Profile - Grid 1 Line 1

Resistivity Profile - Grid 1 Line 2

Resistivity Profile - Grid 1 Line 3
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