


Earthquake-Induced Liquefaction
Features in the Coastal Setting of South
Carolina and in the Fluvial Setting of the
New Madrid Seismic Zone

By S.F. OBERMEIER, R.B. JACOBSON, J.P. SMOOT, R.E. WEEMS, G.S. GOHN,
J.E. MONROE, and D.S. POWARS

U.S. GEOLOGICAL SURVEY PROFESSIONAL PAPER 1504

UNITED STATES GOVERNMENT PRINTING OFFICE, WASHINGTON: 1990



DEPARTMENT OF THE INTERIOR

MANUEL LUJAN, Jr., Secretary

U.S. GEOLOGICAL SURVEY

Dallas L. Peck, Director

Any use of trade, product, or firm names in this publication is for
descriptive purposes only and does not imply endorsement by the
%.S. Government

Library of Congress Cataloging in Publication Data

Earthquake-induced liquefaction features in the coastal setting of South Carolina and in the fluvial setting of the New Madrid
seismic zone / by Stephen F. Obermeier ... [et al.].

p- cm.—(U.8. Geological Survey professional paper ; 1504)

Bibliography: p.

Supt. of Docs. no. : I 19.16 : 1504

1. Geology—South Carolina—Atlantic Coast. 2. Geology —Missouri-New Madrid Region. 3. Soil liquefaction. 4. Geology.
Structural. I. Obermeier, Stephen F. II. Series: Geological Survey professional paper ; 1504.

QE162.A85E37 1990

557.57—dc20 89—600177

CIP

For sale by the Books and Open-File Reports Section, U.S. Geological Survey,
Federal Center, Box 25425, Denver, CO 80225



CONTENTS

Page
New Madrid Seismic Zone—Continued
Characteristics of and Criteria for Earthquake-Induced
Liquefaction Features— Continued

Regional Setting—Geology and Liquefaction Susceptibility.. 3 FiSSUIES -c.eeeeverreneerenreneesensenneneeesneeessssesneseenees 26

Characteristics of and Criteria for Sand-Blow Formation..... 4 Intruded Feattres .......coceeeveererverenresesveessnresseesnns 27
Filled Sand-Blow Craters 5 Features of Unknown or Nonearthquake Origin................ 34
Vented-Sand VOICanoes ........ccoocvenmreeninicnsinniense 8 Sand BOilS ...veeeerreeiireeeirirreeeteesreenereeie e e beeenanes 34

Featgre.susgomng Evidence of Lateral Spreads or Ground 1 Mima Mounds ....cceeeeenernmriieniiieiimmnninnieeieniineenes 34

SCHIALIONS ... iiecereieeir et e eee v e e e e eeeran

Regional Distribution of Sand Blows 12 Load Structures ......c.vvveeeecvrreerrneneeerrseeremeeneesesronnes 35

Other Possible Origins 13 Other Features .........ccoivemvciiiiiiiiniininiiineiniinn, 38

F L L Local Geologic Controls on Production of Vented Sand ...... 38

eatures of Weathering Origin .........ccvvviniiiiiiiiiiienninnnen. 14 .

Overview of the South Carolina Liquefaction Study........... 18 Topstratum T%uckness ............................................ 38
Erthquake AZes.....veeevreeeerrersreseeeeerssseeeres 19 Topstratum thl?olog‘y ............................................. 38
Shaking Severity ESHMAtion ..........oveeeereeereevennennn. 19 Subfstratum Grain Size............ e 39
Holocene Earthquake Shaking .........ccceeeeevveeeeunenean. 19 Resistance of Source Sand to Liquefaction................. 39

New Madrid Seismic Zone ... 20 | Overview of Studies.....ccccconrrrriiiniiiiiiii, 39

Regional Geologic and Seismotectonic Setting.............vvue.. 22 Geologic Criteria 39
Characteristics of Quaternary Alluvium..........ccceerunnns 23 Types of Earthquake Features..........cccvvvveniiiiiiinnnnnnnnenns 40
Seismotectonic Setting.......c.cevvrruiierrerirrerrieaereereennns 24 Geologic Controls.......cceeveriieriiiriiviiiierereieiiiineenireeen. 40

Characteristics of and Criteria for Earthquake-Induced Suggestions for Future Research ..........ccccocceniii, 41

Liquefaction Features ......c..cocvvieeiieniniiienieniinnnnnn. 24 | Relevance of Liquefaction Features..........cccovvvirnvenirninncininnns 42
Vented-Sand Voleanoes ........cccueueeeeiiiinmnenienieienione. 24 | References Cited .......ocvveririenncrieminiiinnicerincrriii s, 42
ILLUSTRATIONS
[Plate in pocket]
Page
PLATE 1. Typical load structures produced by rapid sedimentation, observed in trench near Marked Tree, Arkansas.................. In pocket
FIGURE 1. Map showing 1886 and older Sand-bloW SILES ...........vereveemruuumeemrenmeermensussiserssieereiisressissmissrrsissisrsasssisne. 2
2. Schematic cross section of representative barrier showing sediment types, ground-water table locations, filled sand-blow
craters, and Bh S0Il DOTIZONS.......ccuuiiuieiieriieieeierrenieriarieenereeneerterensseeesertesersssrsessasteresssrnsarnaseasssetssmansannsssossarssnsansssss 4
3. Sketch and photograph of craters produced by the 1886 €arthqUake ........cveevereeuiuuierierrrernnonseeieeteumumeseereersenrnisersrmemse 6
4. Schematic cross section of normal type of filled Sand-blOW CrAter. ..uveuriiieeiimriiierritiieeee et e s e re s e s s aees 7
5. Ternary diagram showing grain sizes of paired samples at identical depths inside and outside liquefaction craters..........c........ 7
6. Schematie cross sections showing sand-filled fissures interpreted as resulting from liquefaction and flowage during the
1886 €artIOUAKE 1uuvevriiceieniritieiieierirrereieeiaetuensetestestninarsstessossnasasterssemeenssnssstasessenssterrruesttassietsrsusstertesesrsrssoterinssens 9
7. Schematic vertical section of representative vented-sand volCano ......ccceeverreerirriiiiaicriiriiinriniicri e e e ens 10
8. Photograph of vented-sand volcanoes that have coalesced to form a continuous sheet of sand on the ground surface................. 11
9. Schematic cross section of filled sand-blow crater, illustrating aspects associable with downslope movement..........ooovievrivrnnnnns 12
10. Schematic cross section showing pedogenic tonguing of BE- and E-horizon sand into underlying B horizon and a graph
showing particle-size data for a fractured Pedogenic LONGUE ......vveuerrerriruireiiiierirrrereenereirerrirriseristesiernsiressesserieraeens 15
11. Sketch of cross section through a white, pedogenic sand tongue at site HW, near Hollywood, S.C. ....ccocovvrviiiiiiiiinniiininiininnnn, 16
12. Sketch of vertical section through BE’ horizon at site HW, near Hollywood, S.C. ......ccocccviuiiirriiiiiniiiiiiinnniiiniicnenne . 18
13. Map showing late Quaternary alluvial deposits of St. Francis and Western Lowlands Basins.......ccccccevvcvnnievnriniiiinincrinninniienns 21
14. Map showing area covered by vented sand, estimated epicenters of strongest 1811-12 earthquakes, and faults and fault zones.. 22
15. Schematic east-west cross section showing geologic and ground-water setting of St. Francis Basin ......cooooovvvriiiviiiieiieeniinninne. 23
16. Block diagram showing the configuration of the buried New Madrid Rift Complex .........cccvmiiiriiiiiiimniiiieiieniiiiiiiiiie i, 24



v

17.
18.
19.
20.

21.

SRR

Table 1.

CONTENTS
Map of northern Mississippi Embayment showing earthquake epicenters, plutons, rift boundaries, and faults ............cccccvnuenns 25
Photograph showing stratigraphy of vented-sand volecano with organic-rich silt between two fining-upward sequences of sand ... 26
Photographs and line drawings of an “eruptive vent” that cut stratified deposits of a vented-sand voleano..............cccccvnnennnins 27
Aerial photographs showing vented sand, interpreted as the product of liquefaction and flowage during the 1811-12
[N o YT PN 28
Photographs showing sand dikes and sills, interpreted as having originated by liquefaction and flowage during the
181112 @AFERGUAKES tvuuuteirerierinieretunieteeiteeraeieeetuiistostantestnsisstansrsrntustesrusesstssiestesmuseersssosstsssesernnrseersmseersnsosernnneaes 31
Sketch and photographs of section showing earthquake-induced intrusions in Holocene sediments and underlying
Wisconsinan braided-stream sands observed in ditch about 15 km northwest of Marked Tree, Ark. .....ccovoviiriniiiiiininiinnnnns 32
Aerial photograph of mima mounds in the northern part of St. Francis Basin............cccccvviiniiiiiiiiniiniinni i 36
Sketches showing pseudonodules formed in a shaking experiment by KeUNem.........covviieiiriuiierririrmmmiieniimrrineerieenennn, 37
Schematic drawing of the development of load-casted ripples, caused by ripple crests sinking into soft mud..........cocoevvrirnnnenn. 37
TABLE

Estimated relative susceptibility of saturated cohesionless sands to liquefaction during strong seismic shaking..........coovevevrinnnnne. 4
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and borrow pits. At most sites shown on figure 1, at least
three or four sand blows are exposed within a few
hundred meters of one another. The following section
focuses on the geologic setting in which these sand blows
originated.

REGIONAL SETTING—~GEOLOGY AND LIQUEFACTION
SUSCEPTIBILITY

In South Carolina, the coastal region is known locally
as the “low country” because it has low local relief (1-3
m) and low elevation (0-30 m) and because vast expanses
of swamp and marshland are under water much of the
year. Most of the Carolina low country is covered by a 5-
to 10-m-thick blanket of unconsolidated Quaternary
marine and fluvial deposits, which lies on semilithified
Tertiary sediments (McCartan and others, 1984). The
Quaternary sediments primarily occur as a series of six
well-defined, temporally discrete, interglacial beaches
and associated back barrier and shelf deposits that form
belts subparallel to the present shoreline. The oldest
beach deposits are farthest inland and are at the highest
altitudes; younger beach deposits are progressively
closer to the ocean and are at successively lower alti-
tudes. Most beach deposits are 8 to 15 m thick.

Cutting across these marine and marginal-marine
deposits at nearly right angles are four major rivers, the
Savannah, Edisto, Santee, and Pee Dee (fig. 1). Border-
ing these rivers are fluvial terrace sediments of rather
limited extent that consist almost exclusively of clean
sand (that is, sand without clay, silt, or gravel).

Figure 1 shows the approximate areal extent of the
marine-related deposits (beach, shelf, and open-sound
back barrier) designated as Q1, Q2, and Q3 by MeCartan
and others (1984). The part of figure 1 containing units
Ql, Q2, and Q3 is shown without shading. Q3 deposits
are about 200,000 to 240,000 years old (Szabo, 1985) and
are present as far as 20 to 40 km inland from the modern
coast. The intervening Q2 deposits are about 80,000 to
130,000 years old (Szabo, 1985). Unit Q1 is closest to the
ocean and is made of younger deposits. The search for
sand blows was generally restricted to units Q2 and Q3.
Older units have such a low susceptibility to liquefaction
(due to effects of chemical weathering) that the likelihood
of forming sand blows has been extremely low during the
late Pleistocene and Holocene. Because unit Q1 generally
has such a high ground-water table, the possibility of
finding exposed sand blows was quite limited.

Formation of sand blows in any geologic setting
depends primarily on the depth to the water table, the
properties and thickness of materials in the depth range
susceptible to liquefaction during shaking, and the thick-
ness and characteristics of sediments above the zone that
was liquefied during shaking. Specific relations between
liquefaction susceptibility and subsequent formation of

sand blows in the South Carolina low country are as
follows:

(1) A water table very close to the ground surface
usually greatly increases the susceptibility to liquefac-
tion, even in comparison with a water table at depths of
only 3 to 4 m. The modern water-table depth is generally
0 to 1.5 m throughout the low country and is typically a
subdued mimic of the surface topography. The water
table is deepest under hilltops and may come to the
surface in swales. As surface elevations decrease toward
the ocean, the water table is generally nearer the sur-
face; within 15 km of the ocean, the water table is rarely
deeper than 1.5 to 2 m.

(2) Clean sands are generally the only materials
observed to have liquefied in the Charleston region. At
one site (site SAN, fig. 1) the source sand bed contains as
much as 3 to 5 percent clay; typically there is less than 1
percent silt and clay at all other sites. The liquefied sands
are generally fine-grained, well-sorted (that is, uni-
formly graded) beach sands.

Principal properties of sand that control liquefaction
susceptibility during shaking are degree of compaction or
state of compactness (known as “relative density” by
geotechnical engineers), sand-grain size and sorting, and
cementation of the sand at grain-to-grain contacts.

The state of compactness is commonly a reflection of
the energy (or mode) of deposition. To illustrate, beach
deposits laid down in a high-energy environment such as
a pounding surf zone are generally more dense than sand
deposited in a quiet zone away from the influence of the
surf. Higher density makes the surf-zone deposits more
difficult to liquefy. Locally within the surf zone, though,
there are many regions of low-energy deposition where
the sand is not so compacted by wave pounding. In
addition, for a given relative density, the fine-grained,
well-sorted sands of ancient and modern beaches
throughout the low country are much more susceptible to
liquefaction than standard sands used for engineering
analysis (Cullen, 1985), and this increased susceptibility
due to grain-size effects and lower local compactness
must account in part for the widespread liquefaction
during the 1886 earthquake.

Cementation in near-surface subaerial environments is
chiefly a reflection of the age of the deposit. Even slight
cementation by agents such as silica, calcite, or clay
dramatically reduces liquefaction suseeptibility; thus lig-
uefaction potential is related to age of deposits in many
geologie settings (Youd and Perkins, 1978), and this
relation is particularly apparent in the low country.
Table 1 lists deposits in the low country shown in figure
1 in terms of depositional environment (type of deposit)
and age and provides an estimate of their relative
susceptibilities to liquefaction during strong seismic
shaking.
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FIGURE 2. —Schematic cross section of representative barrier showing sediment types, ground-water table locations, filled sand-blow craters, and
Bh (humate-rich) soil horizons. Modern shoreline is located southeastward. Lagoonal clay deposit at left is younger and lower in elevation than

the barrier-bar deposit.

Features large enough to be interpreted as possibly
having an earthquake origin in the low country were
found only in sand deposits having a total thickness
exceeding 2 to 3 m; within this 2- to 3-m-thick deposit,
the thinnest individual source stratum was 0.3 m.

(3) The local geologic setting has a major role in the
formation of earthquake-induced sand blows. The geo-
logic setting most frequently associated with sand blows
is the crest or flank of Pleistocene beach ridges, where a
thin surficial cover of a clay-bearing sand or humate-rich
sand overlies clean sand. According to first-hand obser-
vations of effects of the 1886 earthquake by Earl Sloan,
“these craterlets are found in greatest abundance in belts
parallel with (beach) ridges and along their anticlines”
(Peters and Herrmann, 1986, p. 68). A schematic cross
section through a typical low-country beach ridge, such
as the ridges described by Sloan, is presented in figure 2.
To a much lesser extent, sand blows have been found in
back-barrier environments.

A thin clay-bearing stratum (or other stratum having
very low permeability) above the liquefied zone is gen-
erally an important control on development of sand blows
(Scott and Zuckerman, 1973; Obermeier, 1988; Ishihara,
1985). A veneer of nonliquefiable sediment, 1 to 2 m
thick, aids greatly in the formation of and recognition of
sand blows in the low country. On the other hand, a
clay-bearing or other low-permeability stratum thicker
than 4 to 5 m prevents sand-blow formation at the great
majority of sites in the low country; a thickness greater
than 2 to 3 m seriously impedes such formation.

CHARACTERISTICS OF AND CRITERIA FOR SAND-BLOW
FORMATION

Two kinds of pre-1886 sand blows have been recog-
nized: (1) filled sand-blow craters (craterlets) and associ-

ated sedimentary structures and (2) sand volcanoes that
have vented to the surface, leaving relict sand mounds.
The crater-type sand blows generally occur only where a
surficial soil having less than several percent clay has
formed on a parent material of clean sand. Where the
surficial soil is richer in clay, vented-sand volcanoes are
much more likely to form.

Exact locations were not known for 1886 craterlet sand
blows when our study was initiated in 1983. Only one
1886 vented type of sand volcano had been discovered
and examined (Cox, 1984). Thus it has been necessary to
locate sedimentary features that display structures con-
sistent with an earthquake origin and to develop criteria
for interpreting whether or not these features have an
earthquake origin.

TABLE 1.— Estimated relative susceptibility of saturated cohesionless
sands to liquefaction during strong seismic shaking

[Source: Youd and Perkins (1978). Strong seismic shaking is deter-
mined by two parameters, peak horizontal acceleration and duration
of largest acceleration. For a my=5 earthquake, strong seismic
shaking is defined as an acceleration of about 0.2 g for at least several
seconds; for a stronger earthquake, the threshold acceleration is
about 0.15 g for a duration of 10 seconds; for a much stronger and
longer duration earthquake, the threshold acceleration can be less
than 0.1 g (T.L. Youd, Brigham Young University, oral commun.,
1985)1

Liquefaction susceptibility for deposits of various ages

Types of deposit =500 WHOIOE(;;Z 7 Pleistocene  Pre-Pleistocene
Dunes.......... High Moderate Low Very low
Beach (low wave

energy ........ High Moderate Low Very low
Foreshore....... High Moderate Low Very low
Beach (high wave

energy) . ....... Moderate Low Very low Very low
River channel. ... Very high High Low Very low
Flood plain . .. ... High Moderate Low Very low
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and size of sand blows on beach ridges has been about the
same, for a time period extending at least throughout the
Holocene (Obermeier and others, 1989; also discussed
later). Thus, in the vicinity of the epicentral region, the
sand blows should generally be largest (have largest
diameters) and be most abundant. This hypothesis is
confirmed in the Charleston region by observations of
effects of the 1886 earthquake (Peters and Herrmann,
1986). Sand blows produced by the 1886 earthquake were
abundant within the 1886 meizoseismal zone, which was
a region about 35 km wide and 50 km long. Beyond this
zone, the sand blows were smaller and scattered. Only
rare, small sand blows formed more than 10 km beyond
the meizoseismal boundary. Because all the factors
involving sand-blow production are about the same in
many places throughout coastal South Carolina, this
same relation of sand blows to epicenter location should
hold true for pre-1886 Holocene earthquakes.

In particular, it has been found that for craters having
one apparent age (based on soil profile) and whose
diameters (measured near the ground surface) are less
than about 1 m, there are at most two or three craters
exposed in a nearby 1-km-long ditch cutting across beach
ridge deposits. Wherever maximum diameters of craters
having one apparent age are about 2 m, there are more
(as many as 5 to 10) craters exposed in a nearby
1-km-long ditch. Wherever maximum diameters of cra-
ters having one apparent age are 3 m or larger, there are
a greater number (as many as 20) exposed in a nearby
1-km-long ditch. This well-defined relation between
number of sand blows and sand-blow diameters is con-
sistent with an earthquake origin in our opinion.

We emphasize that a single, isolated feature that
appears to be earthquake-induced would not be inter-
preted by us to be compelling evidence for prior earth-
quake shaking. Compelling evidence requires at least
several features, scattered over a region of at least
several square kilometers.

OTHER POSSIBLE ORIGINS

Origins other than earthquakes for filled sand-blow
craters and vented-sand volcanoes that have been con-
sidered include compaction-induced dewatering and soft-
sediment deformation; artesian springs; landslides; fill-
ings in decayed stump and root holes; ground disruption
by fallen, root-wadded trees; and liquefaction caused by
storm-induced, ocean-wave pounding. Criteria for
assessing each of these potential sources are discussed
below.

Compaction-induced dewatering and deformation.—
Syndepositional and postdepositional dewatering by
compaction occurs in sediments during or shortly after
their deposition. This dewatering generally takes place

in response to rapid deposition of sediments (especially
coarser, denser sediments) above very soft, clay-rich
sediments, which causes buildup of pore-water pressure
and gravitational instability (Dzulynski and Walton,
1965; Allen, 1984; Lowe, 1975, 1976); deposition of silts or
fine sands rapid enough to cause buildup of pore-water
pressure can also lead to instability (Dzulynski and
Smith, 1963; Sanders, 1960). The kinds of sedimentary
structures formed by these processes include load struc-
tures, dish structures, convolute lamination, sand dikes,
and faults (Pettijohn and Potter, 1964). In our study,
earthquake-interpreted features generally have soil hori-
zons that are much thinner and less well developed (and
thus younger) than soil horizons on laterally adjoining,
undisturbed parent sediments; in the relatively few
instances where both the parent sediments and erosscut-
ting features have essentially the same degree of soil
development, the earthquake-interpreted features con-
tain clasts of Bh material at depths generally about 0.5 m
below the laterally adjoining Bh material in the parent
sediment. The apparent difference in age between the
parent sediment and filled-crater or vented-sand voleano
determined on the basis of soil development, combined
with lack of reason to suspect sudden, nonseismic surface
stressing or long-term pore-water pressure buildup, is
sufficient reason to eliminate postdepositional dewater-
ing as a source mechanism.

Artesian springs.—The regional and local topographic
and ground-water setting of many sites rules out any
significant likelihood for the occurrence of a sudden,
strong increase in the hydraulic force of a spring. The
beach crests are generally flat lying for many kilometers
along their crests, and the crests are well above the
lagoonal deposits. Where filled craters are found on
ancient beaches, a short- or long-term spring origin is not
believed possible if the following conditions are met: (1)
the filled craters cut humate-rich sandy soils that are also
cut with numerous, highly permeable sand-filled root
holes and burrows that extend well into the C horizon, (2)
the filled craters are much above the lagoonal deposits
adjoining the beach (as illustrated in fig. 2), and (3) the
filled craters are within 1 to 2 m of the beach crest.
Short-term springs induced by a hurricane deluge (or any
other mechanism) have not been observed where these
criteria are met.

Short-term springs are suspected to be rather common
in lowland areas of lagoonal deposits, however. Features
interpreted as earthquake-induced sand volcanoes are
restricted to sites where artesian springs are thought to
have been unlikely, and in addition, there is other
evidence for an earthquake mechanism, such as frac-
tured ground (as illustrated in fig. 8). Typical sites are
elevated locations near deeply entrenched rivers, where
artesian pressures would have been relieved by lateral
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flow to the rivers rather than by vertical flow to higher
elevations, which would have been required to form the
volcanoes.

Landslides. —All sites on figure 1 are on level or
nearly level ground, hundreds of meters from any steep
slopes. Downslope movement on these nearly level sites
could be initiated only by seismic shaking, considering
relations between surface topography, ground-water
setting, and strength of materials.

Fillings in root holes.—Holes caused by decayed
stumps and roots, and later filled with clean sand, are
common in the study area. Although the filled holes are
generally circular in plan view, many display poorly
defined layers of clay mineral segregation (due to weath-
ering) and gradually taper downward; they do not have
the well-defined laminar bedding of the filled craters and
underlying graded zone of sediments. Typically, maxi-
mum depths of root penetration are about 2 to 3 m.

Ground disruption by trees. —Tree throw in the South
Carolina low country is generally restricted to hardwood
species having wide, shallow root systems. These trees
may blow over in wind storms and rip up a wad of
sediment caught within their root mats, thus creating
pits and mounds. Taprooted pines and cypress trees very
rarely tend to throw; instead, these species break off
near the ground surface. Pits excavated by hardwood
tree throw tend to be shallow (usually less than 50-100
cm deep); when filled, they do not contain sediment
introduced from depth, and they almost always lack the
orderly internal stratigraphy of liquefaction craters. At
some few places, though, pits excavated by thrown trees
can be distinguished from craters excavated by
earthquake-induced liquefaction only by the presence of
feeder vents or by the presence in the crater of sediment
(generally sand or silt) that has been introduced from
strata beneath the base of the crater. Verification that
sediment has been introduced from depth may require
mineralogical, weathering, and grain-size analysis (Geli-
nas, 1986).

Ocean-wave pounding. —The disruption of subaerially
formed soils shows that liquefaction occurred long after
deposition of the parent sediments. Storm-induced,
ocean-wave poundings are not a credible mechanism of
liquefaction at most of the widely scattered sites because
the elevations are well above modern sea level (up to 15
m) and are too far inland. In addition, no sedimentary
records indicative of inland surges of the ocean, such as
soil horizons buried by storm-deposited sediments, have
been found.

FEATURES OF WEATHERING ORIGIN

A wide variety of features produced by chemical
weathering mimic earthquake-induced liquefaction fea-
tures. Such weathering features include the white, E-

horizon sand that commonly blankets the surface; pedo-
genic tongues; and BE or fragipan horizons.
Distinguishing liquefaction features from weathering
features is much more difficult where older liquefaction
features have been extensively weathered.

A loose, clean, white sand blanket covers large parts of
the South Carolina low country that is underlain by
sandy sediments of barrier beach and nearshore marine
origin. In undisturbed soil profiles, the white sand under-
lies a thin, 0- to 15-cm-thick, dark-gray A horizon.
Although some of this white sand has been periodically
remobilized by surficial processes, it is a pedogenic E
horizon, formed by weathering and leaching of the under-
lying sandy sediments (Gamble, 1965). The pedogenic
origin of the E horizon is demonstrable by its eluvial-
illuvial relationship with the underlying B horizon. Clays
and labile minerals have been removed from the E
horizon, and weathering products have been deposited in
the B horizon; however, particle-size distribution and
resistant heavy-mineral percentages are nearly identical
in both horizons. In addition, the boundary between the
E and B horizons is commonly abrupt and irregular and
is characterized by narrow, near-vertical tongues of
white E horizon penetrating downward into the B hori-
zon. Laterally continuous, interpenetrating boundaries
of this type are more likely to be indicative of geochem-
ical leaching rather than clastic deposition. At some sites
resistant sedimentary features, such as thin pebble beds,
pass through the horizon boundary, showing that it is not
a sedimentary contact.

In summary, although a blanket of ejected white sand
often exists at earthquake liquefaction sites, all white
sand blankets are not necessarily formed by earthquake
liquefaction. In younger liquefaction features, bedding
within ejected sand blankets helps to demonstrate lique-
faction origin if other fluvial and eolian origins can be
rejected. With age, the usefulness of this criterion
decreases as soil mixing by flora and fauna destroys
bedding, making ejected sand blankets appear superfi-
cially like massive pedogenic E horizons.

The pedogenic boundary between E and B horizons
can be gradational or quite sharp and can also be highly
convoluted. Gamble (1965) describes boundaries between
loose, white E-horizon sand that grades over 1 to 2 mm
of depth to brown, clayey sand. The boundary also
commonly has 2- to 3-cm-wide, 5- to 10-cm-long tongues
of E horizon descending vertically into the underlying B
horizon. Locally, we have observed tongues of E-horizon
sand that extend more than a meter into thick, red to
brown (7.5YR 5/6-5YR 5/8), clayey B horizon (fig. 10).
Tongues of this size and shape can give the impression of
fractured and brecciated ground and might be mistaken
for liquefaction features unless examined carefully for
sedimentary characteristics.
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ages and relative severity of shaking is based only on
data from the sites for which we are most confident of an
earthquake origin.

EARTHQUAKE AGES

Craters are typically the only features for which
radiocarbon ages related to earthquake ages can be
generated, because other liquefaction-related features
are not found in association with preserved organic
matter. Three methods have been used to bracket the
times of crater formation (Weems and others, 1986): (1)
radiocarbon ages of woody material (tree limbs or pine
bark) that fell into the open crater soon after crater
formation, (2) dating of roots sheared off at the edge of
the crater (predating crater formation) and dating of
roots that grew into the stratified fill portion of the
crater (postdating crater formation), and (3) dating of
clasts of Bh material that fell into the graded fill zone of
the crater. The first method yields a highly accurate age
for the time of earthquake occurrence, whereas the other
two yield a broad range of possible ages. Sufficient data
have been collected at site HW (near Charleston; fig. 1)
to show that at least three pre-1886 earthquakes pro-
duced sand blows within the past 7,200 years. Radiocar-
bon dating of a clast of pine bark in a crater at site ARP
(also near Charleston) independently verifies the middle
of these three events. The only definitive statement
about earthquake recurrence that can presently be made
is that near Charleston there have been at least four
sand-blow-producing (m, probably >5.5, discussed later)
earthquakes within the past 7,200 years (including the
1886 event). Accurate ages of crater formation have been
obtained from some sites more than 100 km from
Charleston. These dates differ from ages near Charles-
ton, thereby suggesting that the craters far from
Charleston originated from epicentral regions also far
from Charleston. At many sites far from Charleston,
there are at least two generations of craters that are long
separated in time of formation.

SHAKING SEVERITY ESTIMATION

Insufficient radiocarbon ages have been collected from
liquefaction features throughout the Carolina coastal
region to define epicentral regions of separate earth-
quakes. Adequate data have been collected, however, to
estimate the relative shaking severity throughout the
coastal region during the Holocene. This estimate is
provided by measurement of the number and size of
craters at the sites shown on figure 1.

The methodology for estimating shaking intensity is
based on the premise that the number and size of
liquefaction features are greatest where earthquake shak-
ing has been strongest for a fixed geologic setting and

liquefaction susceptibility. The condition of a fixed geo-
logic setting is met almost ideally on many of the
Pleistocene beaches, as discussed in an earlier section.

The condition of a fixed liquefaction susceptibility is
also almost certainly satisfied at the widely scattered
sites on figure 1. Source sands typically are loose (based
on limited Standard Penetration Test data and numerous
observations of ease of augering) and have about the
same thickness. Moreover, the thickness and properties
of nonliquefiable sediments overlying the source stratum
lie within a narrow range. It is also a certainty that
recurrences of liquefaction do not greatly diminish the
potential for formation of more large craters in loose
sands. This statement is verified by the observation that
at site HW there are many large craters that formed in
each of at least three generations of Holocene earth-
quakes, with each generation widely spaced in time.
Thus, at sites in beach deposits on figure 1, liquefaction
susceptibility is generally high and has not been greatly
reduced by previous occurrences of liquefaction.

The other major variable, depth to the water table, is
about the same from site to site (very shallow depth) and
probably has been shallow throughout the Holocene
(Obermeier and others, 1987). Evidence for location of
the water table throughout the Holocene is provided by
location of the base of the Bh horizon. (See fig. 4 for
location of this horizon at a typical filled crater.) The
maximum depth of the seasonal water table during the
Holocene is marked very nearly by the base of the Bh
horizon. (The Bh is defined as the subsoil zone of
accumulation of organic matter and is formed in these
soils at the lower limit of vertical infiltration of water.)
Throughout the coastal region, the base of the Bh
(generally 0.6 to 1 m below land surface) is nearly
coincident with the present-day water table. Radiocar-
bon ages from the basal Bh horizon are 5,000 to 10,000
years at site HW (Weems and others, 1986, p. 7).
Because these ages are mean residence times of organic
matter in a dynamic system characterized by continuing
vertical infiltration of younger organic matter, some of
the organic matter has been there even longer. Thus, it
can be concluded that the water table has been very
shallow throughout the Holocene over wide areas of the
South Carolina Coastal Plain.

HOLOCENE EARTHQUAKE SHAKING

Both the abundance and diameters of pre-1886
Holocene craters are greatest within the 1886 meizoseis-
mal zone for a given age of craters. On the basis of these
criteria, we know that shaking has been much weaker
north of the Santee River (Obermeier and others, 1989).
Intermediate shaking has taken place between Charles-
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ton and the Santee River and also between Beaufort and
the Savannah River.

Confidence in this interpretation is high for the area
between Charleston and Wilmington, because of the
hundreds of kilometers of ditches we searched. Our
confidence is also high for the 1886 meizoseismal zone and
for the area between Beaufort and the Savannah River.
Our confidence is not nearly as high for the area between
the Beaufort and the Edisto River nor for the area south
and southeast of the 1886 meizoseismal zone; this lower
confidence is caused by the limited number of ditches and
pits available for inspection.

Whether or not the pre-1886 Holocene shaking in the
1886 meizoseismal zone is associable with earthquakes

stronger than the 1886 event can be determined only by .

additional radiocarbon ages for craters at sites far
beyond the 1886 meizoseismal zone.

Based on worldwide observations in the field, the
minimum earthquake strength required for liquefaction-
induced features is m, equal to approximately 5; such
features are rare for my less than 5.25 to 5.5 (Carter and
Seed, 1988). It is likely that an earthquake slightly
stronger than about 5.5 is adequate to produce numerous
small liquefaction features in coastal South Carolina
because of the exceptional liquefaction susceptibility of
many marine sand deposits there (discussed previously
and discussed in Dickenson and others, 1988).

Many of the pre-1886 craters near Charleston that we
have observed probably were not produced by earth-
quakes as small as m, 5.5, however. Many pre-1886
craters are large (diameters of as much as 3-4 m are not
uncommon) in comparison to historical descriptions of
1886 craters (Dutton, 1889) and our observations of the
sizes of 1886 craters. As a result, we suspect that some of
the pre-1886 craters were formed by earthquake shaking
that was stronger at those sites than in 1886. Direct
comparison of 1886 and pre-1886 crater sizes cannot be
used for estimating earthquake magnitudes, however,
because of the lack of knowledge about distances
between craters and their associated epicentral regions
and lack of knowledge about changes in liquefaction
susceptibility caused by a previous occurrence of lique-
faction. About the only comment that can be made with
much assurance is that the prehistoric craters were very
likely the result of earthquakes stronger than m, 5.5;
some of the earthquakes probably were much stronger
because of the widespread distribution of large craters.

NEW MADRID SEISMIC ZONE

The succession of great earthquakes collectively des-
ignated as the New Madrid earthquakes of 1811-12
caused severe and widespread ground failure throughout

a large area near the Mississippi River in southeastern
Missouri, northeastern Arkansas, western Kentucky,
and western Tennessee. The earthquakes caused multi-
tudes of fissures and sand blows (Fuller, 1912), set off
numerous landslides (Fuller, 1912; Jibson, 1985), and
caused localized doming and submergence of the ground
surface (Russ, 1982). Earthquake effects were particu-
larly severe in the St. Francis Basin (fig. 13). According
to the earliest extensive documentary account (Fuller,
1912), three major shocks occurred: December 16, 1811;
January 23, 1812; and February 7, 1812. The surface-
wave magnitudes (M,) of these earthquakes are esti-
mated to have been between 8.3 and 8.8 (Nuttli, 1983a).
Estimated Modified Mercalli (MM) intensities are XI to
XII throughout large areas near the epicenters (Nuttli,
1973); these intensities are regional values based largely
on historical accounts of liquefaction-induced ground
failure. No faults associated with the 1811-12 earth-
quakes have been found that cut through alluvium, loess,
or older strata to the surface. The epicenters are esti-
mated to lie within the large area of sand blows near the
Mississippi River, shown on figure 14. This interpreta-
tion of epicenters is based on the study by Fuller; a study
of MM intensities by Nuttli (1973); recent geologic,
geophysical and modern seismicity studies (McKeown
and Pakiser, 1982; Crone and others, 1985); and
engineering-geologic studies of factors controlling the
distribution of sand blows (Obermeier, 1989). (The epi-
central regions during the 1811-12 earthquake and the
region of epicenters on figure 14 define the “New Madrid
seismic zone.”)

Figure 14 is a map by Obermeier (1988) that shows the
percent of the ground surface covered by sand vented to
the surface in the St. Francis Basin. The map is the latest
of a series of maps (Fuller, 1912; Saucier, 1977; Heyl and
McKeown, 1978) showing sand blows throughout the
alluvial lowlands of the basin. Significant differences
appear between each of the maps, particularly north of
the town of New Madrid. These differences occur for a
number of reasons, the most likely being that (1) some
surface soils are so sandy that sand blows can be
observed only on the older aerial photographs used by
Obermeier, (2) the modern farming practice of land-
leveling has destroyed many sand blows since the 1950s,
(8) some nonearthquake features cannot be distinguished
from sand blows except by field excavations, and (4) the
map by Obermeier extends more to the limits of ground
covered by vented sand, whereas the earlier maps
emphasize areas of abundant sand blows.

Sand-blow deposits and other manifestations of
liquefaction-induced flowage occurred far beyond the
limits of sand-blow deposits shown on figure 14, but
beyond these limits the deposits were generally
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deposits were sand rich to make some general observa-
tions about the formation of craters and vented-sand
volcanoes. The largest craters occurred where the top-
stratum was most sand rich at the ground surface. The
stratigraphy in the craters is generally not well defined
in comparison to craters in South Carolina. The largest
clay clasts are at the base, and clast size decreases
upward in a structureless sand matrix. The transition
from graded zone to the overlying laminated bedding is
difficult to find in some craters; the laminated bedding is
generally defined only by thin, wispy layers of slightly
different sizes of sand and silt. There is no evidence of
organic material accumulating in an open hole, as in
South Carolina.

We did not observe V- or U-shaped fractures in
regions of craters, as in South Carolina. Partly for that
reason, and partly because of the difficulty of making
moderately dense, well-graded sand flow extensively
after being liquefied, we suspect that the mechanism for
formation of craters in the New Madrid region differs
from the mechanism in South Carolina, where the erup-
tive craterlets were abundant. In the New Madrid
region, the craters may have formed primarily because of
abrasion and widening of the sidewalls as fluidized sand
and water vented for a prolonged time. Similarly, large
craters did not tend to form extensively in the clay-rich
topstratum in the New Madrid region because of the
difficulty of abrading the sidewalls.

SUBSTRATUM GRAIN SIZE

Medium-grained and coarse-grained, clean, well-
graded sands greatly predominate in the substratum, in
the depth ranges that were liquefied in 1811-12. Other
factors being equal, the most extensive development of
sand blows corresponded to areas underlain by medium-
grained sand. Much smaller and more scattered sand
blows developed over coarse-grained substratum sands
than over medium-grained sands. Coarse-grained sub-
stratum sands have much higher permeabilities than the
medium-grained sands; possibly the higher permeability
permitted pore pressures of the liquefied sands to dissi-
pate rapidly enough to curtail sand-blow development.

RESISTANCE OF SOURCE SAND TO LIQUEFACTION

Only small regional variations in the relative density of
the late Quaternary substratum sands are found in the
St. Francis Basin; these sands are typically at least
moderately dense and thus moderately difficult to lig-
uefy. However, historical accounts (Street and Nuttli,
1984) and data by Fuller (1912) show that 1811-12 sand
blows were common on modern flood plains far from the
St. Francis Basin. The modern flood plains are underlain
by younger and generally looser and more liquefiable

sand beds than those in the St. Francis Basin (Obermeier
and Wingard, 1985), thus explaining the development of
sand blows much further from the epicenters.

Liquefaction features in the New Madrid seismic zone
have not been observed to be induced by numerous
historic earthquakes having m, of 5.3 to 5.5, or by a
single earthquake having m, of 6.0; in 1895, many sand
blows (generally small) were produced by an m, 6.2
earthquake whose epicenter was near Charleston, Mo.
(Obermeier, 1988). These sand blows developed in allu-
vium that is slightly less susceptible to liquefaction than
that at most other places in the New Madrid seismic
zone, excluding the modern (<500 yr) point-bar and
sand-bar deposits of the rivers in the region. Thus a
reasonable earthquake threshold is approximately m,, 6.0
for small liquefaction features in braided stream and
meander belt deposits, excluding very young alluvial
deposits.

OVERVIEW OF STUDIES

Geologic criteria have been developed and geologic
controls have been evaluated for earthquake-induced,
level-ground liquefaction features in alluvium of coastal
South Carolina and the New Madrid seismic zone. Many
different types of earthquake features occur in these
areas, in addition to features of unknown or nonseismic
origin that might be interpreted as having an
earthquake-induced origin.

GEOLOGIC CRITERIA

Assigning an earthquake origin to possible sand blows
generally requires that four criteria be satisfied:

1. The features must have sedimentary characteristics
that are consistent with earthquake-induced liquefaction
origin; that is, there is evidence of an upward-directed,
strong hydraulic force that was suddenly applied and was
of short duration.

2. The features must have sedimentary characteristics
that are consistent with historically documented obser-
vations of earthquake-induced liquefaction processes.

3. The features must occur in ground-water settings
where suddenly applied, strong hydraulic forces of short
duration could not be reasonably expected except from
earthquake-induced liquefaction. In particular, such set-
tings are extremely unlikely sites for artesian springs.

4. Similar features must occur at multiple locations,
preferably at least within a few kilometers of one
another, having similar geologic and ground-water set-
tings. Where evidence of age is present, it should sup-
port the interpretation that the features formed in one or
more discrete, short episodes that individually affected a
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large area and that the episodes were separated by long
time periods during which no such features formed.

As fewer of these elements are satisfied, confidence in
interpretation of an earthquake origin generally dimin-
ishes. Considerable reliance has been placed on the
second element for interpreting an earthquake origin in
coastal South Carolina and the New Madrid seismic zone.
If, however, all the other criteria are unequivocally
satisfied outside these geographic areas, an earthquake
origin can still be ascertained in areas that have not had
historie earthquakes.

Criteria based on engineering analysis may be useful
for diagnosis of the origin of features. To illustrate, if the
source sand bed can be identified at a site of possible
liquefaction, and the sand bed proves to be nonliquefiable
on the basis of an engineering analysis, then an
earthquake-induced origin can be eliminated. As another
example, if mineralogical analysis associates vented sed-
iment with a deep stratum of loose sand rather than with
a shallower sand bed of much higher compactness, and an
engineering analysis of nonearthquake-related ground-
water flow forces shows that the shallower, more dense
sand should have been transported up in preference to
the deeper, loose sand, then an earthquake origin may be
ascertained.

TYPES OF EARTHQUAKE FEATURES

In both coastal South Carolina and the New Madrid
seismic zone, earthquake-induced liquefaction features
originated in sand deposits that are relatively thick (3-50
m) and contain no or few intercalated silt- or clay-rich
strata. At the ground surface there is a cap that is much
less permeable than either the subjacent or deeper
source sand beds. Properties of the cap have a major
effect on the surface expression of the sand blows. In
coastal South Carolina, where the cap is generally a
1-m-thick soil that is weakly cemented with humate, the
sand blows are expressed as craters surrounded by thin
sand sheets; in the New Madrid seismic zone, the cap is
generally a clay-rich deposit about 2 to 10 m thick, and
sand blows are expressed as sand volcanoes.

Both vented and intruded features can be related to
earthquake-induced liquefaction. Features characterized
by sand vented to the surface include more or less
circular, individual sand blows and also long, irregular
sand-filled fissures, hundreds of meters long. Where a
clay-rich cap exceeds a critical thickness, sand is not
vented to the surface; instead, earthquake-induced lig-
uefaction is represented only by sand intrusions.
Intruded dikes usually have a massive internal structure,
whereas sills can contain both graded and laminar bed-
ding in coastal South Carolina and the New Madrid
seismic zone.

Lateral spreads produced by the 1811-12 earthquakes
were common. (See Fuller, 1912, p. 48, for a schematic
drawing.) We made no effort to locate lateral spreads in
the New Madrid seismic zone, but evidence of lateral
spreads is described in coastal South Carolina.

GEOLOGIC CONTROLS

The thickness of clay-bearing or impermeable surficial
deposits can be an important control on development of
surface venting. In the St. Francis Basin, our data show
relations between the distance from the epicenter, thick-
ness of topstratum, and development of surface venting
produced by the 1811-12 New Madrid earthquakes; near
the epicenters, a topstratum thickness more than about
12 m prevented venting, whereas near the farthest limits
of sand-blow development, a topstratum more than 4 to
5 m thick greatly restricted development. In coastal
South Carolina, a cap exceeding 3 to 5 m thick generally
prevented development of sand blows for both 1886 and
pre-1886 earthquakes. These differences in critical thick-
nesses between coastal South Carolina and the New
Madrid seismic zone most likely reflect the influence of
factors such as thickness of source sand bed, susceptibil-
ity of source sand bed to liquefaction, and earthquake
magnitude. Similar relations between critical thickness
of surficial cap and development of surface manifesta-
tions of liquefaction have been noted by Ishihara (1985).

The rate of expulsion of water to the surface while the
sand blow was forming possibly controls whether sand
blows formed as craters or as sand mounds, but this
speculation has not been tested. Certainly, in coastal
South Carolina, the sands are generally much looser than
sands in the New Madrid seismic zone, and this looser
state may have helped create a very thick, water-rich
zone during shaking, which was probably the primary
source zone during initial, very rapid explusion. Sands in
the New Madrid seismic zone characteristically are much
more permeable than the marine sands in coastal South
Carolina, yet craters are not common features in the
New Madrid seismic zone. Thus, the craters cannot be
necessarily associated with higher permeability alone of
source sands.

Vertical cracks formed by desiccation or other pro-
cesses may predispose clay-rich sediments to form
vented-sand volcanoes rather than craters. Vertical
cracks are common in both coastal South Carolina and
the New Madrid seismic zone.

Source beds for sand blows in the New Madrid seismic
zone are predominantly medium- and coarse-grained
sands; in the 1811-12 earthquakes, the coarse-grained
and thus highly permeable source sands produced fewer
and smaller sand blows than medium- to fine-grained
source sands. Insufficient data are available to form
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conclusions about influence of grain size on sand-blow
size in coastal South Carolina, because almost all sands
are fine grained.

Geologic age is an important control on liquefaction
susceptibility in both the New Madrid seismic zone and
coastal South Carolina. Youngest sediments are gener-
ally most susceptible to liquefaction, for a given mode of
deposition.

SUGGESTIONS FOR FUTURE RESEARCH

In recent years it has become increasingly clear that
detection of liquefaction features is valuable as a tool for
understanding earthquake activity. Liquefaction fea-
tures can be used to identify strong earthquake shaking
and to date the strong shaking events. We have
described our interpretations of earthquake- and
nonearthquake-related features from field studies in the
New Madrid seismic zone and in coastal South Carolina.
Still, more work is needed to better identify potential
earthquake hazards in these geographic areas.

In the study of New Madrid 1811-12 liquefaction
features, much was learned that is relevant to any search
for paleoseismic liquefaction in moderately thick fluvial
sediments of the Central United States. Aerial photo-
graphs are useful in a search for features formed in
1811-12, and earthquake deposits predating 1811-12 laid
down on terraces having clay-rich surface soils may also
be visible on such photographs. However, deposits laid
down on terraces having sandy surficial soils have prob-
ably been so intensely reworked by wind that the depos-
its would be difficult, if not impossible, to identify. Aerial
photographs should range from the earliest possible date
(generally the late 1930’s and early 1940’s) to about the
mid-1950’s. The earlier photographs may show many
features destroyed by modern farming, whereas more
modern photographs generally have better overall clar-
ity.

Field checking is generally required to determine the
origin of features that on aerial photographs are sus-
pected to have an earthquake origin. In particular, in
point-bar deposits, field checking is often required to
verify the origin of sand that appears to have been
vented along slightly elevated, arcuate ridges. On ter-
races having sandy surface soils, sand blows are often
indistinguishable from sand dunes, and distinctive signs
of previous earthquakes may be restricted to long fis-
sures that formed near and parallel to scarps along
terrace sublevels.

Searches in drainage ditches and sand pits are proba-
bly the only means for identifying liquefaction features
that much predate the 1811-12 earthquakes. The best
areas to search can be predicted by evaluating the

influence of geologic controls such as sediment age,
topstratum thickness, grain size of source beds, and
proximity to suspected epicenters.

Any search for paleoseismic features in coastal South
Carolina and in the Coastal Plain of the Eastern United
States should also make extensive use of exposures in
ditches; aerial photographs, for example, are useless for
locating 1886 and pre-1886 sand blows in South Carolina.
Determination of an earthquake or nonearthquake origin
for disrupted ground features in the Coastal Plain gen-
erally requires a team of people having many skills. In
addition to having an understanding of sedimentation
processes, soil science, and engineering mechanics, there
may also be a need for geochemistry studies because
weathering in these humid environments produces
bizarre features not previously described in the litera-
ture. We have described some weathered and disrupted
ground features that could cause confusion, but our
catalog is far from complete.

Research is also needed to provide criteria for distin-
guishing between features having an earthquake-
induced liquefaction origin and features having a short-
term spring origin. Locations where springs can be easily
eliminated as a cause, such as along the crests of beach
ridges of coastal South Carolina, are relatively sparse in
the Eastern United States. Fluvial terraces in lowlands
contain the only potentially liquefiable deposits in most
places of interest to paleoseismicity. Possible indicators
of origin include the ground failure mode; the nature of
the filling in vents, dikes, and sills; geologic characteris-
tics of the source beds; and engineering characteristics of
the source beds. The relevance of each indicator is
discussed below.

Ground failure mode.—Ground failure mode includes
features such as lateral spreads, single long fractures,
and shattered ground at the ground surface. All of these
features generally indicate an earthquake origin.
Earthquake-induced liquefaction does not always pro-
duce these types of features, however, and in many cases
they are not easy to recognize in ditch exposures even
where they are known to have been relatively common,
such as the meizoseismal region of the 1886 Charleston
earthquake. Use of techniques that can rapidly develop a
three-dimensional view, such as ground-penetrating
radar, may prove to be of great value.

Nature of filling.—Vents associated with an
earthquake-induced liquefaction origin generally appear
to be filled with a structureless mixture of sand and silt
grains and clasts derived from sidewalls and beds at
depth. This structureless mixture apparently represents
transport through the vent as a slurry. In some places,
particularly near the top of the vent, the finer grained
material has been winnowed out, thus indicating trans-
port on a grain-by-grain basis. For either the slurry or
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the grain-by-grain mode of transport, it should be possi-
ble to place limits on the hydraulic forces that caused the
transport and, by means of a flow-potential diagram,
calculate whether nonearthquake flow forces could pos-
sibly have been the driving mechanism.

Numerous observations in the New Madrid seismic
zone show a wide variation in the nature of sill fillings
caused by earthquake-induced liquefaction. The fillings
range from layered bedding to graded bedding to a
structureless mixture of sand, silt, and clay clasts; for
paleoseismicity interpretations, we suspect that the
structureless mixture is associated only with the very
forceful injection caused by earthquake-induced liquefac-
tion, whereas layered and graded bedding may be asso-
ciated with either a spring or earthquake-induced lique-
faction origin.

In the New Madrid seismic zone, some of the larger
sills within 2 m of the ground surface have domed the
overlying beds as much as 0.3 m vertically over a
horizontal distance of 5 m; such large doming may be
unique to earthquake-induced liquefaction. The nature of
the fillings in dikes may also be related to an earthquake-
induced liquefaction or spring origin. Relevance of the
fillings in vents, dikes, and sills can be verified only by
research in the field.

Geologic characteristics of source beds.—Intuition
suggests that earthquake-induced liquefaction should be
much more effective than springs as a means to destroy
original bedding over a large area. This suggestion has
not been examined, however, and may be difficult to
evaluate in practice. Earthquake-induced liquefaction
would also probably produce many more widespread sills
and dikes than springs.

Engineering characteristics of source beds.—The
source beds containing the material vented by springs
should be located selectively with respect to the ground-
water setting and flow forces. For springs, the source
beds must be connected to the source of flowage in such
a manner that flowage goes toward the vent, and the
flowage forces must be large enough to carry material
from the source bed. This source bed would be, in
general, the uppermost stratum of wide lateral extent
with respect to hydraulic connection and would also be
the uppermost fine-grained, noncohesive sand stratum.
The source bed with regard to earthquake-induced lig-
uefaction commonly lies much below (several meters) the
uppermost sands of wide lateral hydraulic connection,
according to limited observations in deep ditches in the
New Madrid seismic zone. Thus, permeability relations
may be quite useful for determining the causative mech-
anism responsible for venting materials.

Standard Penetration Test data that show relative
ability to liquefy during earthquake shaking should also
prove useful for determining origin at some places.

Geologic investigation may also be required to determine
origin in areas where Standard Penetration Test data
indicate possible source beds that are thin (<1 m) and lie
immediately beneath an impermeable cap, because
(injected) sills beneath impermeable caps have been
observed by us to approach a meter in thickness.

RELEVANCE OF LIQUEFACTION FEATURES

Recognition of the various features described in this
paper, and identification of the most probable origin for
each, provides a set of important tools for understanding
the paleoseismicity in areas where faults are not obvious
at the surface and where historic seismic activity is
infrequent. Even where faults are available for study and
offsets can be documented, there may be doubt that the
offsets were associated with earthquakes; the presence
of liquefaction-induced features is a means of verifying
strong shaking.

The criteria we describe in this paper can be applied to
many worldwide geologic settings. We caution, however,
that verification of paleoseismic events becomes gener-
ally more difficult with increasing age of the event. The
distinction between earthquake and nonearthquake lig-
uefaction features is often impossible without knowledge
of ground-water conditions. Application of the criteria to
pre-Quaternary deposits may be extremely difficult, if
not impossible, at many places.
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