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Abstract 88

On Earth, large earthquakes commonly cause saturated soils to liquestraamflow to increase. We suggesittmeteoritic impacts on Mars may have
repeatedly caused similar liquefaction to eraiblent eruption of groundwater. The amount of eedjvater may be comparable to that requiredraxipce
catastrophic floods and to form outflow channels.

[J 2004 Published by Elsevier Inc.
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1. Introduction et al., 1998; Klaus et al., 2000)ere also found shallow submarine sedi- 44

ments in connection with the Chicxulub impact at the Cretaceous—Tertiary,
boundary. Soil liquefaction during undgound and surface explosions has ;;
also been documented (e.Gharlie et al., 1996 Could meteoritic impact
on Mars also have caused liquefaction and floods? 103

Heavy meteoritic bombardment on the early Mars formed a thick layey,,
of dust, regolith and ejecta. Assuming that abundant water was present g3
the early Mars, a saturated aquifer of global extent may have been presept
beneath a few km of frozen ground (e.Garr, 1996; Clifford and Parker, ;.;
2001). Stewart et al. (2003howed that meteoritic impacts may cause melt- ;o
ing and vaporization of ice in the ground close to the crater. We suggest hefig,
that liquefaction can release water at great distances from the impact sifg,
Given that Mars’ surface heat flow in the late-Noachian to early Hesperiapy ;
was ~5 times greater than its present value (eSghubert et al., 1992,
it is likely that the cryosphere was much thinner, and thus much weakey, 5
during that time (Clifford and Parker ????). Under these conditions, metg;,
oritic impact may have caused widespread liquefaction of the near-surfage;

Vucetic ???7?) showed that the threshold of pore-pressure buildup is insen_aquers(Cllfford, 1997) 116

sitive to the type of soils (from clays to loose sand) and the environmental ‘Unfortunately, qugntitative studies of impact-induced liquefaction arg,;
conditions. Thus we may reasonably susigbat saturated soils on Mars, limited. L_eyva apd Clifford (1993palculated the pore-pressure change Mg
even though composed of pulverized basalt rather than alluvial sand, mayNIIarS during an |m|pact byFe_lslsdumlzgl that thet c(;\.angehwashcaused bt;;]atsigg
also experience undrained consolidati pore-pressure buildup and lique- gle compressional wave. Field and adgary St 1es show, however, that 5,
faction when subjected to strong ground shaking pore-pressure change and liquefaction are more likely to be caused by magy

Liquefaction caused by meteoritic impact is also preserved in the sedi- cycles ofshearing of saturated soils (e.gTerzaghi et al.,, 1996In view of 5

mentary recorqUnderwood, 1976; Warme and Kuehner, 1998; Terry et al., the difficulties in making theoreticaredictions, we adopt an empirical ap- ;,4

Liquefaction frequently occurs oRarth during or immediately after
large earthquakes, when saturateifsdose their shear resistance, become
fluid-like, and are ejected to the sack, causing lateral spreading of ground
and foundering of engineered foundations (elgrzaghi et al., 1996 Dur-
ing the 1964 Alaskan earthquake, for example, ejection of fluidized sedi-
ments occurred at distances more than 400 km from the epioghigdler,
1968) Increased streamflow is also commonly observed after earthquakes
(Montgomery and Manga, 2003%uggested causes include coseismic lig-
uefaction (Manga et al., 2003)coseismic straifMuir-Wood and King,
1993) enhanced permeabilifRojstaczer et al., 199%nd rupturing of hy-
drothermal reservoir8/NVang et al., 2004a)

Extensive laboratory and field studies (eTgrzaghi et al., 1996show
that saturated soils liquefy during ground shaking as a result of pore-
pressure buildup that in turn is due to the compaction of soils in an
undrained condition. Furthermore,blaratory experiments (Dobry ???7;

2001) Among the documented examplssaifield of circular plugs of sand- proach. 124
stone near the Oasis impact crater in Libya, which “appear to be the result 125
of upward movement of fluidized sangUnderwood, 1976)Strong evi- 126
dences for liquefactiofiTerry et al., 2001and related landslidg®ralower 2. Relationship between crater size and spatial extent of liquefaction 127
128

Because liquefaction is a major amin in earthquake-prone areas, nu-129

* Corresponding author. merous attempts have been made to predict its occurrence. Field and 482
E-mail address: manga@seismo.berkeley.e(¥. Manga). oratory studies show that liquefaction depends on many factors, includifg!
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E o . E streamfl also control earthquake-induced streamfiManga et al., 2003)Hence, 68
km £ jiquefaction L Sieantion ; . . : :

o C not expected [ increase Eq. (1) will be used to estimate the maximum epicentral distances to botff
© N Tipwea | not expected o liquefaction and increased streamflow. 70
F L | = For meteoritic impacts, there are too few documented examples &t
‘-E 8 liquefaction to determine the farthest distance to the liquefaction site G2
3 100 = = 0 the occurrence of increased streamflow. Thus an indirect approach is 8-
=} - - quired. From cratering experiments agichensional analysis, an empirical 74
! R B r-scaling relation was derived bylelosh (1989) relating the diameter of 75
5 B o B = the impact craterD, and the impact energ¥;m, (all parameters in Sl units): 76
- i ': I|quefachun - 52" streamflow 77
= e possible {Oincrease _ 011, —1/3 —0.22;0.13y;,0.22 78
= 10 |- - II = possible D=18p, ", Splanett " Wim @ 7

- " -

B I TR AT B B T i where p,, and p, are, respectively, densities of the projectile and targetgo
4 6 8 10 4 6 8 10 gplanetis the surface gravity of the planet, aids the projectile diameter. 81

Obviously, other combinations of variables are possible, for exaniijlg, 82
may be expressed in terms of the size, density and velocity of the impactes
Fig. 1. (Left) Updated compilation of data for epicentral distance, cor- We prefer the combination of variables in E8) because the impact energy s4
rected for an average depth of 10 km for earthquake sources, to documentedn@y be related to seismic energy, as explained next, and the crater diameager
liquefaction (circles) versus ehuake magnitude. Labeled curves show D is directly observable, while the alternative choice of the impactor size @5
various estimates of the liquefaction limit as a function of earthquake mag- Velocity as variables may not be helpful from an observation or applicatiosy
nitude: solid curve, Eq(1) of this study, short dash curve, Ambrasks perspective. 88
long-dash curve, GaliP, and dotted curve, Charlie et for underground In large impacts, most of the impact energy is spent in fracturing, ejecs
explosions. (Right) Updated compilation of data for epicentral distance, iNd. heating, melting and vaporizing the projectile and the target, and onlysa
corrected for an average depth of 10 km for earthquake sources, to docu-Small part of the impact energy is converted to seismic waves (with energy

mented streamflow increase (cirs)eversus earthquake magnitude; curve ~ Ws), with a conversion factor = Wy / Wim known as the seismic efficiency. 92
shows Eq(1). Estimates of range from 10° to 103, with the most commonly accepted 93

value being 104 (e.g.,Schultz and Gault, 1975Given W, we may esti- 94

mate the seismic magnitude produced by an impact by using the classical
earthquake magnitude, peak ground velocity, liquefaction susceptibility of Gutenberg-Richter relation: 96

soils, basin structures, and depth to the groundwater table Tergaghi et 97
, 1996. Consequently, the occurrence lmfuefaction is difficult to pre- log Wy = 4.8+ 1.5Mip,. (3) o8
dlct either physically or numerically; and empirical approaches, as a rule,
have been adopted. The most used methods in engineering practice are thénpact-generated seismic events, however, contain significantly less Sh%{{
ground penetration tests for evaluatirig tiquefaction resistance of soils.  energy than earthquakes of the same magnitudes. A rule of thumb devely
Because of the required time and costs, such tests are mostly limited to sitesoped from cratering xeriments is that, to produce the same amount of ,
of engineering importance. shear energy, the seismic magnitude of an impact needs to be one maggj;
In areas where such tests are absent, a simpler approach has been atude greater than that of an earthquéMelosh, 1989)Replacing in (1) .,
tempted(Kuribayashi and Tatsuoka, 1975; Ambraseys, 1988; Galli, 2000) by Mim + 1, Wy in (3) by s Wiy, and combinind1) and(3), we obtain 105
Field observations show that, for earthquakes of a given magnitidae

earthquake magnitude  earthquake magnitude

0.3 106
occurrence _of Ilquef_actlon |s_ mostt;qnfmgd within a partlcula_r dlgtance Rmax= [—Wim] ) (4) 107
from the epicenter, i.e., the liquefaction limRmayx, beyond which lique- ¢ 108

faction is not observed. The liguefaction sites at the farthest distance are
those with optimal conditions for liquefactiofrigure 1 (left) shows the
relationship between earthquake miaggle and the distance between the
hypocenters of earthquakes and sites of liquefaction. The compilation of
observations irFig. 1 (left) is based on earlier compilatiorfguribayashi

and Tatsuoka, 1975; Ambraseys, 1988; Galli, 2G0@) updated with obser-
vations for 14 additional large earthquakes up to December, 2003 (Supple-
ment 1). Based on the observationg=ig. 1 (left), we obtain the following
relation for the liquefaction limit:

wherec = 1042, Furthermore, in applying this relation to different plan- 109
ets, we need to scale it with respect to the surface gravity of the planefs-®
because the occurrence of consolidation and liquefaction requires relati&
motion among soil particles which is resisted by the friction between soff!2
particles, which in turn is, on the aveye proportional to gravity. Since the 113
stress required to overcome frictias) to a first approximation, proportional 114
to strain and hence to the square root of strain energy that in turn is, agdit
to a first approximation, proportional to the inverse square of distance, tH&8

liquefaction limit on a planet may be scaled by a factor@hin/gplanet -7

M = —5.0+ 2.26l0gRmax. @ Hence the maximum distance from iaqt on a planet to liquefaction and 118
streamflow increaseRmay) is related to the crater diameteb) by 119

whereRmaxis in meters. This equation is well constrained by data at earth- 120
gquake magnitudes between 5.5 and Fi(1 (left)), but becomes less gEarth D 022 03 121
cgnstramed alM > 7.5 because too little data are available at such mag- Rmax= 8p|anet|:; <1 8,011, 1/3 —o 22L0 13> ] : G) 12
nitudes. Pp 123
As noted in the introduction, increased streamflow also commonly oc- 124
curs after earthquakes. After the 2088n Simeon, California, earthquake, 125
streamflow even appeared in a nearby dry valley where the groundwater ) ) 126
table was several tens of meters below the surfsi¢ang et al., 2004a) 3. Discussion 127
Figure 1(right) shows the distance to tlearthquake epicenter from doc- 128

umented postseismic streamflow increases against earthquake magnitude, Equation(5) predicts, for EarthKig. 2A), Rmax= 200+ 100 km for 129
based on an existing compilati¢gMontgomery and Manga, 2008pdated the Oasis crater in LybiaZf = 11.5 km; Underwood, 1976and Rmax= 130
with data up to December, 20Q®/ang et al., 2004b)Also plotted is Eq(1) 5000+ 2000 km for the Chicxulub crater in Mexic@®(~ 100 km;Melosh, 131
for liquefaction, which appears to be a limiting bound for the post-seismic 1989. To this group we add the Upheaval Dome cretglvarez et al., 132
streamflow increase too. This may not be surprising since the mechanisms1998) with D = 4 km and Rmax = 60 + 30 km, even though the origin 133
that control earthquake-induced liquefaction (eTgrzaghi et al., 199&an of this crater is controversiakigure 2A shows that the observations at all 134
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Earth Mars seismic profilegVan Rensbergen and Morley, 2003nd from geochemi- 68
T T 1 06| cal studies of the extruded liquefied sedimd(itsyhle et al., 2003) 69
1 05 - . The amount of groundwater released from soils during liquefaction mazP
—_ (A) ; 5 4 be determined from the change in soil volume (the volumetric strain) whicht
E 3 3 e -1 0 is mostly related to the degree of cotidation of the liquefied soils. Labo- 72
= 10 = w” Chiexulub ratory measuremen(Silver and Seed, 1971; Yoshimi and Kuwabara, 197373
<3 - ‘:,. E 2 Whitman et al., 1981and field investigation of soil settlemefitee and Al- 74
E 1 3 V": Upheaval Dome 410 baisa, 1974phowed that the amount of water released during liquefactiof5
1 10 = @ Oasis ranges from 3-5% of the soil volume flaose sands and 0.2% or smaller for 76

very dense sands. As an order-of-magnitude estimate in the present study,
we assume that the amount of groundwater released from the martian ¥é-
golith during liquefaction is 1% of the regolith volume. 79
As noted earlier, the liquefaction sites at the farthest distaggare 80
those with optimal conditions for liqua€tion. Observations on Earth show 81
that the actual occurrence of liquefaction is rather spotty and would accoud#
only ~1% of the maximum possible areamf Rmax)?2. Thus the volume of 83
groundwater released during an impact event from an aquifer of thickne8%
h would be of the order of 107 (Rmax? h. The result for MarsRig. 28) 85
shows that impacts that produced craters-@00 km in diameter may each 86
have released groundwater with a volume-dfo* km3 from a 1-km thick 87
global aquifer. Using Eq$2) and (3)and assuming a seismic efficiency of 88
10~4 we estimate that the equivalent seismic magnitude for impacts pré®

100 1 01 102 103 ducing craters of~100 km in diameter is~10. Since this is beyond the 90
range of magnitudes for which theredata for liquefaction or streamflow 91
D (km) (Fig. 1), the application of Eq(1) in estimatingRmax may be subjected to 92

substantial uncertainty and can onlg taken as an order-of-magnitude es-93
timate. Nonetheless, we may reasonably suggest that even greater amoéfits
of groundwater may have been released during impacts that produced &%
largest basins on Mars (i.e., Hellas, Chryse, Argyre, Isidis, Utopia, witR6

Fig. 2. (A) Estimated maximum extent of liquefaction and increased stream-
flow are plotted versus impact-crater diameter on Earth and Mars: solid
line for seismic efficiency of 10* and dashed lines for seismic efficien-

cies of 103 and 1075, respectively. Observations for liquefaction on Earth D~ 193 km). ) o1
are plotted in solid circles: Oasis Donf&lnderwood, 1976)Chicxulub Estimating the volume of floodwateequired to form the outflow chan- 98
crater (Terry et al., 2001)and Upheaval DoméAlvarez et al., 1998) nels is difficult. Assuming that the regolith in the outflow channels wa$9

removed by a single outburst floo@arr (1986)estimated a lower bound of 100
~7 x 10* km3 for the Maja Valles and-7 x 10° km?3 for the Kasei Valles. 101
However, the regolith in the outflow channels may have been removed B92
many separate flood events, each with a much smaller volume of floodw&3
ter (e.g.,Williams et al., 200D Thus the amount of groundwater released104
by impact may be sufficient to form the outflow channels. 105

A thick cryosphere and hence cold climate on Mars are often thought6
to be required in the Hesperian foetformation of outflow channels (e.g., 107
these sites are consistent with predictions, although there is too little data Clifford and Parker, 2001 A thick cryosphere allows the buildup of pore 108

liquefaction-induced landslide related to Chicxulub crat€laus et al.,
2000)is plotted in inverted triangle. Also plotted is a possible liquefac-
tion-induced debris-flow deposit south of the young Lowell créfanaka

et al., 1998) (B) Estimated maximum volume of released groundwater by
impact-induced liquefaction as a fuimn of crater diameter for a range of
aquifer thickness.

to constrainRmax as a function ofD. Also plotted inFig. 2A is the possi- pressure in the underlying aquifer,etieby enabling violent eruptions of 109
ble liquefaction-indued debris-flow deposit+450 km south of the young groundwater and formation of large catastrophic floods. In the model préi0
Lowell crater (D ~ 250 km) on MargTanaka et al., 1998)his deposit, if sented here, lithostatic pore pressures are created during each liquefactibh
correctly explained, is also consistent with prediction. event by undrained compaction of soils induced by meteoritic impacts. Thidé2

Based on the liquefaction limit proposed for MaFsg. 2A), we sug- violent eruptions of groundwater and large catastrophic floods in the He&13

gest that impacts producing cratexith diameters of 100 km or greater ~ perian may occur without requiring hitk cryosphere or cold climate. In 114
may have caused global occurrence of liquefaction and streamflow. Assum-fact, a thin, and thus a weak, cryosphere may be necessary for the modék
ing the timeline proposed hiyrey (2004)for impact events on early Mars, since a thicker cryosphere may make it more difficult for groundwater t&16

we estimate a total 0380 impacts with crater diameter200 km since breakout. Thus the model implies that large releases of groundwater may?
Hellas formed (4.02 Ga). Assuming further& power law for crater size have declined drastically near the end of the era of heavy bombardment18
distribution (Hartmann and Neukum, 20Q4ye infer a total of~1500 im- consistent with the dramatic decline of erosion rates during that time (Baké#9

pacts with crater diameter100 km anc~10° impacts with crater diameter and Patridge, ????; Craddock and Maxwell, ???7?). The model is also cé#?
>10 km since Hellas. The liquefaction effect due to each smaller impact, sistent with the evidence for massive subsurface flow of w@@arr and 121

however, decreases drastically according to(&)j.Using this relation and Malin, 2000)and localized water sources for the valley netwqi@®sllick, 122
a—2 power law for crater size distribution, we compare the integrated max- 2001)because the eruption of pressurized groundwater will be focused 23
imum liquefaction area caused by the numerous “mid-size” impacts (with newly formed or pre-existing fractures. 124

crater diameters from 10 to 100 km) with that caused by the fewer but larger One particular surface manifestation of liquefaction on Mars may b&25
impacts. We find the former is comparable to that caused by impacts with the chaotic terrainKig. 3a) often found at the heads of outflow channels126
crater diameters from 100 to 200 km, but is smaller by nearly an order of (Ori and Mosangini, 1998which is commonly attributed to the collapse of 127
magnitude than that caused by impacts with crater diameters from 100 to the surface when groundwater is evacuated (€arr, 199¢. However, the 128
1000 km. checkerboard patterns of gaps between blocks of chaotic tefFmjn3a) 129

Soil engineers sometimes assert that the occurrence of liquefaction is suggest some combinations of lateral spreading and collapse. Liquefactit®
limited within the upper few tens of meters of Earth’s surface. This conclu- on Earth Fig. 3b) often leads to lateral spreading and collapse of the surfacel
sion, however, may be a result of limited information. Liquefaction struc- (e.g.,Kayen et al., 200R so chaotic terrain on Mars may be a manifestation132
tures ranging from a few hundred to several kilometers in depth have been of the same effect, but on a much larger scale. Lateral spreading creates t&#%
documented in exploration well log®eville et al., 2003) inferred from sile stresses in the overlying layers, causing rupture to allow groundwat&$4
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Fig. 3. (a) Chaotic terrain on Mars #ite heads of outflow channels Simud
Vallis and Tiu Vallis (fromOri and Mosangini, 1998 (b) Lateral spread-

ing of frozen ground due to liquefaction of a sand bar on the Tanana River
in Alaska after the 2002 Denali earthquake (fr&@yen et al., 2002 The
polygonal pattern was observed along several hundred km of the river de-
posits.

and liquefied sediments to erupt to the surface. The lower gravity on Mars
implies lower confining pressure atptls, which in turn implies a reduc-
tion in the required pore pressure fapturing the overlying layers. Water

With a long line of planned orbitor, rover and lander missions in the queué$
it will be just a matter of time beforeufficient geologic eidence is accu- 69

mulated to test the above hypothesis. 70
71
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