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Abstract A worldwide database of liquefaction-
induced sand blows has been compiled to generate
empirical relationships between earthquake parame-
ters and sand blow geometries. Curves resulting
from these empirical relationships can be used
afterwards for the study of historic and pre-historic
earthquakes that formed sand blows. This database
only incorporates instrumental earthquakes inducing
sand blows, characterised in terms of magnitude
(Mw), hypocentral location and focal mechanism
solution. Two relationships are herein presented.
The first curve, minimum likelihood of liquefaction
occurrence (magnitude/epicentral distance), displays
a logarithmic behaviour, as others already proposed.
The second curve of sand-blow diameter vs epicen-
tral distance is the first proposal of this kind, whose
shape follows a negative power-law. Magnitude
estimations of (pre-)historic earthquakes then may
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be attempted through these empirical relationships.
Resulting magnitudes derived from these curves
should be mostly considered as underestimated.
The curves will reflect actual magnitudes only if,
correspondingly, the farthest and largest blow has
ever been reported during the after-earthquake
survey. Following the same principle, a magnitude
estimation resulting from the measuring of a sand
blow can only be considered as minimal because it
is almost impossible to ascertain that the measured
feature is the biggest one produced by the earth-
quake under evaluation. Finally, these results call for
thorough surveys of induced effects after every
future moderate-to-large earthquake, as any empiri-
cal relationship simply improves by incorporating
new data.

Keywords Earthquake magnitude - Epicentral
distance - Sand blows - Historical seismology -
Paleo-seismology

1 Introduction

Sediment liquefaction is the transformation of
saturated granular material from a solid state into a
fluid mass as a consequence of increased pore-water
pressure during strong shaking (i.e. Munson and
Munson 1996). It is a complex process resulting
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from the combination of several and diverse fa-
vouring factors, both external (earthquake magni-
tude, duration of shaking, general site conditions)
and internal to the liquefaction-prone sediment
(confinement, pore pressure, grain size, packing,
sorting and fine content, among several others). This
process leads to the formation of sedimentary
structures that can be preserved in the geological
record as witnesses of past ground shaking. Among
these are sand dykes or venting fractures, sand
blows or boils, sand-filled burrows and lateral
spreading, together with load casts, ball and pillows,
flames and dish and pillars, among several others,
which are extensively described in the literature (e.g.
Audemard and De Santis 1991; Maltman 1994,
Obermeier 1996; Alfaro et al. 1997). Obermeier
(1996) states that distinctive earthquake-induced
liquefaction features are only sand dykes, sand
blows and lateral spreads because some of the other
structures can also be formed in response to loading,
compaction and/or water seepage. The growing use
of the entire range of liquefaction features for the
recognition of earthquakes (e.g. Sims 1973, 1975;
Davenport and Ringrose 1987; Audemard and De
Santis 1991; Tuttle and Seeber 1991; Obermeier
1996; Beck et al. 1996; Morner 1996; Munson and
Munson 1996; Alfaro et al. 1997; Troften and
Morner 1997; Sukhija et al. 1999; Rodriguez Pascua
et al. 2000; Mdorner 2003; among many others) has
been limited by the complexity and diversity of such
structures (inherent to its genesis) and their not-so-
clear relationship with the causative earthquake
characteristics. In most cases, this geologic evidence
of seismic shaking is used in a qualitative way,
although several attempts have been made to
establish clearer links between some source parame-
ters and the liquefaction features (Kuribayashi and
Tatsuoka 1975; Youd and Perkins 1987; Ambraseys
1991; Barlett and Youd 1992; Papadopoulos and
Lefkopoulos 1993; Munson et al. 1995; Galli 2000;
Castilla and Audemard 2002; Rodriguez et al. 2002;
Rodriguez Pascua et al. 2003; Papathanassiou et al.
2005; Rodriguez et al. 20006).

This paper presents numerical relationships be-
tween isolated sand blows (Fig. 1) and the source
characteristics of the related seismic event, thereby
providing a way to infer the location and size of a past
earthquake on the basis of the liquefaction features
produced by it.
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2 Methodology

To fulfil the fore-mentioned aim, a database of 67
sand blow descriptions related to 30 earthquakes was
compiled from the literature and from our own
Venezuelan Foundation for Seismological Research
experience (Table 1). The gathered information is
only related to recent earthquakes, characterised by
available instrumental parameters. When possible, the
epicentral location, focus depth and magnitude (Mw)
were extracted from the Harvard Centroid-Moment-
Tensor catalogue and USGS National Earthquake
Information Center database to standardise this
information. Local data were included when the
seismic event was not available in the above-
mentioned databases.

Regarding the sand boils, only those with location
and shape parameters were included in the database.
Special attention was given to sand boils for two
reasons: (1) they correspond with the most reported
liquefaction feature in the reviewed documents and
(2) together with sand dykes, they are the most
reliable sedimentary structures for identifying earth-
quakes in the geological record. As previously
mentioned, they are unequivocal evidence of up-
ward-directed hydraulic force suddenly applied to
cohesionless sediments (Obermeier 1996). In addi-
tion, when sand blows form solely in response to
hydraulic fracturing, the volume of expelled sediment
and, therefore, their size is largely controlled by the
earthquake magnitude (Atkinson et al. 1984) This
relationship is less straightforward for blows associ-
ated with lateral spreading and those that use pre-
existing conduits such as burrows, rotten roots, open
cracks or fractures. When possible, the mechanism of
cap failure was considered, identifying processes of
lateral spreading or ground oscillation that could have
enhanced the development of dykes and sand boils.

Some earthquake parameters, such as local inten-
sity, acceleration and duration of the ground motion,
could not be taken into consideration because they
were unavailable.

3 Empirical relationships
Two cross-plots result from the database collected

(Table 1): Earthquake magnitude vs distance between
epicentre and induced sand boils (hereafter simplified
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Fig. 1 Examples of isolated sand boils formed in association
with the Boca de Tocuyo 1989 Mw 5.9 earthquake. a, b Freshly
vented greyish sand boils, in the days following the main event
(courtesy of Carlos Beltran, an ex-colleague at the Venezuelan
Foundation for Seismological Research). These two sand blows
are given as end member examples of the wide range in size
displayed by these features. ¢ Aspect of a sand blow after
8 months of sub-aerial exposure (photo taken in December
1989), which is about 1.2 m across (D). Oxidation turned its

as epicentral distance), and sand boil diameter vs
epicentral distance, which are presented next.

3.1 Magnitude vs epicentral distance relationship

The magnitude vs epicentral distance of sand boils
has been plotted with different symbols according to
the type of focal mechanism solution (strike-slip,
normal or thrust) for each single earthquake (Fig. 2).
It can be seen that the collected earthquake popula-
tion, regardless of the faulting type, shows a wide
magnitude distribution (4.6<Mw<9.2). However, the
larger events are mainly of the thrust type (essen-
tially >Mw 7.0). Besides, most of the liquefaction
data are located between magnitudes 5.5 and 7.5 and

Pre-event
ground
surface

Venting pipe S

original grey colour to brown, which makes its recognition very
difficult. d Small (1x1x0.75 m deep) pit, exposing the sub-
surface under the boil shown in ¢. The cone mouth and profile
are easily distinguishable above the pre-event ground level, as
well as the very fine lamination in the cone fine-grained sands.
Also note the feeding conduit connected to the sand boil cone
mouth (line drawing of this pit no. 8 is provided in Fig. 6 of
Audemard and De Santis 1991)

within the interval 0—150 km of epicentral distance,
with very few exceptions. A boundary curve can be
drawn along the lower limit of the data set points
(with only one exception), dividing the graph into
two fields. Below it, liquefaction susceptibility
should be very low.

This lower-bound curve shows a logarithmic
increase of the magnitude Mw with increasing
epicentral distance Re. The equation that defines such
curve is as follows:

Mw = 2.44Log(Re) + 1.95 (1)

The curve described by Eq. 1 (Fig. 2), which
bounds the worldwide data set herein collected, is
constrained by the reverse and strike-slip-related data

@ Springer
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= = = = set in the short- and mid-range distances (<250 km),

_ _ B 5 5 5 whereas it is bounded only by one thrust-related

§ § § "'é g é liquefaction event for the wide and very wide

2 2 €8 3§ 88 38 distributions (250 up to 450 km). This fact can be

= = 9 29 29 29 biased by the distribution of the size of the largest
earthquake by type of faulting. Figure 3 shows the
clear zoning of event magnitudes by focal mechanism

- solution types, as expected. This figure also shows an

S S § S I S unconventional distribution for strike-slip and thrust
faulting ruptures, which could be imputed to lacking
information around magnitude 6.5.

a S g § § 5 The following can also be derived from Fig. 2: (1)
Sand boils associated to normal faulting take place
mainly in the local field (Re<30 km), even for large
earthquakes. (2) Similar distribution to the former is
shown by sand boils induced by strike-slip mecha-
nism, but extending up to a Re of 50 km. This may be
biased by the collected set of earthquakes, as depicted in
Fig. 3. (3) Sand boils induced by thrust faulting have a

' ‘ much wider spatial distribution than those of other

% B g s § . g = types of faultipg, part'icularly for eveI}ts above Mw

7.8 5 5 = g Tg 5 T8 7.2-7.3. (4) Liquefaction events associated to strike-

B £ 2 E 2 s g 5 a § slip faulting occur at a larger epicentral distance (Re)

E E § = ’é £ = = 2 & for earthquake magnitudes in the range below Mw 7.3

£2 =8 g E 2 g - than for earthquakes with other types of faulting.

2° =% 8 8° = S Figure 4 depicts two other lower-bound curves for
comparison. These other curves not only use sand

2 2 2 2 2 Z boils as ours (Fig. 2), but they are based on data sets

: : : z : : of all types of earthquake-triggered liquefaction

= . ~ . . = features with particular and different regional cover-
age, as several relationships already published. For
instance, Galli (2000) proposes several bounding

i i % % % = curves for the Italian catalogue. However, Galli’s

q 3 % X % X o Eq. 14, correlating Me (equivalent magnitude;

& Q [T\ 'T\ 5‘: ‘T\ % similar to Mw, after Galli’s personal communication,

o " _ _ _ _ ¥ 2007) vs epicentral distance for earthquakes in the

d o = = = = &b period 1117-1990, is particularly very similar to the

= = T T T T s bounding curve proposed in this work (Eq. 1; Figs. 2

© and 4). This similarity is almost perfect for magni-

5 . . .
53-83-5235%35x35=38 |2 tudes up to 7. For 111ustra.t10n. and comparison
Sdocddcddcdadodacdaansa £ purposes, we have reported in Fig. 4 only classes

é A4 (sand boils) and A5 (mud volcanoes) from

:E >§\ g 2 g 2 < Galli’s catalogue, which are supportive of ‘t?oth his

£, £ & & & & _-g own curve and ours. This figure also depicts the

s 2.5 & g g g £  curve proposed by Papathanassiou et al. (2005) for

2 EFE ¢ g g g S the Aegean region, as well as the sand boils reported

= a < < < < g by these authors. This last curve shows events with a

Es larger extent of liquefaction occurrence above Ms
< 3 3 3 8 ¥ 6.0. Besides, it appears that both data sets — of Galli
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and Papathanassiou et al. — jointly fill a gap in our
data set in the magnitude range between 5 and 7. In
addition, the proposed lower bound by Papathanassiou
et al. (2005) seems to be more conservative than ours
in the range of Re under a 100 km. On the contrary,
our data set seems to provide some constraints on the
long-range distances of sand boil occurrence
(>150 km).

Finally, we feel that our data set, based on only 30
earthquakes, has worldwide representativeness for the
purposes of this paper, which is the construction of
the second relationship to be discussed below,
because of the partial good fits with other published
curves of the same sort, as shown in Fig. 4.

Fig. 3 Frequency of earth- 20 T

Epicentral Distance (km)

4 Sand-boil diameter vs epicentral distance
relationship

Out of 67 entries of sand boil reports for 30
earthquakes (Table 1), 51 of them (76% of the data
set) provide the actual sizes of the blows. These were
used to calculate a regression curve that relates the
sand boil diameter — D — with the epicentral distance
—Re (Fig. 5). The faulting type is also discriminated
in the subset. The higher-bound inverse relationship
between D in metres and Re in kilometres is
described by Eq. 2:

D = 238(Re — 37)""? (2)

quake magnitude sorted by
type of faulting. The uneven
distribution of data along
the magnitude axis pre-

cludes formulating conclu- 141
sive correlations between
seismotectonic parameters 12

and liquefaction occurrence.
All the same, some ideas are
cautiously advanced on this sl
respect
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>
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Because we are more commonly interested in
deriving Re from D, Eq. 2 can be expressed as:

Re = (238/D)"!! 437 (3)

We strongly believe that this curve is not conser-
vative at all, although large blank areas are under this
upper-bound curve. We are convinced that this is due
to lack of field observations that shall be filled during
future earthquake investigations. We wish to express
that the case described by Field et al. (1982) was
intentionally left out of the regression. We believe that
this sand-venting event might have been enhanced by
lateral spreading. Cracks associated to mass move-
ment increased considerably the volume of expelled
sediment, making this sand boil abnormally big.

The cases plotted in Fig. 5 show that earthquakes
generated by strike-slip and normal fault ruptures lead
to the formation of sand blows in the near field (Re<
50 km), while those events produced during thrust
faulting ruptures induce sand boils in the regional field
(Re<450 km). This sand-boil size distribution is
strongly dependent on the largest earthquake magnitude
characteristic of each type of faulting (refer to Fig. 3).

5 Discussion

The presented empirical relationships show that
source parameters seem to condition the size of sand
boils. Traditionally, most of the attention has been
focused on local site parameters as first-order con-
trolling factors, and not too much has been done to

Epicentral Distance (km)

define source parameter influence. Nevertheless,
graphs herein presented depict how source parameters
exert control on the occurrence of liquefaction to a
certain extent.

Type of faulting seems to play a major role in the
spatial distribution of liquefaction occurrence and size
of the liquefaction features related to hydraulic
fracturing. Nevertheless, an uneven distribution of
magnitudes for each kind of focal solution in our
database (Fig. 3) precludes clear discrimination
between the controls that each one of these factors
exerts on the liquefaction occurrence. However,
because the larger events on Earth usually happen
on thrust faults or subduction zones (Fig. 3), these
events distinctively show the largest spatial distribu-
tion of sand boils (Fig. 2).

35
30
-
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8
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f =
©
»
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Epicentral distance (km)

Fig. 5 Graph depicting sand boils diameter vs epicentral
distance, showing an upper-bound inverse relationship
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Regarding size of the hydraulically generated
features, the largest ever-reported isolated sand blows
occurred during the New Madrid 1811-1812 earth-
quake sequence, reaching diameters of up to 40 m and
thickness of 0.7 m (Obermeier 1996). Although it is a
historical earthquake, this value is very reliable
because the sand blows are still visible in aerial
photographs. This data point is not in the cross plot of
Fig. 5 because no reliable epicentral distance can be
determined because three large earthquakes struck the
area less than 100 km apart within 3 months. Besides,
the type of faulting is unknown because it was a
blind-fault event that occurred in pre-instrumental
time. Nevertheless, it can be postulated that these
40-m-across sand blows could be at least 20 km
away from the nearest of the three epicentres, thus
being satisfied by the proposed upper-bound curve
(refer to Fig. 5) and corresponding Eq. 2. It is
suspected, after recent investigations, that the
causative fault of the 1811-1812 earthquake se-
quence could be an inverted high-angle normal
fault. Consequently, these very large historical
features could also be imputed to reverse slip.
Then, it would seem that the largest ever recorded
isolated sand blows are produced by thrust faulting,
as a straightforward function of their very large
magnitude. To illustrate this, Tuttle (2001) mea-
sured a 32-m-wide isolated sand blow, with a pool in
the crater of 10x5 m, at 48 km away from the
epicentre of the Gujarat 2001 Mw 7.7 earthquake, in
west India.

The influence of directivity was clearly shown in
the Arequipa 2001, Peru, earthquake, a 17-km-deep,
Mw-8.4 seismic event with reverse rupture along a
NNW-SSE fault plane, occurring within the coupled
zone between the Nazca and South America plates.
This event hypocentre was located near the NW end
of the rupture plane. In the same way, damage, as well
as induced effects, showed a completely asymmetric
distribution elongated towards the SE of the focus,
showing a good correlation with the aftershocks
distribution and the rupture progression of the main
shock (Audemard et al. 2002, 2005).

Sand boil diameter diminishes inversely with
increasing epicentral distance (Fig. 5). In a similar
way, wave propagation produces a change in body
and surface waves amplitude at inverse rates (1/Re
and 1/\Re, respectively), which indicates that wave
amplitude can be an important controlling parameter

@ Springer

in the development of these kinds of structures and
their size.

We also believe that this type of study can be
improved by making curves more reliable and
accurate if, instead of the epicentre, the maximum
energy release source is used. Nevertheless, we
confidently state that the two relationships presented
herein may represent a useful tool for evaluating the
size of earthquakes during paleoseismic studies.

The combined use of these two curves allows
determining a minimum to the actual magnitude of
the investigated event, depending on the thoroughness
of the sand blow mapping. The accuracy of the
magnitude estimation using this method is nailed to
the identification and characterisation of the farthest
surveyed sand blow, which must surely lie away from
the heavily damaged zone by the earthquake and must
tend to be imperceptible due to its small size.
Therefore, because these small sand blows are a very
low to insignificant hazard, they are rarely searched
for. This search necessarily relies on either the
expertise of the surveyor or the accessibility to the
struck region (examples of inaccessible places are
deep jungle, marshes, underwater, places at war and
so forth), or both. As to how these surveys are carried
out, it is a fundamental issue because they should feed
the existing data set in the near future. For the
historical earthquakes, all depends on all aspects
already discussed above, with the complementary
complication that a written and/or graphical record
must still exist. As to the pre-historical earthquakes,
searching for the smallest and farthest sand blow is a
harsh task, assuming that it was perfectly preserved in
the geologic record. In such a case, the derived
magnitude shall mainly be a lower bound and, very
unluckily, the actual magnitude. However, a paleoseismic
approach can be applied to well-documented sand blows
induced by historical earthquakes, which could better
constrain their magnitudes or could confirm magni-
tudes estimated from other approaches or data (i.e.
macroseismicity studies). This would give added
value to the historical seismic data. Other applications
may be envisaged. For instance, using a Ms—Re curve
derived from the Venezuelan catalogue that gathers
records of liquefaction occurrence in association with
both historical and instrumental events, Rodriguez et
al. (2006) could relocate three important historical
earthquakes (1530, 1797 and 1853), taking into
account the Re given by the relationship.
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6 Conclusions

The epicentral distance of liquefaction occurrence
with respect to the magnitude of the causative
earthquake can be fitted by a lower-bound curve that
permits not only to estimate a radial distance within
which liquefaction can be expected during future
earthquakes, but also to evaluate the veracity, validity
and accuracy of historical accounts, as demonstrated
by Rodriguez et al. (2002, 2006) for the Venezuelan
historical seismicity.

This boundary curve derived from a worldwide data
set has the same shape as those from previous authors,
showing a logarithmic rise of the magnitude with
increasing epicentral distance. Other previous compila-
tions, such as those of Kuribayashi and Tatsuoka (1975),
Ambraseys (1991), Papadopoulos and Lefkopoulos
(1993), Galli (2000) and Papathanassiou et al. (2005),
were not merged with ours during this study because
we pursued different aims. Our compilation intends to
relate size of sand blows with characteristics of the
causative earthquake, whereas the other curves only
focused on the liquefaction distribution, regardless of
the feature characteristics. Differences with those
previously published curves are interpreted here as a
result of the influence of the seismotectonics on more
local databases. Particularly, the focal mechanism
solution exerts a control in the behaviour of the
boundary curve through the different forms of energy
propagation associated with the fault type. Regardless
of these slight differences, we can confidently state that
the general matching of this curve with other previous
relationships of the same kind validate its data set
representativeness, despite having much fewer data
points than those above-mentioned curves. This fact
gave us confidence to propose a second curve, plotting
sand-blow diameter against epicentral distance.

Still from this curve, we can determine that thrust
or reverse fault earthquakes tend to produce liquefac-
tion farther than the other two fault rupture types. For
this reason, the boundary curve fitting these data is a
good approximation for worldwide databases like the
one gathered here. Databases of local coverage were
more efficient to fit the other two kinds of fault
ruptures. Nevertheless, this can be also accomplished
by discriminating a worldwide database by rupture
type (normal, thrust or strike-slip).

Directivity in the energy radiation away from the
focus is maybe the most likely parameter controlling

the above-mentioned differences, particularly in low-
and medium-magnitude earthquakes. Stronger events
need more data to better define the controlling factors.

The second curve, linking sand boil diameter and
epicentral distance, defines an upper-bound limit that
follows an inverse relationship. Seismotectonic con-
trols on this parameter (sand boil diameter) were not
clearly established, but a zoning can be determined.
Thrust faulting earthquakes produce these structures
in the local and regional field, while the other two
styles of rupture are limited to the local field.

Used together with additional information, this
kind of empirical relationship can be useful in
paleoseismic surveys relying on liquefaction features
as earthquake indicators. Widespread liquefaction
features associated to the same given earthquake can
be used to define source zones that, complemented
with neotectonic data, can lead to the definition of the
most likely epicentral area or causative fault. On the
contrary, if the source zone is already known, its
earthquake magnitude can then be derived from the
magnitude vs epicentral distance curve by identifying
its farthest liquefaction feature.

Sand blows can also be used to find a most likely
epicentral zone when the biggest structures, associ-
ated to a given earthquake, are recognised. This
epicentre should be valued in the same way as a
macroseismic epicentre determination. Through using
both curves and neotectonic information, the location
and size of the earthquake that induced such large
structures can be estimated. Historical seismicity
research can also be greatly enhanced by using these
empirical relationships. However, caution is recom-
mended in the application of these relationships.
Discriminated usage of them and awareness of the
intrinsic limitations of these curves are key issues.
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