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Abstract

Discrimination between quarry blasts and earthquakes has gained importance due to signature of the Comprehensive Test
Ban Treaty. In this context, large chemical explosions are significant. In the routine analysis of data from local seismograph
networks, discrimination between smaller blasts and micro-earthquakes is not always clear. Many quarries are in operation
and blasts far outnumber natural earthquakes in the highly industrialized northern Rhine area.

We compiled a list of active quarries in the Northern Rhine Area and mapped their locations. We then created a database
from a questionnaire sent out to all quarries on the list. From the 33% of questionnaires that were returned, we discerned
some representative values for the main blasting parameters and explosive consumption. In the study area of 72,000 km?, ap-
prox. 21,000 blasts are fired per year (80 per working day). Most of the blasts (72%) have total explosive charges between 400
and 4500 kg. Shots with charges above 10 tons are rare (20-30 per year). Some 80% of the blasts are ripple-fired with a nomi-
nal firing time interval of 20 ms.

Based on empirical amplitude vs. distance curves from vibration control measurements, a relation between maximum
charge weight per delay time, L. (kg), and a ‘quarry blast’ magnitude, Mg, is derived: Mg = 0.6-log,(L) + 0.131. Using this
relation and extrapolating the database from the questionnaire shows that for magnitudes between 1 and 2, blasts occur 200-

250 times more frequently than micro-earthquakes in the Northern Rhine area.
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Introduction

The problem of discriminating nuclear explosions in
the subkiloton range from naturally occurring earth-
quakes and from large chemical explosions focused
the interest of the seismological community in recent
years on chemical explosions (Baumgardt & Ziegler,
1988; Smith, 1989; Reamer et al., 1992; Smith,
1993). Additionally, discrimination between small
chemical explosions and earthquakes is necessary in
local seismograph networks. In some parts of the
world, such networks obtain more seismograms from
chemical explosions than from natural earthquakes
(Richards et al., 1992; Wiister, 1995).

Earthquakes with local magnitudes M; > 2 in Ger-
many are reported in the annual catalog edited and
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published by the Federal Institute for Geosciences
and Natural Resources in Hannover (see, for in-
stance, Leydecker et al., 1997). While mine tremors,
which are man-induced events, are covered by this
data catalog, manmade chemical explosions are ex-
cluded. Local earthquake catalogs such as the Bens-
berg catalog of the North Rhine Area do not contain
information about blasting activities either.

Richards et al. (1992) described a survey of blast-
ing activity in the United States. They found at least
fourteen mines in the western US that fire large
chemical explosions with total charge weights of 100-
500 tonnes (t), many with charges above 40 t, and
charges exceeding 10 t ‘all the time’. Although there is
no upper limit for charge weights in Germany, blasts
above 10 t total charge weight are rare, the largest ex-
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plosions being around 20 t. The main reasons for
these limitations are the relatively small size of the
quarrying operations and German blast vibration
regulations. Due to relatively low natural seismicity,
seismological stations in Germany nevertheless
record more civil blasts than local earthquakes.

The current technical standard in quarry and mine
blasting is ripple-fired explosions. With this blasting
technique, the total amount of explosives is distrib-
uted over several boreholes; they are detonated with
time delays typically in the range of tens of millisec-
onds. Smith (1989), Hedlin et al. (1989) and Reamer
et al. (1992), among others, described the seismic ef-
fects of the ripple firing. Hinzen (1988) discussed a
seismic method to optimize delay times to reduce
blast vibration effects. With some a priori knowledge
of the seismic response from blasting, judicious use of
ripple firing can both reduce blast vibrations and im-
prove fragmentation of the blasted material.

The continuous record of station BNS in 1997
shows 457 explosions versus 81 local seismic events
including mine tremors. In the daily analysis of local
seismic networks, blasts are usually easily discriminat-
ed on the basis of the seismogram characteristics.
Zero depth and ripple firing produce long p-coda;
first motions of the p-phase are always upward, and
the S/P amplitude ratio is usually smaller than for tec-
tonic earthquakes. In some cases, however, discrimi-
nation is not easily accomplished, especially if the
event was recorded only at a few stations or even one
station.

The northern Rhine area is, on a worldwide scale, a
low-seismicity area. Approximately twenty damaging
earthquakes are known, however, from historical
records (Meidow, 1995) and paleoseismic studies
(Camelbeeck & Meghraoui, 1997, 1998). It is impor-
tant for low-seismicity areas in particular to obtain
earthquake catalogs that are not contaminated by
blasts in the magnitude range of micro-earthquakes,
as these catalogs constitute the basis for seismic risk
assessments (De Crook, 1993). Knowledge of the ex-
act location of active quarries and their daily blasting
schedules can be helpful in the discrimination of
doubtful events or probable explosions. Therefore we
tried to collect as much ‘ground truth’ information
about blasting in the area as possible.

We surveyed for the purpose the civil blasting activ-
ities within and around the BNS seismograph net-
work. The objectives were (1) to produce a map with
all sites of regular blasting activities (locations of ac-
tive quarries), (2) to estimate statistically the number
and size of blasts in the area, and (3) to determine the
common blasting techniques. Underground blasting
activities play only a minor role in the area of interest.
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Blasting in drift production in the coal mines in the
Ruhr District, for example, have small charges per de-
lay and are seismologically insignificant. Construc-
tion blasts for tunneling or road cuttings were not in-
cluded in the study; they may have local importance
but are only temporary operations that do not effect
the network database over time.

Area of tnterest

The BNS seismograph network comprises ten sta-
tions. The locations of both these short-period sta-
tions and the permanent stations operated by other
agencies are shown in Figure 1. The dashed rectangle
marks the study area. The co-ordinates 49.62°N,
6.09°E and 52.35°N, 9.44°E are the lower left and
upper right corners of the rectangle, respectively.
Most of the area of interest belongs to the state of
North-Rhine Westphalia, but parts of Lower Saxony,
Hesse, Rhineland Palatinate, Saarland, Belgium, Lux-
emburg and the Netherlands are also included.

Data collection

As a first step, we tried to produce a complete list of
all active quarries in the area that use explosives in the
production process. Since no complete list of explo-
sive consumers in Germany is available from any
agency, we used the following three types of databases
and sources of information to get an address list of
active quarries: (1) governmental authorities, (2) ex-
plosives producers, (3) a location map of companies
producing natural stone (Stein-Verlag, 1994). Due to
a complete list of operations in North-Rhine West-
phalia from governmental authorities, all locations of
active quarries in this state are known. Some omis-
sions may be present for Hesse and Rhineland Palati-
nate (due to privacy regulations in Germany, even ad-
dresses of quarries and other basic information are
sometimes treated as sensitive information by the au-
thorities), but most of the locations are known from
the above mentioned sources. Only a few addresses
were available for Belgium. The result of the survey
was a list with 473 quarries, 286 of which are actively
operating with blasting activities in the study area.

As a second step, we sent out questionnaires to all
quarries to collect the following information about
their blasting activities: (1) the total amount of explo-
sives used per year, (2) the number of blasts per year,
month or week, (3) the typical total charge weight of a
production blast, (4) the typical maximum charge
weight per delay, and (5) the firing-time intervals. In
addition, we asked for information about the blasting
technique, including the initiation procedure, type of
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explosives, materials produced and blasting times.
From the 286 known active quarries in the study
area, 94 questionnaires were returned. Taking into ac-
count that it takes some effort to fill out the question-
naires and knowing that some quarries are reluctant
to release detailed information about their blasting
activities, the return rate of 33% is quite positive. An-
swers came from all main deposit areas (Fig. 1). The
blasting techniques within one deposit do, as a rule,
not differ significantly. The choice of a particular
blasting technique depends on the possibilities to op-
timize productivity and to avoid environmental dam-
age and is therefore strongly influenced by the local
geology. The results of the questionnaire therefore
should provide a good basis for extrapolation to the
total amount of blasts within acceptable bias limits.

Blasting activities in the northern Rhine area
Location of active quarries

The 286 sites in the study area (Fig. 1) are concen-
trated in certain areas where production is controlled
by the local geology. In the Eifel, the Westerwald and
around the Vogelsberg, typically basalt and other vol-
canic materials are produced. At the northern border
of the study area (Munsterland), most quarries pro-
duce limestone. Alternatively, quartz-rich sediments
are quarried in the Siegerland. In central Minster-
land and within the Lower Rhine Embayment, no
quarries exist, due to large covers of soft Tertiary and
Quaternary sediments.

Blast sizes

The typical total charge weight of production blasts
and the typical number of blasts performed by the
quarries was used for the histogram in Figure 2. The
total number of shots covered by the questionnaire is
around 7000 per year. Most of these shots (78%)
have a total charge weight in the range of 400-6400
kg. Shots with total charges of, or above, 10 t are rare.
The relatively large amount of shots with total charge
weights below 50 kg (401) are mainly blasts from the
freestone production. These smaller shots are intend-
ed to separate blocks of material without causing
damage inside the blocks. These blasts are not rele-
vant for seismological studies because they are usually
only detected at very close distances.

Charge weights were used as reported by the quar-
ries and not scaled to equivalent TNT charges. Blast-
ing parameters ~ like coupling of explosives to bore-
hole walls, firing technique, and groundwater level —
often have a much stronger influence on the emitted
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Fig. 2. Histogram of number of shots with respect to total charges
in various ranges, as derived from the questionnaires.

seismic energy than the type of explosives used
(Lideling & Hinzen, 1986; Chiappetta et al., 1987).
Besides the total charge weight, the maximum charge
detonated at a single time step during the ripple firing
is an important parameter to evaluate ground-vibra-
tion levels and the detection range of the blast. The
maximum charge per delay could be determined from
the questionnaire for approx. 5100 shots per year.
The histogram in Figure 3 shows 35% of these blasts
in the range of 25-50 kg explosives per delay and 84%
in the range of 25-400 kg. The small charges below 10
kg belong to the freestone production. The largest
maximum charge per delay reported by a gravel pro-
ducer is 850 kg.

Similar to the occurrence of natural earthquakes,
larger events due to blasting are much less frequent
than smaller events. Richards et al. (1992) presented
the data for the continental US in a power law of the
form N(W) = aW?, where N is the cumulative counts
of blasts equal to, or larger than, the total charge
weight, W, whereas a is the total number of blasts. The
b-value as in the log N-M curves in earthquake-
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Fig. 3. Histogram of number of shots with respect to maximum
charges per delay time interval in various ranges, as derived from
the questionnaires.

Geologie en Mijnbouw / Netherlands Journal of Geosciences 79(1) 2000


https://doi.org/10.1017/S0016774600021582

100000

10000

Ty

1000

Ty

100 -

cumulative counts

10

TrTTTY

1 1 1 1 v 1l

0 [ 2 3 4 5 6
10 10 10 10 10 10 10

total charge (kg)

Fig. 4. Cumulative count versus total blast size. Crosses and circles
represent the counts of shots from the questionnaires and extrapo-
lated to the total number of shots, respectively. Squares represent
data for the US (from Richards et al.,1992).

frequency relations (Gutenberg & Richter, 1944) de-
scribes the relative occurrence of small and large
events. Figure 4 shows the cumulative counts versus
blast size from the survey data. The blast size is given
in metric tons of total charge weight. The crosses rep-
resent the data from the questionnaire. Assuming that
these values are representative for the study area, and
taking into account that the return rate of the ques-
tionnaire was 33%, we multiplied these data by a fac-
tor of 3. The filled circles represent the extrapolated
total number of shots. Three distinct linear segments
are obvious from the log/log plot. The first segment of
0.5-380 kg shows a b-value of b, = 0.01. The second
segment with most of the 380-4500 kg data has a
b-value of b, = 0.87, and in the third segment (above
4500 kg) the b-value is b; = 3.85. Most of the shots
with total charge weights under 380 kg are freestone
production blasts.

The most commonly reported blasting technique
in the study area uses total charge weights of 380-
4500 kg. Larger amounts of explosive are rarely used.
Most of the quarry shots are ‘Grofiborhrloch-Reihen-
sprengungen’. This term from the German blasting
regulations stands for ripple-fired blasts with bore-

holes in one or more rows, where the borehole depth
is 12 m or more. This type of shot accounts for 55%
of the blasts from the survey. A total charge of 400 kg
places a lower bound on efficient ripple-fired row
shots. The corner point of the distribution at 4500 kg
is probably due to the German vibration regulations.
In Germany, most blasts are initiated by electric deto-
nating systems, which offer up to 20 time steps for the
ripple firing (Hinzen, 1990). The maximum charge
per delay, which is the main factor determining vibra-
tion effects (Dowding, 1985; Liideling & Hinzen,
1986) is, with these initiation systems, in the range of
200 kg. Larger charges per delay often cause vibration
problems, particularly in densely populated areas.
Electronic detonators offer more time steps, a greater
flexibility of firing times and smaller bias in the actual
firing times (Hinzen et al., 1987) but are still rarely
employed for routine daily production blasts.

Richards et al. (1992) also found a threefold seg-
mented relation for the data in the US (Fig. 4), where
the data were taken from blasts monitored by a vibra-
tion-control company. For comparison, it has to be
taken into account that these data represent only 10%
of the total amount of blasts in the US. Due to differ-
ences in the common blasting techniques in quarries
and due to the very large shots (above 100 t) in the
coal mine overburden casting, the corner points of
the relation are shifted to larger total charge weights
compared to the northern Rhine area. Between 1 t
and 100 t, Richards et al. (1992) found a b-value of
unity; almost three-quarters of all blasts have total
charge weights between 0.9 and 9 t.

Blasting parameters

Table 1 summarizes the most important blasting pa-
rameters from the survey. The minimum, maximum
and median and modal values are given for each para-
meter. The maximum charge per delay is the amount
of explosives detonated at the same time step.

Due to the initiation technique, a nominal firing
time interval of 20 ms is used in almost all ripple-

Table 1. Main blasting parameters in the study area as derived from the questionnaires.

unit minimum value maximum value mode median
explosives consumption tonnes/year 0.045 1,400 30 40
total charge per blast kg 0.3 16,000 1,500 1,200
time steps # 1 60 18 15
max. charge per delay kg 0.3 937 50 82.5
borehole length m 1.4 32 20 15
borehole diameter mm 25 140 90 90
burden m 3.0 5.0 4.0 3.9
spacing m 1.0 5.5 3.0 3.5
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fired blasts. This basic time interval corresponds to a
fundamental frequency of 50 Hz (Hedlin et al., 1989;
Hinzen & Reamer, 1991; Reamer et al., 1992), which
is usually outside the recording range of seismograph
stations. It was found that 89.2% of the blasts are ini-
tiated by electric detonators, 4.3% by electronic deto-
nators, and 5.4% by non-electric systems (by other
methods: 1.1%). Detonating cords are used for some
90% of the blasts, to ensure complete detonation of
the entire charge column.

Blasts earlier than 06:00 h and later than 18:00 h
(local time) are rare. Fixed blasting-time windows are
applied by 26% of the quarries during working days,
due to either regulations or the operative procedure
(blasts during shift changes). From the blasts record-
ed at BNS in 1997, some 24.5% were fired between
11:00 h and 12:00 h, and 59% between 10:00 h and
13:00 h local time.

Frequency of earthquakes and blasts

In order to compare the frequency of earthquakes
and blasts in the study area, it was necessary to esti-
mate the magnitude of quarry blasts. Many studies in
vibration analysis for environmental purposes (Koch,
1958; Liideling & Hinzen, 1986; Chiappetta et al.,
1987) state that the main factor determining vibra-
tion levels at close distances (2-3 km) is the maxi-
mum charge per delay. Regulations request the esti-
mation of vibration levels for new quarry operations.
For this purpose, several empirical relations between
maximum charge per delay and vibration levels have
been derived (Koch, 1958; Behnke, 1970). Bottcher
et al. (1977), Bottcher & Liideling (1978) and Ludel-
ing & Hinzen (1986) present relations based on peak
ground-velocity measurements (PGV) in the distance
range from 10 m to 2 km. For layered sedimentary
materials, the vibration distance relation is: PGV =
969-L%°-r15 where r is the distance (in m) from the
blast and L (in kg) is the maximum charge per delay
time. For the extrapolation to larger distances, we
preferred this empirical relation over one given by the
same authors for hard rock, because it seems to repre-
sent the amplitude decay for a layered sedimentary
medium better.

The PGV is closely related to the amount of seis-
mic energy radiated from a blast (Hinzen, 1998). The
local magnitude of earthquakes is based on the mea-
surement of ground displacement with a standard
Wood Anderson seismometer (Richter, 1958). As-
suming a main signal frequency of 10 Hz associated
with the PGV, we can convert the ground velocity
from the above formula to displacement or Wood An-
derson amplitudes. With the decay law of ! and the
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calibration used by Richter (with the approximation
that a Wood Anderson trace amplitude of 1 mm at
100 km distance is assigned a magnitude 3), a rela-
tion between a quarry blast magnitude, My, and
charge weight per delay comes to: Mg = 0.6:log,,(L)
+ 0.131.With this formula a magnitude could be esti-
mated for the 5100 blasts for which the maximum
charge per delay was specified in the questionnaire.
Figure 5 shows the cumulative counts of blasts versus
the magnitude as crosses, while the circles are extra-
polated data points to estimate the total blasting ac-
tivity. Like the cumulative counts versus the total
charge weight, this graph also yields three linear seg-
ments because shots with large total charge weights
tend to have larger maximum charges per delay.

Calculation of the magnitudes based on the results
from the questionnaires resulted in approx. 60 blasts
per year with a magnitude of 2. With an average de-
tection level of magnitude 1.5 for a distance between
80-100 km, which was the basis for the definition of
the study area, the results of the questionnaire shows
1640 blasts per year that could be detected within the
BNS network. Assuming a threefold number of blasts
for the unanswered questionnaires, we expect roughly
5000 detectable blasts a year, which implies 100 per
week or 20 per day, excluding weekends.

Figure 5 also shows the cumulative counts per year
for micro-earthquakes (squares) for the Rhine Massif
and its northern foreland as derived by Ahorner
(1983). This region comprises the study area. The
dashed line extrapolates this log N-M curve to magni-
tudes down to 0.5. In the magnitude range of 1-2 we
expect 200-250 times as many blasts as earthquakes
in the study area. At or slightly above magnitude 2,
the natural events outnumber the blasts.

Summary and conclusions

The high demand for natural resources in the heavily
industrialized region of the northern Rhine area re-
sults in significant quarrying activity. Chemical explo-
sions in the form of quarry blasts outnumber the
amount of micro-earthquakes in the area. Most blasts
are easily recognized from their seismogram charac-
teristics. In some cases, however, the discrimination is
not obvious. For the daily work of local seismograph
networks, some ‘ground truth’ information about
quarrying activities can be helpful.

A survey of blasting information was performed for
the German part of the northern Rhine area. As a first
step, a list of all active quarries was assembled from
different sources of information. This list is complete
for the state of North-Rhine Westphalia, but maybe
deficient for other parts of the study area. With a ques-
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micro-earthquakes in the study area.

tionnaire sent out to 286 quarries in the study area,
33% of which were returned, a representative database
for common blasting activities was established.

It is estimated that some 21,000 blasts per year are
detonated in the study area of 72,000 km?. The modal
value of total charge weight per blast is 1.500 kg of
explosives, and 72% of the blasts have a total charge
weight between 0.4 t and 4.5 t. Blasts with total
charges above 10 t are rare (20-30 per year). By com-
paring the results to data derived for the continental
US, large differences in blasting technique become
obvious. Blasts that are seismologically significant on
a regional scale with total charge weights above 20-40
t are missing in the study area. Nevertheless, esti-
mates of magnitude for the quarry blasts based on
amplitude/distance relations from vibration control
reveal that in the magnitude range from 1-2, blasts
are 200-250 times more frequent than micro-earth-
quakes. This result indicates how important discrimi-
nation between blasts and earthquakes becomes for
the compilation of earthquake catalogs.
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