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efficiency of different methods depending on preservation state

Nadine Seib • Jonas Kley • Georg Büchel
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Abstract The West Eifel Volcanic Field comprises 98

maars, tuff rings, and scoria rings of volcanoes younger than

700 ka. Digital Terrain Models (DTMs) allow to automat-

ically measure morphologic parameters of volcanic edifices

such as slope angles, diameters, elevations, floor, and slope

surface areas. Based on their morphological characteristics,

we subdivided the West Eifel volcanoes into five morpho-

metric groups which reflect different stages of erosion.

Group I, II, and IV comprise clear ring-shaped structures.

The difference between these groups is that a tephra ring is

well preserved in Group I, partially preserved in Group II

and absent in Group IV. The original shapes of Group III

maars have been lost more substantially than in Groups I, II,

or IV, but they nevertheless retain a negative shape (a

depression) and have characteristic channel systems, which

can be used as search criteria. Maar-diatremes of Group V

are eroded down to their feeder pipes and form hills. In

order to locate potential volcanic depressions that are likely

to be maar volcanoes, we defined common search criteria

such as circular negative landforms or particular drainage

system patterns for all groups except the least well-pre-

served Group V. These criteria were taken as the basis for

further processing of the DTM data. The first processing

step consisted of constructing a residual relief calculated as

the difference between a filtered (smoothed) topographic

surface and the original DTM data. This identifies local

topographic features. We propose a method for regulating

the degree of smoothing which is based on filtering of local

maxima according to their distance from a surface con-

structed from local minima. The previously defined search

criteria for Groups I to IV such as specific ranges of cur-

vature, slope, circularity, density of the drainage network

were then applied to the residual relief in order to extract

maar shapes. Not all criteria work equally well for all

morphological groups. Combinations of multiple search

criteria therefore yield the best results and efficiently

identify most known maars. They also separate some

probable new, hitherto unrecognized maars from a large

number of other local depressions. We also compared the

erosional state of maars to their absolute ages. Published

estimates of erosion rates for maars in the French Massif

Central suggest a general trend of erosion rates decreasing

with time elapsed since eruption. However, this cannot

explain the strongly varying ages for maars of the same

morphometric group (i.e., similar preservation state) in the

West Eifel Volcanic Field. The spatial distribution of the

morphometric groups shows some regularity. For example,

strongly eroded maars are concentrated in the Gerolstein

area (where maar density is highest), whereas most well-

preserved maars are located east of the Eifel North–South

Depression (ENSD). Most maars affected by fluvial erosion

lie near the Kyll and Kleine Kyll streams. These observa-

tions suggest differential recent uplift of the West Eifel

Volcanic Field, with stronger uplift occurring west of the

ENSD.
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Introduction

Maar volcanoes of Cenozoic age are the dominant geo-

logical features of the Eifel region (Figs. 1, 2, 5). They also

form a main touristic attraction (Schmincke 2007). Present

volcanic activities are limited processes reflected by min-

eral and thermal springs, CO2 outgassing (May et al. 1996;

May 2005; Schmincke 2010) and uplift (Illies et al. 1979;

Garcia-Castellanos et al. 2000; Meyer and Stets 2002;

Schäfer et al. 2005).

The Cenozoic volcanoes were emplaced on a substratum

of deformed Paleozoic rocks (Fig. 1). Folds and thrust

faults of Variscan (Late Carboniferous) age are reflected in

the NE–SW orientation of some major valleys. After the

Late Paleozoic, a peneplain formed on the Rhenish Massif

which was partly covered by Mesozoic sediments (Ziegler

and Dèzes 2007). In Cenozoic time, uplift and incision

have shaped the Rhenish Massif. Mertes (1983) pointed out

that the West Eifel Volcanic Field is cross-cut by the

eastern edge of the Eifel North–South Depression (ENSD).

This is a large-scale linear structural low outlined by the

occurrence of Triassic strata and aligned axial depressions

of the Variscan folds. It extends from southern France

through Luxembourg into the Eifel region and is assumed

to have been active since Devonian time by some authors

(Garcia-Castellanos et al. 2000; Meyer and Stets 2002;

Shaw et al. 2005; Schäfer et al. 2005).

The Cenozoic volcanism of the Rhenish Massif occurred

in two main stages: the first in the Eocene to Miocene

[40–20 Ma (Lustrino and Carminati 2007), 45–24 Ma

(Wilson and Downes 1991; Ziegler and Dèzes 2007),

44–35 Ma (Fekiacova et al. 2007)] and the second one in

Quaternary time [0.9 Ma–9 ka (Schmincke 2007; Büchel

1993, 1994)]. Traces of volcanic landforms in various

stages of degradation stand out in the present-day

landscape.

The older, Tertiary eruption centers are strongly eroded,

often down to their root zones where only narrow basaltic

necks or dykes have remained of the volcanic edifice

(Büchel 1992). In the area of the Kelberg (Fig. 2), a

prominent regional magnetic anomaly, relatively large

Fig. 1 Location of the western Eifel volcanic field within the

Variscan Rhenish Massif. Shaded SRTM 90 elevation data overlaid

with geological map (modified from digital geological map; Bund-

esanstalt für Geowissenschaften und Rohstoffe, 2003). Eruption

centers of the Westeifel Volcanic Field after Büchel and Mertes

(1982); eruption centers of the Hocheifel Volcanic Field after

Huckenholz and Büchel (1988); eruption centers of the Osteifel

Volcanic Field after Viereck (1984). White contour lines denote uplift

of the Rhenish Massif (in m) during the last 800,000 years (Schäfer

et al. 2005). Source of the SRTM data: http://srtm.csi.cgiar.org
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fields of Tertiary tuff diatremes and intrusions are found

(Büchel 1994). Most remains of Tertiary volcanoes con-

stitute positive landforms (hills) and were recognized and

mapped in the field.

The onset of Quaternary volcanism in the West Eifel

Volcanic Field coincides with beginning uplift of the

Rhenish Massif (Mertes and Schmincke 1985; Ziegler and

Dèzes 2007). Based on paleomagnetic measurements, the

youngest Main Terrace is inferred to be slightly younger

than the Brunhes-Matuyama magnetic epoch boundary,

that is, 0.78–0.8 Ma (Garcia-Castellanos et al. 2000; Meyer

and Stets 2002; Schäfer et al. 2005; Ziegler and Dèzes

2007). Several authors have pointed out the link between

Quaternary volcanism and uplift of the area.

During the last 0.8 Ma, the Rhenish Massif has risen by

200–250 m (Meyer and Stets 2002; Garcia-Castellanos

et al. 2000; Schäfer et al. 2005). This has led to increased

fluvial incision and erosion (Büchel 1987), largely oblit-

erating the original form of some eruption centers and

making their recognition difficult.

So far, 257 eruption centers of Quaternary age have

been ascertained in the West Eifel Volcanic Field, and 19

more are assumed but remain to be confirmed (unpublished

own data). Their ages range from 0.9 Ma to 9 ka (Meyer

and Stets 2002; Schmincke 2007, Büchel 1994). Different

methods of dating such as 40Ar/39Ar, K/Ar, 14C and pollen

analyses have been used to determine the age of explo-

sions. 66 % of the volcanoes are scoria cones of which

53 % have associated lava flows. The scoria cones are on

average 40 m (max. 100 m) high and 430 m (max. 600 m)

in diameter (Büchel and Mertes 1982). In most cases, they

are easily recognizable and can be mapped in the field or

from remote sensing data without special processing. Due

to this, scoria cones are not further treated here.

Of the known Quaternary volcanoes, 98 are maars or

similar forms such as tuff rings and ‘‘scoria rings’’. Tuff

rings, like maars, comprise broad and relatively thin

deposits of ejecta, but their craters do not cut below the

original ground surface (White and Ross 2011). Scoria

cones, as the name implies, are volcanoes that have cone-

like shapes and thick near-vent deposits that thin very

rapidly outward (White and Ross 2011). Scoria volcanoes

with large craters have been called scoria rings by some

researchers (e.g., Büchel 1994). They cannot be distin-

guished from maars by the analysis of landforms alone. All

these types constitute circular structures with diameters

between 100 and 1,600 m. Several maars stand out in the

present-day relief. The most recent ones have a nearly

pristine form with a well-preserved rim and crater (Fig. 2).

Others, however, are strongly eroded despite their young

age. They are preserved as relics or entirely covered. This

is why some maars were only discovered using gravity

Fig. 2 Location of the

Westeifel volcanoes.

Background is DTM (Digital

Terrain Model) data. For maars,

tuff rings, and scoria rings, the

relative elevations above the

crater floors are shown by color
coding
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(Büchel and Pirrung 1993; Stachel and Büchel 1989) and

magnetic measurements (Lorenz and Büchel 1980).

In an earlier paper (Seib et al. 2008), we have processed

DTM data to reveal subdued maar-shaped landforms which

probably, and in some cases demonstrably, represent

additional, hitherto unrecognized volcanoes. However,

some methods used yielded a very large number of indis-

tinct circular shapes that could only be interpreted visually

and subjectively. In the present work, we apply methods of

statistical analysis to separate eroded and buried maars

from other negative landforms and use quantitative

characteristics to obtain more objective assessments. We

analyze in detail the morphological features of known maar

structures, enabling us to strongly narrow down our search

criteria.

Morphological characteristics of maars

Originally, the term ‘‘maar’’ was coined to describe par-

ticular topographic features, that is, bowl-shaped craters

encircled by a low rim (Büchel 1993). Büchel (1993)

proposed to use the term for ‘‘the whole [volcanic] struc-

ture and its formation. [It]…comprises the ring (tephra

below the tuff rim), the crater sediments, the diatreme, and

the feeder dyke system’’. Since maars are the near-surface

expression of diatremes or explosion pipes, the entire

system is now sometimes denoted as a maar-diatreme

volcano (Lorenz and Kurszlaukis 2007; White and Ross

2011). These volcanoes can be associated with different

magma types, such as alkali basalts, lamproites, or

kimberlites (Martin et al. 2007; White and Ross 2011).

Maar-diatreme eruptions are episodic (White and Ross

2011). However, the manifestation of maar-diatreme vol-

canism is known in many parts of the planet: Africa (Franz

et al. 1997; Garcin et al. 2006; Lorenz and Kurszlaukis

2007; Schmincke 2010); New Zealand (Németh 2001;

Németh and White 2003b); Alaska (Pirrung et al. 2008;

White and Ross 2011); Hungary (Németh et al. 2003);

Argentina (Ross et al. 2010); the French Massif Central

(Degeai 2004); Central Spain (Martı́n-Serrano et al. 2009);

Canada (Smith and Berryman 2007); Siberia (Kamenetsky

et al. 2004), and others. New research into maar-diatreme

eruptions of the World indicates that maar volcanoes can

develop in different geological and geographical settings

(Martin et al. 2007).

Maar-diatreme volcanoes have downward-narrowing,

carrot-shaped eruption channels. In the initial post-eruptive

stage, maar craters are often occupied by lakes, resulting in

partial filling by lake sediments (Lorenz 2003; Pirrung

et al. 2008).

Today, there are two principal theories on the maar-

diatreme-forming process. The phreatomagmatic theory

(Lorenz 1973, 1975, 1986; Büchel 1994; Lorenz 2003;

Schmincke 2007) explains the explosions as the result of

rising melt interacting with groundwater. The gas–fluid

theory (Sorohtin 1985; Sorohtin and Ushakov 2002;

Walters et al. 2006; Wilson and Head 2007; Russell and

Moss 2006; Moss et al. 2008; Cas et al. 2008) interprets

the eruption to result from the fluid pressure in rapidly

propagating, wedge-shaped fissures. At any rate, a char-

acteristic of this kind of eruption is the high water content

of the ejected material. The eruption builds a relatively

low rim of loose, moist tephra which is prone to land-

sliding and rapid erosion (Lorenz 2003). Disrupted aqui-

fers fill the maar crater with water, creating maar lakes.

For instance, a shallow lake had formed during the weeks

following the formation of the Ukinrek maar (Pirrung

et al. 2008).

Typical sizes and morphological parameters of maars

according to Lorenz (2003) are listed in Table 1.

Wood (1974) derived ratios of diameter over crater

depth for Mexican maars. For young maars, he determined

ratios between 5 and 6. Even though the Mexican maars are

unusual for having formed in an arid to semi-arid climate,

Büchel (1993) showed that these values also hold for some

young Eifel maars. The older the maars are, the lower the

Table 1 Basic characteristics of maar-diatreme volcanoes

Morphological elements Parameters

Diameter From 100 to 2,000 m (up to 5,000 m according to Beget et al. 1995)

Crater depth From a few dozens of m to 300 m

Tephra ring From a few m to probably 100 m height (up to 200 m according to Németh 2001)

Slope of the inner crater rim [33�
Slope of the outer rim 5�–10�
Cone-shaped rims Rims are sloping on average 75�–85� toward the center (Lorenz 2007); 50�–60� inferred from

geophysical data (Schulz et al. 2005)

Diatreme depth From a few tens of m to 2.5 km (Lorenz 1986); an approximate theoretical diatreme depth H can be

calculated from the crater radius R and the inclination of the diatreme boundary (a: H = R 9 tan a;

for a = 82� H = 7.1R; for a = 65�, H = 2.1R)
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ratio becomes and the more the crater depth decreases as a

result of post-eruptive filling (Büchel 1993). Shortly after

the explosion, tephra slides down from the inner crater rim

and partially backfills the crater (Lorenz 2003; Németh and

Cronin 2007; Pirrung et al. 2008). Some roofs may collapse

if the actual weight of the tephra is too high or when the

syndepositional or postdepositional (rain) moisture

increases its weight beyond the roofs’ static stability

(Lorenz 2007). Schaber and Sirocko (2005) found a max-

imum sediment thickness in the crater of 1/20 to 1/11 the

crater diameter.

We have recalculated the ratio between crater diameter

and depth, assuming a maximum sediment thickness of

1/11 the diameter. For maars with a tuff ring, the mean of

the recalculated ratios is 4.97 and the mode is 5.1. For

maars with no tuff ring, the mean is 6 and the mode is 7

(Table 2). These results for the West Eifel Volcanic Field

maars agree well with Mexican maars. Similar propor-

tions were also measured for the Ukinrek maars of

Alaska, created by eruptions in 1977. The respective

values for these maars are: Ukinrek West, 168–97 m:

32 m = *5.3–3; Ukinrek East, 307 m: 71 m = *4.3

(Pirrung et al. 2008). However, these observations can

only be applied to young maars. Suhr et al. (2006)

describe long-term continuous subsidence of diatremes

over tens of millions of years, most likely due to com-

paction of the crater fill. This is why thick sediment

successions can accumulate in old maars (e.g., 120 m of

sediments in the 44 Ma Eckfelder Maar; Pirrung et al.

2003).

The proportion of crater depth to diameter also changes

over time. Erosional processes including landslides nor-

mally increase crater diameters and reduce crater depth

with time. Accordingly, the ratio of crater diameter to

crater height should increase with age (Büchel 1993;

Németh and Cronin 2007; Ross et al. 2010).

The slope angles of maars strongly depend on the vol-

ume of ejected material and the pre-eruption topography

(Büchel 1993), but also on the moistness of the tephra and

erosion processes such as slope failure (Lorenz 2003,

2007). The original shape of maars can also be influenced

by the explosion direction (Németh 2001).

Effects of erosion on the form of maars

Over time, the shape of many maars has been strongly

modified by erosional processes, which in turn depend on

climate, tectonic processes and the properties of the rocks

constituting the maar. The erosion of the Eifel volcanoes

and of the entire region has not been investigated in much

detail. Some aspects of erosion were studied in other vol-

canic regions (see below), but the field of research is still

evolving and presents many open questions.

Büchel (1993) and Németh (2001) described different

erosional stages of maar volcanoes. Büchel (1993) dis-

cerned the following five stages:

(a) Initial stage.

(b) Lake stage.

(c) Filled stage.

(d) Moderately eroded stage (ring rim and crater sedi-

ments destroyed).

(e) Strongly eroded stage (only feeder pipe or ‘‘root’’

remains).

Németh (2001) proposed only three erosional stages:

1. Initial stage (positive land forms, several hundred

meters wide, with lake sediments).

2. Moderately eroded (exhumed volcanic pipes filled

with pyroclastic breccias).

3. Strongly eroded (only exhumed feeder pipe remains).

Erosion rates vary over these stages. The tuff rim con-

sisting of volcanic ash and disintegrated country rock

erodes faster than the intact country rock. The deposition of

thick, coarse-grained tephra often brings about slope

instability and failure, whereas ash deposits rarely show

this effect (Schaber and Sirocko 2005). High water content

of the tephra also promotes intense mass movements

(Lorenz 2007). The strong relief of the pristine ring rim

induces rapid erosion with rates decreasing as the relief

decays. After destruction of the ring rim, erosion rates must

drop. Although the poorly consolidated crater sediments

are susceptible to rapid erosion, their position in depres-

sions surrounded by Devonian rocks will shield them. This

explains the long-term preservation of shallow, bowl-

shaped maar remains, such as the Jungfernweiher Maar

(130 ka) and Döttinger Maar (390 ka). When the rims of

maars are incised by rivers, the crater sediments are rapidly

removed and the crater deepens again (Geeser Maar).

Morphological classification of the Eifel maars

We analyzed the mapped maars of the Eifel field with

regard to their morphological properties. Characteristic

profiles are shown in Fig. 3 and elevation data in Table 1.

Expanding the existing classification of erosional stages

(see above), we subdivided them into five classes as fol-

lows (Figs. 3, 4):

I. Maars easily recognizable by the presence of a ring-

shaped tuff rim and steep slopes. These maars have flat

crater floors separated by well-marked knick lines from

the inner slopes. They correspond to stages A, B of

Büchel (1993) and stage 1 of Németh (2001).

II. Well recognizable maars but with no tuff rim or only

indistinct remains. There is a smooth transition from
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ü
rr

es
M

.
[

1
1

2
p

3
3

5
1

7
5

.9
8

.7
1

.2

2
1

1
H

in
k

el
s

M
.

[
1

7
2

p
3

3
6

3
9

1
0

.7
2

0
.7

4
.5

2
0

0
S

tr
o

h
n

er
M

.
8

.8
2

p
3

4
2

2
1

7
.9

1
7

.8
3

.9

2
0

3
H

o
lz

m
aa

r
2

8
1

4
3

4
2

7
9

.7
1

8
.9

4
.1

2
0

9
S

p
ri

n
k

er
M

.
[

2
4

1
C

1
4

4
5

9
8

5
1

9
.9

2
9

.8
6

.5

1
5

3
U

lm
en

er
M

.
7

.3
–

1
2

.4
2

p
4

9
3

6
5

1
4

.4
3

3
.8

8
.1

1
7

7
G

em
ü
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ö

h
e

4
5

7
±

1
2

9
4

4
0

A
r/

3
9

A
r

3
6

8
3

7
7

.2
1

3
.4

2
.4

8
9

S
W

’
R

o
ck

es
k

y
ll

3
6

0
±

4
0

4
4

0
K

a/
4

0
A

r
5

6
5

4
0

6
.8

1
2

.6
2

.0

7
8

A
u

f
D

ic
k

el
6

5
7

5
6

9
.2

2
1

.5
4

.1

R
=

1
0

N
r

L
o

ca
li

ty
R

at
io

o
f

cr
at

er

w
al

l
ar

ea
o

v
er

cr
at

er
fl

o
o

r
ar

ea

S
A

ss
u

m
ed

se
d

im
en

t
th

ic
k

n
es

s
(m

)

(1
:

1
1

o
f

d
ia

m
et

er
)

R
el

at
io

n

D
/(

H
?

S
)

Is
o

m
et

ri
c

lo
ca

l

d
ep

re
ss

io
n

b

C
o

n
ca

v
it

y
c

Is
o

m
et

ri
c

ar
ea

s
o

f
ri

v
er

ju
n

ct
io

n

d
en

si
ty

[
3

/6
0

0
m

2

A
re

a
co

n
ta

in
in

g

m
o

re
th

an

7
li

n
ea

r
ri

v
er

se
g

m
en

ts
/5

0
0

m
2

B
if

u
rc

at
in

g

ri
v

er
p

at
te

rn
s

G
ro

u
p

I

1
9

9
H

it
sc

h
e

M
.

2
.3

1
1

.9
6

.9
–

?
–

–
–

5
4

P
ap

en
k

au
le

1
.0

2
4

.2
4

.1
–

?
–

–
–

2
0

2
D

ü
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ö
ll

er
sb

er
g

1
.4

5
7

.6
5

.4
–

?
–

–
?

1
6

6
N

ie
d

er
st

ad
tf

el
d

er
T

.
1

.6
5

9
.1

6
.9

?
?

?
?

–
?

1
3

6
H

ip
p

er
sb

ac
h

1
.1

5
9

.4
4

.3
–

?
?

?
?

2
4

5
S

ei
d

er
at

h
er

M
.

1
.1

7
0

.8
4

.7
?

?
?

?
?

1
8

2
M

eh
re

n
er

M
.

2
.1

7
1

.5
7

.4
?

?
?

?
?

?
?

1
4

8
H

en
g

st
w

ei
le

r
M

.
1

.1
7

1
.5

4
.9

?
?

?
?

?
?

?

2
4

6
G

y
p

p
en

b
er

g
er

T
.

1
.1

7
5

.2
4

.7
–

?
–

?
?

1
3

4
S

te
in

b
o

rn
er

M
.

1
.7

7
9

.0
6

.9
?

?
?

?
?

?

2
4

7
P

el
m

er
T

.
1

.4
8

4
.8

5
.1

?
?

?
?

?

1
1

5
K

ir
ch

w
ei

le
r

M
.

3
.5

8
7

.6
8

.3
–

?
?

?
?

?

1
0

L
aa

ch
-M

.
1

.6
9

2
.3

7
.0

?
?

?
?

?

1
3

2
G

ee
se

r
M

.
1

.0
9

7
.2

4
.8

?
?

?
?

?

2
5

5
D

ö
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Fig. 3 The five groups of profile shapes for maars and similar volcanoes distinguished in this paper
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crater floors to inner slopes. These correspond to stage

D of Büchel (1993).

III. Maars whose shape has been complicated by fluvial

erosion. These types can often be recognized from

particular geometries of the drainage network.

IV. Very shallow depressions which can hardly be

recognized in the landscape. Most of these were

only identified as maars through geophysical inves-

tigations. This group is equivalent to class C of

Büchel (1993).

V. Deeply eroded maars transformed into positive land-

forms by relief inversion. These correspond to stage E

of Büchel (1993) and stage 3 of Németh (2001).

Some maars overlap, creating complex forms. Such

maars were classified on the basis of profiles across those

parts unaffected by the adjacent maar (Fig. 5a).

There is no linear correlation between our morphologi-

cal classification and the erosion stages defined by Büchel

and Németh, respectively. Only Group I always corre-

sponds to recent maars (Fig. 5b). Groups II to V comprise

both recent and older maars.

Definition of search criteria

In the West Eifel Volcanic Field, Group V only comprises

6 small tuff rings, 2 scoria rings, and 2 maars. Most of them

are particularly small and indistinct. We therefore did not

use the structures of Group V in our definition of search

criteria. Group I to IV structures were used to define maar

characteristics.

Groups I, II, and IV comprise clear ring-shaped struc-

tures. In an ideal circle, the radius calculated from the

perimeter of the contour (Rp) is equal to the radius calcu-

lated from the area (Ra) bounded by this contour and the

ratio of these values—the circular ratio—is one (Ra/

Rp = M = 1). The circular ratio will be reduced by irreg-

ularities of the circle. We expect the landforms of Groups I,

II, and IV to be separated from other local depressions by

calculation of their circular ratios (Zăvoianu 1985). The

difference between the groups is that a tuff rim is well

preserved in Group I and partially preserved in Group II.

The original shapes of Group III maars have been altered

more substantially compared to Groups I, II, or IV, but they

nevertheless retain a negative shape and have characteristic

channel systems, which can be used as search criteria.

Digital Terrain data and GIS allow to rapidly extract

morphological properties of maars and statistically analyze

them (Table 2).

Table 2 shows that the diameters of the maars of the

West Eifel Volcanic Field range from 83 to 1,580 m.

Diameters were calculated as D = 2 9 HS/p, where D is

the diameter and S the area of the horizontal projection of

the surface bounded by the external contour of a maar.

Elevation differences from crater rim to crater floor range

Fig. 4 Representatives of

typical shapes and typical

profiles for each morphometric

group. Further explanations in

the text
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from 6 to 183 m. Maximum slope of the crater rim is 36.9�
in the Gemündener Maar (Table 2).

Analysis of the maar shapes reveals several main geo-

metric features:

• Low, constant slope (0�–4�) of the crater floor which is

smoothed by sediment or water infill.

• Slopes values ranging from 5� to 36� on crater rims.

• Maxima in surface curvature corresponding to crater

rims. These can be obtained from the DTM as maxima

of either of longitudinal curvature or of maximum

profile of surface raster (Wood 1996).

• Minima of profile curvature indicating knick lines

between the rim slopes and crater floors or surround-

ings, respectively. These are characteristic of young

maars.

• Circular contour lines revealing closed, bowl-shaped

depressions

• Constant density of the (calculated) drainage system.

On the basis of this analysis, we have to search for

circular negative landforms with slope angles up to 30�,

knick lines between slopes and floors or surrounding areas

and arcuate scarps probably related to compaction of maar

sediments. An additional criterion is dense drainage sys-

tems with a characteristic pattern.

The extraction of maar landforms then involves the

following steps:

• a residual relief is calculated as the difference between

original and smoothed elevation models;

• circular and elliptical contours are extracted from the

residual relief according to defined circularity ratios;

• slope angles of rims and floors are taken from the slope

raster;

• all knick lines are extracted from the profile curvature

raster;

• crater rims are extracted from the maximum curvature

raster;

• a query is performed for areas where the density of the

drainage network exceeds a defined value.

Data processing

Modern software packages provide several operations for

nearly automated extraction of landscape elements from

DTMs. However, more complex operations require several

steps. This is true of the residual relief and further analyses

based thereon. These calculations involve several param-

eters explained below. The workflow is shown in Fig. 7.

Fig. 5 a Spatial distribution of the five groups of maar-forming volcanoes. b Age distribution in the morphological groups
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Data and programs used

The Digital Terrain Model 50 (DTM 50) represents the

topography of the earth’s surface through a regular point

raster where each point is defined by horizontal coordinates

and an elevation value. The DTM 50 was created in 1990

from the elevation contour lines of the 1:50,000 German

topographic map (Transversal Mercator projection, datum

Bessel 1841). It has a 25 m 9 25 m raster and elevations

are typically accurate to ±4–6 m. Only exceptionally the

accuracy may drop to ±25 m (TLVermGEO). For the

present study, data were acquired from the Bundesamt für

Kartographie und Geodäsie (Federal Agency for Cartog-

raphy and Geodesy). The data were delivered as ASCII

files and transformed into raster data using kriging in

ArcMap. It is a thematic raster of 45 km 9 36 km size

comprised between longitudes E6�260 and E7�40 and lati-

tudes N50�20 and N50�220. Pixel size is 40 m. Each Pixel is

assigned a value of absolute elevation.

The DTM data were processed using the software

packages ENVI 4.3 (RSI) and ArcGIS 9.1 (ESRI). From the

ArcGIS package, we used the modules 3D Analyst, Spatial

Analyst, ET GeoWizards, EasyCalculate, and ArcMap.

Drainage network

Maars affected by fluvial erosion rapidly lose their ring

shape. However, characteristic densifications of the chan-

nel network and clustered junctions of channels of similar

size still indicate the presence of maars. The drainage

network was extracted from digital elevation models using

the ArcHydro module, with the tolerance for stream cap-

ture set to 10 pixels. The rivers were assigned orders

according to Strahler (1952, 1957). The obtained drainage

network coincides well with the natural network (Fig. 8),

except for some tributaries and obvious artifacts on the flat

maar crater floors. There, the drainage network exhibits

closely spaced parallel channels (e.g., Pulver Maar and

Jungferweiher Maar). However, since these very artifacts

highlight flat crater floors, we decided not to eliminate

them before further calculations were made. In the simu-

lated drainage network, we defined as junctions all nodes

except those at the origins or ends of channels (Fig. 8),

which were not used in the following calculations. For the

simulated river network, we calculated the density of

channels and of channel junctions per area. Regions with

more than 7 channels per 500 m2 were selected and con-

verted to outlines (Fig. 9d), and so were regions with more

than 4 junctions per 600 m2. Many known maars coincide

with roughly circular regions of increased junction density.

We therefore converted the closed outlines to polygons and

selected those with a circular ratio of more than 0.81. The

areas thus selected match well with several maars,

particularly those of the 3rd group (maars with forms

modified by fluvial erosion) (Fig. 9f).

Residual relief

Active uplift of the Eifel region has led to accelerated

erosion of volcanic edifices and modification of their

original shapes. Maars located in valleys were affected

differentially by river incision and their shapes have

become similar to the surrounding erosional landforms.

This hampers their identification on topographic maps.

Extracting local depressions from the DTM is a means of

identifying the potential locations of covered and eroded

maars. In order to select local depressions, a generalized

surface model must be created and the DTM subtracted

from it. In our case, the surface model is a surface con-

necting ridges of the DTM. Fitting of the surface to the

ridges was done with variable tolerance, depending on the

order of ridges taken into account.

Natural maars have several small ridges within their

craters. In order to obtain the complete shape of a maar

depression, these ridges should be ignored while the crater

rim should be represented with the highest precision pos-

sible (Fig. 6). Several variants with different tolerance

parameters were tested to arrive at an optimal solution. The

criterium for the best set of tolerance parameters was the

match between the topographic anomalies isolated after

processing a known maars. Each variant tested led to

enhanced identification of some maar groups, but none led

to optimum results for all groups. The steps for one variant

were the following:

1. Using ENVI, ridges and channels were extracted.

According to Wood (1996), ridges are composed of

points exhibiting local convexity perpendicular to a

line with no convexity or concavity:

d2z

dx2
[ 0;

d2z

dy2
¼ 0

Likewise, channels comprise points exhibiting local

concavity perpendicular to a line with no concavity or

convexity:

d2z

dx2
\0;

d2z

dy2
¼ 0

2. Using ArcMap, a base surface was created from the

extracted channels (Grohmann et al. 2007).

3. For the ridges, elevations relative to the base surface

were calculated.

4. Ridges higher than a defined threshold elevation were

selected.

5. Absolute elevation values were assigned to the points

on the selected ridges.
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6. A surface was created from the points using the

natural neighbor interpolation method implemented in

ArcMap Tools.

7. Finally, the new surface was subtracted from the

elevation model to obtain a new residual surface in

which the local depressions stand out (Fig. 9a).

Alternatively, the elevation raster was smoothed using a

5 9 5 pixel low pass filter. Then, elevation values of pixels

with a maximum curvature higher than 0.5 were replaced

by the original values. The new interpolated raster was

subtracted from the elevation surface. This workflow

enhanced the shapes of maars but also separated many

small shapes, thereby strongly increasing noise.

Slope

Slope is calculated as the first derivative of the elevation

model (Wood 1996). It corresponds to the maximum ele-

vation change over a given distance and is indicated in

degrees. A 3 9 3 pixel window was used to calculate a slope

value for each pixel according to the following equation:

Slope ¼ arctan
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

d2 þ e2
p

(Wood 1996; Roberts 2001) where

d ¼ ðz3þ z6þ z9� z1� z4� z7Þ=6g

e ¼ ðz1þ z2þ z3� z7� z8� z9Þ=6g

and z1 to z9 are pixels in the 3 9 3 pixel matrix as follows:

z1 z2 z3

z4 z5 z6

z7 z8 z9

Values of the slope raster smaller than 30� were selected

and combined with the curvature and residual elevation

rasters.

Profile convexity

Profile convexity is calculated for a vertical profile of the

surface in the direction of the inclination and indicates the

change in slope (intersecting with the plane of the Z axis

and aspect direction). It corresponds to the second deriv-

ative of the elevation raster or the first derivative of the

slope (Evans 1979; Wood 1996; Roberts 2001). Profile

convexity is calaculated according to the following

equation:

profc ¼ �200ðad2 þ be2 þ cdeÞ
ðe2 þ d2Þð1þ d2 þ e2Þ1:5

(Wood 1996) where

a¼ðz1þz3þz4þz6þz7þz9Þ=6g2�ðz2þz5þz8Þ=3g2

b¼ðz1þz2þz3þz7þz8þz9Þ=6g2�ðz4þz5þz6Þ=3g2

c¼ðz3þz7�z1�z9Þ=4g2

The profile convexity raster was created using ENVI’s

topography module. Values smaller than -0.05 correspond

to concave positions and knick lines within depressions

(Fig. 9b).

Maximum of profile curvature

The maximum curvature method identifies maxima of the

profile convexity raster. In each case, the highest gray

value in a 3 9 3 surrounding of the Profile Convexity

matrix forms a local maximum. The maximum curvature

raster was also created using ENVI’s topography module.

The maximum of profile curvature is calculated as:

profc max ¼ �a� bþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ða� bÞ2þ c2
p

(Wood 1996).

Contour lines

Contour lines were created from the new residual relief at

2 m intervals (Fig. 9c). From our analysis of maar char-

acteristics, the maximum perimeter of a single maar would

be D 9 p = 1,580 9 *3.14 = *5,000 m. Overlapping

maars could have three times that perimeter value

(*15,000 m). All closed contours with a higher perimeter

can already be eliminated in this processing stage. The

shortest contour was chosen to be no smaller than 2

pixels 9 p = 2 9 40 m 9 *3.14 = *251.2 m. All con-

tours with perimeters between 252 and 15,000 m were

transformed into areas using ET GeoWizards of ArcGIS.

Fig. 6 Generalized land surfaces with different degrees of smoothing

(red, blue, light blue). Profile of the base surface (thin gray line) and

distance of ridges from the base surface (black arrows)
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The areas were then selected according to size and cir-

cular ratio M:

M ¼ 4p� area=perimeter2

(Zăvoianu 1985).

Areas narrower than 400 m were selected if their circular

ratio (M) exceeded 0.85. Those wider than 400 m were

selected if M exceeded 0.6. Thus, all roughly circular local

depressions were separated (Fig. 9e). Unfortunately, this

method eliminates some negative shapes that might be of

maar origin. Visual analysis of these shapes suggests they

represent several overlapping isometric volcanic forms

(Figs. 10b, 11g). Also, maar shapes elongated in one direction

by fluvial erosion were lost (Fig. 10, Gyppenberger Maar).

Processing results

We processed digital elevation data to obtain the following

new datasets:

1. A residual relief surface which enhances all local

negative landforms (Fig. 9a).

2. A concavity raster, identifying points where profile

curvature is less than -0.05 (Fig. 9b).

3. A slope raster for slopes between 5� and 16�.

4. A maximum curvature raster.

5. A shape file of local depressions having circular ratios

more than 0.85 (for small depressions) and more than

0.6 (for large depressions) (Fig. 9e).

6. A shape file of areas where the drainage network has

more than 4 junctions per 600 m, and circular ratio of

more than 0.81 (Fig. 9f).

7. A shape file of contoured areas where the drainage

network has more than 7 channels per 500 m. (Fig. 9d).

Discussion

Complex landform analysis

The use of DTM data allows to automatically extract

several parameters of the maars. The spatial limits of maars

used in the evaluation of their properties were taken from

the Volcanological map West- and Hocheifel (Büchel

1994). Within the maar contours, the DTM raster surface

was transformed to points, and values for slope and ele-

vation were calculated (Fig. 2). Areas with slope angles

below 4� were defined as floors, areas with slope angles

above 4� as slopes. The maar depth was calculated as the

difference between maximum and minimum elevation

values. The thickness of marginal crater sediments was

assumed to be 1/11 of the crater diameter following

Schaber and Sirocko (2005). This sediment thickness was

taken into account in the calculation of the diameter to

hight ratio. Some statistical properties of the maars can be

summarized as follows (Table 3):

While most of the Group I maars are dated, age data

exist for only 10 out of 23 maars in Group II. For some of

the undated volcanoes (Trauzberger, Duppacher, Ellsche-

ider, Merscheider and Oberwinkler maars, Brücker

Schlackenring), minimum ages can be obtained from

estimates of the time when the maar lakes became silted

up. These estimates range from 20 to 66 ka (Schaber and

Sirocko 2005). The relatively strong erosion combined

with young ages for some maars of this group suggests that

either the minimum ages severely underestimate the true

ages or the local erosion was particularly active.

Strong fluvial erosion characterizes many maars in

Group III. Most of the strongly incised maars are located

in the vicinity of the Kyll and Kleine Kyll rivers and

their tributaries. All Group III maars are traversed by

rivers (Fig. 5). The well-developed river system dissect-

ing relatively young maars and slope angles as high as

36� suggests recent uplift that induced strong fluvial

incision.

The statistical characteristics of the maars show that the

most sensitive parameter for group separation is the stan-

dard deviation of slope. Maar diameters show no simple

correlation with age or spatial distribution. The relation of

diameter to crater depth is relatively stable at ca. 5:1 for

maars with a tuff ring and ca. 7:1 for maars without tuff

ring if crater sediments are taken into account. These val-

ues can be used to reconstruct the shapes of eroded maars

and estimate the amounts of erosion.

Table 3 Morphological parameters of the five morphometric groups in the West Eifel Volcanic Field as defined in this paper

Groups Age from–to (ka) Slope of crater wall (�) Standard deviation of slope (�) Elevation Diameter

Max Mean Min Max Mean Max Mean Min Max Mean

I 3–41 37 12 0.8 9 5 183 70 131 1,578 700

II 20–140 28 8 0.9 7 3 117 56 260 980 633

III 16–500 36 9 0.7 9 3.3 141 56 83 1,293 690

IV 34–39 17 6 0 3 1.4 63 30 242 1,562 622

V 23 10 0 7 1.9 90 50 230 656 370
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Maars of Group I which possess a tuff ring differ in age

by as much as 50 ka, yet their shapes show no significant

differences. Most maars of the first group lie east of the

ENSZ. At the same time, we can find maars less than 40 ka

old in the other, more severely eroded groups. Some young

maars, such as the 30 ka old Auel Maar or the 34 ka old

Rother Maar, are almost flat.

On the other hand, some Tertiary maars as old as 44 Ma

are remarkably well preserved. If we assume an original

diatreme depth of 2 km, very low (\0.045–0.06 mm per

year) average rates of erosion result compared to other

areas with maar-diatremes of Tertiary or Quaternary age.

All known maars corresponding to depressions were

clearly visualized in the first two rasters although on the

ground some of them had only been detected using geo-

physical measurements. An even better visualization was

obtained with a RGB combination of the residual relief,

concavity and slope rasters or residual relief with shaded

relief and maximum curvature (Fig. 9g). The concavity

raster was further reduced for additional analysis, taking into

account only pixels where the slope angle is less than 30�.

The maars of Groups I, II, and IV often exhibit char-

acteristic ring patterns in the profile curvature raster

(marked as ‘‘??’’ in Table 2). Maars of Group III are

indistinct in the concavity raster. They show concavity only

where traversed by channels (i.e., Steinborner Maar).

The residual relief created using the method described

above partially removes the effects of fluvial erosion. There-

fore, 52 % of the Group III maars are captured by the circular

contour criterion. Within Groups I, II, and IV, only 7 maars of

small size (diameter \ 370 m = 9 pixels) were omitted.

Thus, 88.5 % of the maars in Groups I, II, and IV were

automatically selected by our new method. Somewhat sur-

prisingly, the shallow Group IV maars were recognized to the

same degree as the better preserved maars of Groups I and II.

The automatic recognition of Group III maars was

markedly improved by searching for circular contours

created from the river junction density raster. This resulted

in a recovery of 20 maars (74 %) out of Group 3. The

method also worked well on Group II maars (80 %

recovery) and only slightly less efficiently on Groups I and

IV (recovery of 61 and 60 %, respectively). The contours

of the drainage network density can be used as an addi-

tional criterion. Density highs often coincide with maars,

but do not have clear circular shapes.

A query for concavity values coinciding with circular

contours of the residual relief and with circular drainage

network density anomalies selects all known negative maar

shapes and several similar shapes, many of which could

represent unmapped maars. This is borne out by measure-

ments of magnetic anomalies indicating a maar origin for

some structures identified from DTM data (Seib et al.

2008). Most maars exhibit arc patterns in the concavity

raster and drainage patterns bifurcating in a specific way

(Figs. 8, 9, 10). The slope and maximum curvature rasters

highlight the annular rims of maar structures and can be

used to search for unknown maars.

Each processing method used and their combination

enhance the visualization of the positions of known maars

and similar structures. Figure 10 shows how anomalies

obtained with the different methods correlate with mapped

maars in a selected area. Figure 11 shows newly recog-

nized maar-forming structures exhibiting several charac-

teristic features. There are clear analogies with mapped

maars (Fig. 7). Figure 12 shows all anomalies obtained

through the methods described above. The new features

can be used to guide future field work or magnetic surveys.

Ages of maars and erosion rates

The majority of the erosion of tephra rings takes place

during eruption and a period of days to weeks afterward

(Németh 2003; Lorenz 2003; Pirrung et al. 2008). Intense

landsliding and collapse of the tephra ring may go on for

several years (Pirrung et al. 2008). This is the most intense

period of maar erosion. After stabilization of the tephra

ring, erosion of maars is relatively slow depending on

climatic conditions, uplifting or type of rocks composing

the ring and crater.

Németh (2001) and Németh and White (2003a, b) esti-

mated the erosion rates of Miocene volcanoes in New

Zealand to range from 0.037 to 0.5 mm per year. The Mio-/

Pliocene Bakony-Balaton highland volcanic field has been

eroding by 0.1–1 mm per year (Németh et al. 2003;

Németh and Martin 1999). Degeai (2004) reconstructed the

Quaternary volcanoes of the French Massif Central and

derived erosion rates between 0.06 and 1.96 mm per year.

Rates between 0.01 and 0.03 mm per year were calculated

for South African kimberlites (Hanson 2007). Based on the

erosion rates of similar regions, we assume that the erosion

rates in the West Eifel Volcanic Field range from 0.03 to c.

2 mm per year.

Degeai (2004) related ages and erosion rates for maars

of the French Massif Central (his Table 3), finding a gen-

eral trend of higher erosion rates for younger maars. We

have plotted his data in a graph (Fig. 13) suggesting an

exponential decay of erosion rates over time.

Nearly flat surfaces across original maar craters occur in

two situations: First, when the ring rim is eroded but the

crater is still filled with sediment, and second, when ero-

sion has reached a level where the diatreme fill resists

erosion as much as the country rock or where a weak fill is

shielded from erosion by the country rock.

When the erosion level reaches resistant rocks in the

diatreme, the maar evolves into a positive form (a hill) by

relief inversion. Positive landforms can also occur in small
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tuff rings or maars when landsliding from the inner slope of

the tephra rim has created relief on the crater floor (e.g., in

the Burlich and SE Bolsdorf tuff rings). However, positive

morphological features can also be formed at an early stage

before erosion reaches the diatreme. This happens if the

surrounding rocks are less resistant to erosion than the

rocks filling the crater. An example is the Waipiata Vol-

canic Field in New Zealand (Németh 2001), where the

surrounding, poorly consolidated sedimentary rocks are

softer than the pyroclastic rocks of the maar-diatremes.

Most likely the formation of residual maar forms will

evolve along a different path there and depend on the ratio

of erodibility of host rocks to erupted rocks. The method

outlined in the present paper would have to be adapted to

such a scenario, but some search criteria would be the

same, such as isometric shapes, ring structures and ring-

shaped knicklines. In the West Eifel Volcanic Field, all

stages of erosion can be observed, from young maars which

have suffered very little erosion to those where the feeder

pipe forms a hill.

Hesse (2000) reconstructed the Geeser Maar. His cross-

sections of the original crater rim suggest maximum ero-

sion of 170 m. Assuming that the Geeser Maar formed c.

100–200 ka ago (Hesse 2000), the erosion rate would be

0.85–1.7 mm per year. This is near the upper limit of the

erosion rates estimated for similar areas. Burbank and

Anderson (2001) describe a relationship of slope angles

and ages of landforms. They show that slopes steeper than

Fig. 7 Schematic outline of the work flow of this study
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30� are consistent with tectonics younger than 103 years.

The V-shaped cross profile of the river that dissected the

Geeser Maar and valley flanks as steep as 31� suggests

tectonic activity in the area which is younger than the

Geeser Maar.

Despite its higher age, the Döttinger Maar preserves a

more complete succession of lake sediments, suggesting no

more than 200 m of erosion during 390 ka. This corre-

sponds to an erosion rate of less than c. 0.5 mm per year.

Close to the Döttinger Maar, there are Tertiary diatremes

(Büchel 1994), with estimated ages between 44 and 35 Ma

(Fekiacova et al. 2007). If these represent the roots of

maars as proposed by (Mertes 1983; Büchel 1992; Fekia-

cova et al. 2007), and assuming an original maximum

depth of some 2,000 m for them, the erosion rates were as

low as 0.045–0.06 mm per year. This is 10 times lower

than the erosion rate for the Döttinger Maar and 20 times

less than that for the Geeser Maar. It is surprising that the

Eckfelder Maar despite its high age of 45 Ma still has a

complete succession of lake sediments and a bowl-shaped

topography (Pirrung et al. 2003). Even at the low end of the

range of erosion rates derived from other maars it should be

eroded to the level of the feeder pipe or completely

destroyed. This leads us to assume that the Eckfelder Maar

was covered by Oligocene to Miocene sediments and did

not erode at all for an extended period of time. In the NE

part of the area studied, there occur intrusions and extru-

sions (Büchel 1994) which have been dated at 44–39 and

37–35 Ma (Ar/Ar) (Fekiacova et al. 2007) and interpreted

as remains of volcanic structures similar to the Quaternary

West Eifel volcanoes. Also in this case, there is no simple

relationship between age and degree of erosion: the small

intrusions interpreted as remnants of feeder pipes are

younger than tuff pipes which should represent a shallower

erosion level. It is likely that these Tertiary maars were also

covered for some time but became exhumed earlier than

the Eckfelder Maar. The strongly varying erosion states of

old maars are thus indicative of differential uplift or sub-

sidence and of different tectonic settings. The erosional

history differs strongly with location, and short-term and

long-term erosion rates can give clues to the local combi-

nation and succession of processes.

Fig. 8 River network simulated

from the DTM. The mapped

river network is also shown for

comparison. In the simulated

network, parallel channels stand

out as artefacts on the maar

crater floors. In the calculation

of channel junction density,

only nodes corresponding to

junctions (blue) were used,

whereas nodes representing

channel start points or end

points (white) were discarded.

Maars of Group III are best

accentuated by junction density

(e.g. Aueler Maar Fig. 10e,

Geeser Maar Fig. 10c). Tuff

rings have often lost their initial

ring shape (e.g. Gyppenberger

Tuffring, Fig. 10b). Group IV is

well represented (Fig. 10g, h).

The shape of the Rother Maar

(Fig. 10h) should probably be

retraced following the outline of

the anomaly. Figure 10a, b, f

shows a good correspondence

between junction density

anomalies and nine maars

verified through magnetic

measurements on the ground

Fig. 9 Detail of the processed DTM data (Daun region). a Location

of known maars on the residual relief surface, color-coded according

to morphometric groups, b profile curvature raster, c contours of the

residual relief, d density per area of channels, e contoured isomet-

rically shaped depressions, f isometrically shaped areas of elevated

junction density, g RGB color combination with R: profile convexity

of the residual relief, G: slope of the residual relief and B: residual

relief, h Superposition of b, e, and f in a single image

c
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Ages for the West Eifel Volcanic Field maars were

published by several authors (Straka 1975; Büchel and

Lorenz 1982; Büchel 1993; Mertes 1983; Meyer 1994;

Zolitschka and Negendank 1995; Schmincke 2004;

Schaber and Sirocko 2005). Many maars have not been

dated yet. As of today, only 44 out of 95 maars are dated.

Available ages are based on palynology and different iso-

topic dating methods (K/Ar, Ar/Ar, 14C) and often vary

strongly for the same maars depending on methods used

and authors.

Our statistical analysis of maar age versus morphology

is primarily based on the compilation by Schaber and

Sirocko (2005; Table 5 in their paper). We preferentially

used their recent ages derived from 14C dating on sediment

cores. In addition, we used some age data from other

authors (Meyer 1994; Pirrung et al. 2003; Nowell et al.

2006) (Table 2). The minimum ages were taken as a first-

order estimate of the maars’ true ages. The West Eifel

Volcanic Field maars formed at different times. The old-

est one is the Eckfelder Maar, dated at 44 Ma. The next

oldest maar-shaped volcano is the Hohenfelser Maar

(660 ± 80 ka), followed by the W0(West) Basberg Maar

(524 ± 197 ka). Five maars are bracketed between 345

and 460 and five maars between 130 and 140 ka, and two

between 66 and 60 ka. From 45 ka through 7 ka, maar

eruptions occurred at a relatively regular rate of 1–3 per

1 ka, with a maximum pause of 4 ka duration. The distri-

bution of ages in the morphological groups (Fig. 5b) shows

that ages for similarly eroded volcanoes scatter broadly.

This points to strongly varying rates of erosion in the West

Eifel Volcanic Field.

Most of the maars with ages younger than 45 ka are

located east of the Eifel North–South depression. 30 out of

40 ages are younger than 45 ka. It is not clear whether this

represents an actual increase in the frequency of maar

eruptions or a better preservation of maar-diatreme volca-

noes. The sampling of maars for age dating was probably

biased toward the younger, better preserved structures,

whereas strongly eroded or covered maars may be

underrepresented.

Fig. 10 Detail of known maars compared to accentuated topographic

anomalies. Almost all maars from Groups I and II are highlighted

through several criteria. Only a few maars which are either very small

or non-isometric due to interference with other maars (Hohenfelser

Maar, Fig. 10b) were not selected
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Conclusions

On the basis of DTM data, we subdivided all known maars

and similar volcanoes (tuff rings and ‘‘scoria rings’’) of the

West Eifel Volcanic Field into five morphologic groups.

We extracted and statistically analyzed the morphologic

characteristics of known maars in the region in order to

define criteria for the mapping of maars from DTMs and

develop suitable workflows. The calculation of a residual

relief surface as the difference between the original and

smoothed land surfaces is particularly useful in aiding the

identification of local anomalies. In the present study, we

propose a method for regulating the tolerance of smoothing

and the residual relief. The processed DTM data revealed

not only the maars presently mapped but also structures

with similar characteristics.

The preservation of maar shapes is not linearly depen-

dent on age. This probably reflects a complex combination

of parameters such as preexisting relief, river network

evolution, and uplift rates varying in space and time.

Erosion rates can thus only be estimated locally and cannot

be extrapolated to adjacent areas. Age estimates should

never be made based on preservation state alone. Estimates

of erosion levels should not be based solely on preserved

shapes but also take into account additional geologic

information, such as the occurrence of xenoliths from

(originally) overlying strata. For instance, Hanson (2007)

gives an estimate for the erosion of kimberlites of South

Africa based on the occurrence of xenoliths of upper Karoo

basalt in the kimberlite pipes.

The spatial distribution of the erosion groups of the

maars shows systematic differences between areas west

and east of the N–S Eifel depression. The more strongly

eroded maars tend to occur in the west, suggesting a higher

uplift rate west of the N–S depression present-day.

Complex analysis of elevation data to reveal bowl-

shaped features can not only be used for the identification

of volcanic structures but also for other mapping tasks.

More generally, the methods presented here can be adapted

to any analysis or reconstruction of regional and local relief

Fig. 11 Enlarged representation of some structures selected on the

basis of associated anomalies resembling those of known maars. All

of them exhibit characteristic patterns in the concavity raster and

channel junction geometries. c–e, and h Show clear isometric

contours in the residual relief (red lines), whereas a, b and g only

show junction density anomalies. g shows an area of high junction

density which is probably anisometric due to the overlapping of two

or more maars. h shows a major annular structure coinciding with a

depression and bifurcating 4th order channels. e is the only example

with no increased channel density
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as a basis for (semi)-quantitative studies of geomorpho-

logic processes. The methods can also be used in the

analysis of micro-surfaces, such as vesicular or granular

structure, and can be adapted to local changes.
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relief, processus, environnement (Paris-Lyon) 2:137–152

Németh K (2003) Calculation of long-term erosion in Central Otago,

New Zealand, based on erosional remnants of maar/tuff rings.

Zeitschrift für Geomorphologie NF 47:29–49

900 Int J Earth Sci (Geol Rundsch) (2013) 102:875–901

123

http://dx.doi.org/10.1016/j.jvolgeores.2006.06.003
http://dx.doi.org/10.2516/ogst:2005003
http://dx.doi.org/10.2516/ogst:2005003


Németh K, Cronin SJ (2007) Syn- and post-eruptive erosion, gully

formation, and morphological evolution of a tephra ring in

tropical climate erupted in 1913 in West Ambrym, Vanuatu.

Geomorphology 86:115–130

Németh K, Martin U (1999) Late Miocene paleo-geomorphology of

the Bakony-Balaton Highland Volcanic Field (Hungary) using

physical volcanology data. Zeitschrift für Geomorphologie

43:417–438

Németh K, White JDL (2003a) Geochemical evolution, vent struc-

tures, and erosion history of small-volume volcanoes in the

Miocene Intracontinental Waipiata Volcanic Field, New Zea-

land. Geolines J AS Czech Repub (Proceedings for the Hibsch

2002 Prague meeting on ‘‘Alkaline basaltic continental rift

related magmatism’’) 15:63–69

Németh K, White JDL (2003b) Reconstructing eruption processes of

a Miocene monogenetic volcanic field from vent remnants:

Waipiata Volcanic Field, South Island, New Zealand. J Volcanol

Geotherm Res 124:1–21

Németh K, Martin U, Csillag G (2003) Calculation of erosion rates

based on remnants of monogenetic alkaline basaltic volcanoes in

the Bakony-Balaton Highland Volcanic Field (Western Hun-

gary) of Mio/Pliocene age. Geolines 15:93–97

Nowell DAG, Jones MC, Pyle DM (2006) Episodic Quaternary

volcanism in France and Germany. J Quat Sci 21(6):645–675
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