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Searching for gas exhalation around major tectonic contacts raises important methodological issues such
as the role of the superficial soil and the possible long distance transport. These effects have been studied
on the Xidatan segment of the Kunlun Fault, Qinghai Province, China, using measurement of the radon-
222 and carbon dioxide exhalation flux. A significant radon flux, reaching up to 538 £33 mBqm 25!

Keywords: was observed in a 2-3 m deep trench excavated across the fault. On the soil surface, the radon flux varied
Exhalation flux from 7 to 38 mBqm~2s~, including on the fault trace, with an average value of 14.1 + 1.0 mBqm 257,
Radon-222 .. - . .

Carbon dioxide similar to the world average. The carbon dioxide flux on the soil surface, with an average value of
Faults 12.9+33 gm 2day}, also remained similar to regular background values. It showed no systematic
Earthquake spatial variation up to a distance of 1km from the fault, and no clear enhancement in the trench.
Trench However, a high carbon dioxide flux of 421 & 130 gm*2 day’l was observed near subvertical fractured

phyllite outcrops on a hill located about 3 km north of the fault, at the boundary of the large-scale pull-
apart basin associated with the fault. This high carbon dioxide flux was associated with a high radon flux
of 607 + 35 mBq m~2 s~ L. These preliminary results indicate that, at the fault trace, it can be important to
measure gas flux at the bottom of a trench to remove superficial soil layers. In addition, gas discharges
need to be investigated also at some distance from the main fault, in zones where morphotectonics
features support associated secondary fractures.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Radon-222 is a radioactive inert gas, with a half-life of 3.8 days,
ubiquitous in natural settings as a member of the uranium-238
chain (Tanner, 1964). The radon exhalation flux at the soil surface
depends on the transport properties of the medium and the
concentration of its parent nucleus, radium-226. Except in the
presence of uraniferous formations, the flux remains generally
close to the world average of 22 mBqm2s~! (Nazaroff, 1992).
However, the flux can be much larger if the physical properties of
the subsurface medium allow for a higher permeability to gas of the
subsurface, or in the presence of a carrier gas, such as carbon
dioxide, methane or water vapour, advectively driven from depth
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towards the surface. A radon flux larger than 3000 mBq m~2s~ !, for
instance, has been reported at several locations near hot springs in
Central Nepal (Girault et al., 2009; Perrier et al., 2009). Increased
radon transport to the atmosphere also leads to higher radon
concentrations in the soil. Concentrations larger than
20,000 Bq m~3, significantly larger than local background values,
have been reported on volcanoes (Baubron et al., 1991; Heiligmann
et al., 1997) and in tectonically active areas such as along the San
Andreas Fault system in California (King et al., 1996). Mapping
radon concentration and radon flux anomalies, thus, has been
proposed as a way to detect hidden faults (Burton et al., 2004). A
few studies also suggested that monitoring the radon concentration
in the soil (Richon et al., 2007) or its exhalation to the atmosphere
as a function of time could be useful in order to forecast impending
earthquakes (Toutain and Baubron, 1999; Richon et al., 2003).

The pattern of radon exhalation in the vicinity of major tectonic
faults remains confusing, however (Table 1). While clear anomalies
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were detected in some cases, such as the San Andreas Fault (King
et al,, 1996), or in the Dead Sea rift in Israel (Steinitz et al., 1992),
negligible enhancement of the radon signal was reported near
major faults such as the North Anatolian Fault in Turkey (Inceoz
et al., 2006) and the Levant fault in Jordan (Atallah et al., 2001;
Al-Bataina et al., 2005). Most of these studies, however, relied on
profiles with few data points (Giammanco et al., 2009), and where
more extensive studies were undertaken, for example, in California
(King et al., 1996), they were discontinued. On the other hand, clear
correlation of radon anomalies with Quaternary faults was reported
in Italy (Tansi et al., 2005), in Germany (Kemski et al., 1992), and in
France, in the Pyrenees (Baubron et al.,, 2002), where seismic
activity and tectonic strain rates are at least one order of magnitude
smaller. The correlation between radon concentration anomalies
and tectonic structures, which is at present elusive but potentially
promising, should thus be reexamined in a more systematic
manner in active tectonic zones.

Before such comprehensive studies can be undertaken, some
methodological issues need to be clarified, in particular concerning
the role of the superficial soil layers. In addition, potentially inter-
esting locations may need to be investigated away from the known
fault trace. In this paper, to contribute to these methodological
issues, we present preliminary results of radon-222 and carbon
dioxide flux measurements along one of the major continental
strike-slip faults of Asia, the Kunlun Fault (KF, Fig. 1).

2. Geological setting

The Kunlun fault is a left-lateral fault (Fig. 1) that extends
roughly over a distance of about 1600 km along an east-west
direction (Tapponnier et al., 2001). With a mean slip rate of about
10-12 mm per year over the last 40,000 years (Van der Woerd et al.,
2000; Van der Woerd et al., 2002; Haibing et al., 2005), this fault is
currently in an active cycle, with at least six earthquakes with M > 7
having successively ruptured various segments of the fault or
nearby branches between 1879 and 2000 (Tapponnier and Molnar,
1977; Tapponnier et al., 2001; Klinger et al., 2005; Wen et al., 2007).
In 2001, the Kokoxili earthquake, with a magnitude close to 8,
ruptured a 450 km long segment of the fault, the longest strike-slip
surface rupture observed so far in Asia (Klinger et al., 2005; Xu
et al., 2006). Our measurements were performed at two locations
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along the Xidatan segment of the KF (Fig. 1), near the eastern end of
the Kokoxili rupture.

The Xidatan valley, located at an altitude of about 4200 m a.s.l,,
is a former pull-apart trough, floored by coalescent alluvial fans
(Fig. 2). It separates metamorphic Paleozoic phyllite and arenite
intruded by granites to the north from Triassic green arenite,
conglomerate, phyllites and limestone to the south. The valley is
almost flat, with a gentle slope to the north. The fault shortcuts the
Xidatan pull-apart with a strike of about 80-90°E and its most
active surface trace is marked by scarps and hectometric scale pull-
apart and push-up structures in the quaternary alluvial fans (Fig. 2).

In 2004, trenches were excavated at various locations of the
Xidatan segment to unearth and study evidence for paleo-
earthquakes. For the aims of the present study, we selected one of
these trenches (Fig. 3a and Fig. 4) in the vicinity of the Xidatan
railway station (Fig. 1). This trench (4215 m a.s.l.) is 3 m wide, 20 m
long, with a depth reaching 3 m in its middle section at the fault
trace. Seismic fault breaks accompanied by bending of the sedi-
mentary layers can be identified precisely in the trench. One profile
of radon-222 exhalation flux was performed across the fault on the
soil surface about 19 m west of the trench (Fig. 4). Radon flux
measurements were also performed inside the trench, along the
base of its western wall. Two profiles of carbon dioxide flux were
performed near the radon profiles: one short profile, 1 m east of the
trench, and one long profile, 50 m east of the trench (Fig. 4).
The high water content of the sediments near the fault and in the
trench, however, was a concern for gas measurements. Radon
diffusion may be inhibited by water and carbon dioxide is highly
soluble in water.

We thus looked for a site closer to bedrock with minimal soil
covering and where geomorphology suggested a possible associa-
tion with the long-term activity of the fault. A hill on the northern
side of the valley, hereinafter referred to as the KA hill, was selected
(Fig. 3b). The KA hill is located at the northern edge of the pull-part
basin about 650 m north of the Golmud to Lhassa road, on the
eastern side of the Xidatan settlement (Figs. 1 and 2). Its altitude is
4200 m a.s.l, 50 m above the road, and it shows outcrops of
schistosed Paleozoic phyllites, with a dip angle of the order of 70° to
the north (Fig. 3b and c). The weathered rock is covered by a thin
veneer sandy soil. In contrast with the southern slopes of the valley,
which are covered by snow, the northern side of the valley, and in

Table 1
Summary of radon-222 profiles performed across active faults.
Location Fault  Sampling Profile Typical number  Peak radon signal Mean background  Reference
depth (m) length of data points (concentration radon level
(m) or flux)
Calaveras Fault, Hollister, California SSF 0.3 400 50 30,000 Bqm—3 3000 Bqm 3 (King et al., 1996)
San Andreas Fault, Point Reyes, California ~ SSF 0.3 150 20 30,000 Bqm—3 5000 Bqm—3
Johnson Valley Fault, Landers, California SSF 0.3 450 30 4000 Bqm > 400Bqm >
Dead Sea, Israel NF 0.5 500 30 >500,000 Bqm—3 26,000 Bgm~—3 (Steinitz et al., 1992)
Dead Sea Transform, Wadi Araba, Jordan SSF 0.5 <50 <15 1800 Bqm > 1000 Bqm > (Al-Bataina et al., 2005)
Dead Sea Transform, Jordan SSF 0.5 400 <20 3000 Bqm—3 <1000 Bqm™—3 (Atallah et al., 2001)
North Anatolian Fault, Turkey SSF 0.5 200 <20 9800 Bqm 3 6000 Bqm 3 (Inceoz et al., 2006)
Shan-Chiao Fault, Taiwan NF 0.8-1.0 2-8km <20 28,000 Bqm > 6000 Bqm 3 (Walia et al., 2005)
Crati graben, Italy NF 0.5-1.0 15,000  >2000 39,000 Bqm~— 9100 Bqm—3 (Tansi et al., 2005)
North and Northwestern Greece NF 0.5 180 10 13,000 Bgm—3 2000 Bqm—3 (Ioannides et al., 2003)
Jaut Pass, Pyrenees, France NF 1.0 1200 80 70,000 Bqm—3 10,000 Bgm™—> (Baubron et al., 2002)
Bad Nauheim Fault, Aachen, Germany NF 1.0 200 <30 >1,000,100Bqm~—> 30,000 Bqm 3 (Israél and
Bjornsson, 1966)
Neuwied Basin, Rhine Graben, Germany NF 2 125 25 140,000 Bqm~3 <10,000 Bqm 3 (Kemski et al., 1992)
Main Central Thrust, Nepal TF 0.3 50 10 60,000 Bqm 3 4400 Bqm > (Perrier et al., 2009)
Surface 50 70 5200mBqm2s~!  20mBqm ?s! (Perrier et al., 2009)

TF Surface 35 145 3400 mBqm 25! 31 mBqm ?s~! (Girault et al., 2009)

Kunlun Fault, Qinghai, China (this study)  SSF Surface 250 60 660 mBqm 25" 20 mBqm 25! This study

NF, TF and SSF stands for Normal Fault, Thrust Fault and Strike-Slip Fault, respectively.
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Fig. 1. Simplified geological and structural map of Xidatan trough showing locations of radon and carbon dioxide flux measurements. The trench excavated to sample the Xidatan
segment of Kunlun Fault is shown as inset. The solid star indicates the location of radon and CO, measurements at KA Hill.

particular the KA hill, is rather dry, due to favorable sun exposition.
Carbon dioxide flux measurements were performed on two parallel
profiles on the summit of the KA hill, roughly following the direc-
tion of the ridge (Fig. 3a and c). At four locations, the radon flux was
also measured.

3. Experimental methods

Radon exhalation was measured using the accumulation
chamber method (Wilkening and Hand, 1960; Ferry et al., 2001;
lelsch et al., 2001). First, 5-10 cm of soil was scrubbed. Then an
accumulation chamber of 18 L volume and 0.125 m? surface area
was installed on the scrubbed area. Leakage was reduced by plas-
tering the sides of the container with wet soil. After 1 h, the gas in
the container was sampled by a Lucas scintillation flask (Lucas,
1957) with a volume of 125 mL, previously evacuated to a pres-
sure of about 40-80 hPa. The atmospheric pressure was 620 hPa at
this elevation. The radon-222 concentration in the flask was then
obtained from counting photoemissions after a waiting time of 3 h,
the necessary delay to achieve radioactive equilibrium between
radon-222 gas and its short-lived daughters. The counting opera-
tion was performed with a CALEN™ photomultiplier from Algade.
The radon exhalation flux ¢ was obtained from the measured radon
concentration using (Wilkening and Hand, 1960):

@ = g TR, (1)
Tacc

S‘élCC

where V, is the container volume, S, its base surface area, Tycc
the accumulation time (1h), and Cr, the measured radon
concentration at time T ... The point-to-point measurement error
was dominated by the statistical error on the counting rate. In
addition, when comparing with other experiments, a common
systematic uncertainty of 5%, due to the absolute calibration of the
scintillation flask, is to be added in quadrature to obtain the total
error (noted as tot.)

The same scrubbing method was applied for the measurement
of the carbon dioxide flux, using a smaller accumulation chamber of
5L volume and 0.053 m? surface area. We used a smaller accu-
mulation chamber for CO- flux because it was easier to scrub soil on
small surface. The concentration of carbon dioxide in the container
was measured using a TESTO-235™ infrared sensor whose cali-
bration had been checked in the laboratory. The concentration of
carbon dioxide was recorded manually as a function of time, with
time interval of 30 s, with a maximum accumulation time varying
from 10 to 20 min. The concentration c(t) as a function of time was
then fitted using the function:

Vacc E ot
* Sacc AO (1 € )7 (2)

c(t) = ¢o

where F was the carbon dioxide flux, ¢y a baseline concentration,
and Ap the removal rate. The flux F was then converted into
gm2day! (Lewicki et al, 2003), without applying further
corrections. With this simplified method, we focused on the
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Fig. 2. Map showing the position of the trench (T) and KA hill in the Xidatan valley, China. Geological contours are taken from the 1:200,000 geological map (Geological Bureau of

Qinghai Province, 1980) with white areas referring to alluvium and moraine.

search of anomalous locations. The error on the flux F was
dominated here by the uncertainty on the estimation of the slope
of the concentration versus time. The resulting point-to-point
uncertainty varied from 15 to 25%, which was sufficient for our
purpose. When comparing with other experiments, a conservative
systematic uncertainty of 25% is to be added in quadrature, also
noted as (tot.).

The experiment took place from 23 to 30 September 2006. An
episode of limited rainfall occurred during the experiment on
September 25, followed by a moderate episode of snowfall (thick-
ness of 2 cm) from 26 to 27 September. In order to estimate the
effect on soil gas flux of such atmospheric events, the CO; flux was
repeatedly measured at different times over the duration of the
experiment at different reference points. Temporal variations of the
flux were observed, with a standard deviation around the mean
value varying from 20 to 40%. Except in one case, such temporal
fluctuations were not clearly associated with rain or snowfall but,
rather, with rapid variations of atmospheric pressure and the
occurrence of wind episodes.

4. Results of measurements across the fault

The results across the fault are shown in Fig. 5. Along the soil
surface profile, the radon flux remained almost constant with an

average value of 14.1 +£1.0 (tot.) mBqm 2s~". The mean radon
flux value along the segment of profile —100m to 100 m
(18.2 + 1.1 mBqm2s~!) was significantly higher than the mean
value measured between 100 m and 200 m (11.5 + 0.9 mBqm2s~1).
However, measurements at distances larger than 100 m along this
profile were performed one day after the other measurements.
Consequently, the observed systematic difference could also reflect
a coherent time variation.

A much higher radon flux was observed inside the trench
(Figs. 5 and 6), reaching a maximum value of 538 +33
(tot.)mBqm~2s~!, with 12 measurement values larger than
100 mBqm~2s~ . Such large flux values cannot be attributed to
a local source because flux measurements performed on material
excavated from the trench yield a value of 9.0+1.5
(tot.) mBqm2s~ L.

Two properties of the measured radon flux in the trench must
be noted. First, the flux was not correlated with depth in the trench.
The largest value was not observed in the deepest section of the
trench. The larger values of the radon flux may be associated with
the vertical structures in the sediments (indicated with blue arrows
in Fig. 6) seen in the northern part of the trench, possibly chan-
neling the gas transport (Fig. 5).

The second conspicuous property of the radon flux in the
trench was its time variability from day to day. While the flux
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View from Hill to trench.

Fig. 3. Location of radon and carbon dioxide flux measurements on KA hill, at an altitude of 400 m a.s.l, 3 km north of the main trace of Kunlun Fault. (a) View of trench and
southern part of the Xidatan valley from summit of KA hill. (b) View from trench, showing the KA hill. (c) Sketch of profiles performed on the KA hill.

always remained larger than the background flux measured on
the soil surface, it was significantly smaller in the southern
section of the trench on September 27 than on September 28. The
reduction of the flux on September 27 might be attributed to
slight rainfall. Alternatively, the enhancement of the flux on
September 28 may be attributed to a rapid decrease of the
atmospheric pressure, leading to a barometric pumping effect
(Clements and Wilkening, 1974).

The long profile of carbon dioxide flux (Fig. 5), which could not
be extended much north of the fault because of steady snowfall at
the end of the experiment, exhibited a spatially uniform value of
the carbon dioxide flux, similar to the values observed along the
short profile, with an average value of 12.9 = 3.3 (tot.) gm 2 day .
Within 1 m of the fault trace, the average carbon dioxide flux was
6.9+ 13gm 2day !, thus significantly smaller than the values
obtained at larger distances from the fault. Inside the trench, the

Radon flux®"

proﬁll on surface
&

Radon flux
>~ profile " !
—|'in the trench

CO, profiles

Fig. 4. Location of radon and carbon dioxide flux measurements near the trench across the surface trace of the Xidatan segment of Kunlun fault. Altitude of the surveyed area is

4215 m as.l.
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Fig. 5. Results of radon and carbon dioxide flux measurements across the trace of the Xidatan segment of Kunlun fault. Measurements performed on soil surface are compared with
results at the bottom of trench. The origin of abscissas in the plots corresponds to the fault trace in the trench. Errors are point-to-point errors only, not including the common

systematic uncertainty.

carbon dioxide remained at a level similar to the background value,
with a mean value in the trench of 18.7 + 3.3 (tot.) gm 2 day~’, and
a maximum value of 32.1 £6.3 gm2day .

5. Results of measurements on the KA hill

On the KA hill, a significant carbon dioxide flux, larger than
80 gm 2day~! was observed consistently on both profiles over

a distance of about 20m. The peak values are 4214130
(tot.) gm~2 day ! for the KA1 profile and 179 + 45 (tot.) gm 2 day~!
for the KA2 profile. Flux measurements were repeated eight times
over a 48 h period at the maximum of KA1 profile (20 m north of
origin), and values varied from 65 +9gm~2day !, significantly
larger than the background level, up to 421 £77 gm~2day ™, with
a mean of 187 +61 (tot.) gm~2day ! (Fig. 7). Such large temporal
variations suggested that advective transport was modulated by
atmospheric pressure variations.

700
—@— In trench 27/09/2006
~ —@— In trench 28/09/2006
= 6009 9 In trench 29/09/2006
g —@— Surface + 1m west §
o' 500
[as]
= 400 3
;‘: \A,
= 300 L4
&
B 200 (]
i B
=
o2 100 - %
_m— R S
= ——ag
0= ———— —— — —— — @
T T T T T T T T T T
15 -10 -5 5 10
South Fault North

Trench

Fig. 6. Results of radon flux measurements at the bottom of the trench excavated across the Xidatan segment of the Kunlun fault. A picture of the Eastern wall of trench is shown
below the data plots. Errors are point-to-point errors only, not including the common systematic uncertainty.
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Fig. 7. Results of radon and carbon dioxide flux measurements on the KA hill at
Xidatan, 3 km north of Kunlun Fault. Errors are point-to-point errors only, not
including the common systematic uncertainty.

Four measurements of the radon flux were also performed on
the KA hill (Fig. 3a), and the results are shown in Fig. 7. While
three values were not significantly larger than the background
value (average value of 62 +20 mBqm 2s~'), a large radon flux
of 607 +35 (tot.)mBqm~2s~! was observed at the point where
the maximum carbon dioxide flux was observed. This large value
was unambiguous, with a photomultiplier count exceeding 1000
in 3 min.

6. Discussion

The observed magnitude of the radon flux was close to the
world average of 22 mBqm2s~! (Nazaroff, 1992) and to annual
mean values ranging from 5.9 to 59.6 mBq m 2 s~ !, with an average
of 24 mBq m—2 s, reported for soils in East Asia (Zhuo et al., 2005).
An average of 37mBqm 2s~' was reported for Quaternary
deposits (Ielsch et al., 2001), larger than the mean value of 14.1 +1.0
(tot.) mBqm~2s~! observed near the trench. Soil gas was also
sampled at a depth of 15 cm, 1 m east of the trench, and the radon
concentration, measured using a Lucas cell, was 10,800+
500 Bqm~3. Both the activity value measured and the observed
mean flux were compatible with radon diffusive transport of radon
in a soil having a homogeneous radium concentration of about
40 Bq kg~ (Nazaroff, 1992).

Thus, the enhanced radon flux must result from advective
transport from a deeper source, which might reflect enhanced gas
permeability along the fault. Radon flux values larger than
100 mBqm 2s~! have been observed over granites and leucog-
ranites (lelsch et al., 2001) which are characterized by values
ranging from 9 to 837 mBq m~2 s~ !, with a mean of 72 mBqm 25",
Our observations, thus, suggest an enhanced connectivity through
the sedimentary cover to a deeper bedrock containing granites in
the vicinity of the fault. The maximum value of the flux in the
trench remained small compared with values larger than
3000 mBqm2s~! observed near a hot spring in Central Nepal
(Girault et al., 2009; Perrier et al., 2009), where massive carbon
dioxide degassing occurs. Nevertheless, our results (Fig. 5) provide
one of the most significant radon anomalies reported so far in
association with a tectonic fault (Table 1).

The mean CO; flux value across the fault (12.9 + 3.3 gm 2 day )
was similar to background values reported in California (Lewicki
et al,, 2003), or values ranging from 5 to 20 gm2day ! observed
in the Kathmandu valley in Nepal (Perrier et al.,, 2009).

The average peak CO; flux observed on the KA hill was signif-
icantly larger (187 =61 gm 2 day 1), but such values of the carbon

dioxide flux remain small compared with maximum values
recorded on active volcanoes and geothermal zones, which typi-
cally exceed 10,000 gm2day~! on the Stromboli in Sicilia
(Finizola et al, 2006), 7000gm 2 day~! at the Yangbajain
geothermal field in Central Tibet (Chiodini et al., 1998), or
19,000 gm2day~' near a hot spring in Central Nepal (Girault
et al, 2009; Perrier et al., 2009). Such high values are quite
exceptional, however, and lower values are more commonly
observed. A mean value of 1000 gm 2day !, for example, was
determined on the San Vicente volcano in El Salvador (Salazar
et al,, 2002). In the Dixie Valley geothermal field in California
(Bergfeld et al., 2001), values reaching up to 570 gm > day~! were
only observed at a location adjacent to a fumarole. The maximum
value recorded on the KA hill (421 £77 gm~2s~!) was of the same
order of magnitude.

7. Conclusion

In this paper, we show that a significant soil radon flux was
measured in a trench across the KF in Xidatan. However, since no
signal was observed along a parallel soil surface profile, the radon
anomaly associated with the fault would have been missed
without the opportunity provided by the trench. This implies that
soil, especially rich in clay and with high water content, can
provide an efficient barrier to the escape of radon gas to the
atmosphere. This may explain why, in several instances, no
significant enhancement of radon exhalation was reported across
large strike-slip faults similar to the KF. To detect a signal, it may
thus be necessary to sample the soil gas at a depth significantly
greater than 1 m. Therefore, to assess the presence or absence of
a radon anomaly, removal of a sufficient thickness of soil is
mandatory, and should be performed to revisit radon profiles
across major faults. It is also important to point out that it is only
thanks to an excavated trench that the structure of the fault near
surface can be properly observed, and that gas flux measuring
points can be located. The goal, in this context, is not to locate the
fault trace using gas profiles, which may or may not be possible,
but to identify interesting gas discharge points when the fault
structure is known.

While the high radon flux anomalies found spot on the seismic
fault trace must be associated with the fault, our experiment does
not preclude the existence of other radon exhalation zones in the
vicinity of the fault because the trench used was only 20 m long.
The Kunlun fault is a large lithospheric structure accommodating
deformation at continental scale. Hence, while the active fault trace
is highly localized with seismic deformation across a narrow belt at
most a few tens of meters wide in the field, the damage zone
associated with the long-term history of the fault may be wider
than several hundred meters. More specifically, the Xidatan site
trough corresponds to a left-lateral step over of the KL fault that
produced local extension during an earlier fault evolution stage
(Van der Woerd et al., 2000). Normal faults associated with this
earlier stage are still visible, particularly near the KA Hill, which
may explain the high radon flux at that location (Figs. 1 and 2).

Our preliminary data, thus, indicate that trenching is relevant,
and may be sometimes compulsory, to be able to assess properly
a radon flux around an active fault. In addition, it might be
important to investigate secondary fracture systems, which
geological or tectonic arguments can relate to the main fault. While
observations made at some distance may be more difficult to relate
to the fault activity, flux anomalies need to be identified and
analyzed systematically. More work is needed to assess such
methodological issues with the required caution before any
meaningful large-scale mapping can be undertaken.
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