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Abstract—Examples of two geodynamically active regions in Central Mongolia are used to demonstrate the radon and tectonic activi-
ties of faults and find out how their individual parameters affect the radon field. In general, the radon activity of faults increases with the
higher contribution of extension in dynamic faulting conditions, with stronger seismic activity, and also in concentrated disjunctive struc-
tures at their late evolution stages compared to wide rupture zones at the initial formation stages of their internal structure. Nonuniform
structure is an intrinsic property of near-fault radon anomalies, which is defined primarily by nonuniform disruptions of the substrate in the
fault zone by ruptures and by spatial variations in the displacement amplitude. Taking the established regularities into account will facilitate
a higher efficiency of emanation surveys in studies of seismic hazard associated with crustal faults.
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INTRODUCTION

The relation between radon and tectonic activities of
faults is one of the most complex geodynamics problems
due to high sensitivity of gas emanations to various types of
internal and external effects. At the same time, internal de-
formation forces are the primary factor in radon field forma-
tion in geochemical settings with standard uranium contents
in tectonically active regions, since it is these forces that
define the stressed state dynamics of the upper crust, which
in turn controls the release of radioactive gas into the atmo-
sphere (Toutain and Baubron, 1999; Li et al., 2016; Tansi et
al., 2005; Lombardi and Voltattorni, 2010; Papastefanou,
2010; Utkin and Yurkov, 2010; Seminsky and Demberel,
2013; Koike et al., 2014; Zhou et al., 2017; etc.). Consider-
ing the practical utility of assessments of tectonic activity
and seismic hazards of faults, it is one of the key reasons
behind the increasing number of publications on radon ac-
tivity of ruptures and relations between gas emanations and
seismicity in recent years.

The objective of the present paper is to discuss the rela-
tionship between radon and tectonic activity of faults using
the examples of two regions in Central Mongolia (see the
insert in Fig. 14). These are the area affected by the strong
Mogod earthquake (M = 7.8; Jan 05, 1967), and the neigh-
borhood of Ulaanbaatar, where almost half the country’s
population is concentrated and where seismic activity have

¥ Corresponding author.
E-mail adress: seminsky@crust.irk.ru (K.Zh. Seminsky)

increased in recent years. In contrast with our previous stud-
ies (Seminsky and Demberel, 2013), here we analyze how
radon emanations are affected by the main parameters of
faults, which represent their tectonic activity directly or in-
directly. These include dynamic faulting conditions (com-
pression, shear, etc.), fault rank, the state of the internal
structure, and seismic activity acting as the first approxima-
tion of present-day fault movement intensity in the absence
of data on fault movement velocities for the study areas.

RESEARCH METHODS

Radon activity is considered in the present paper in ten
faults (Table 1, Figs. 14 and 24), of which five are repre-
sented by faults of the Ulaanbaatar region (Skai, Sharai, Av-
dar, Gunjiin, and Emeelt) and five by rectilinear segments of
major disjunctive faults identified as individual structures
for research purposes due to differences in strikes and/or dy-
namic formation conditions. Thus, the latter are represented
by segments of the Hustai fault with different orientations in
the neighborhood of the Mongolian capital (1, 2, and 3)
(Fig. 14) and branches of the seismic rupture formed in
1967 in the Mogod region in the form of meridional strike-
slip fault (Mogod) and northwestern striking thrust (Tulet)
(Fig. 24).

Dynamic formation conditions of the studied ruptures are
presented in Table 1 according to (Bayasgalan and Jackson,
1999; Bano et al., 2017; Seminsky et al., 2017). Fault ranks
were estimated based on total extension of topographic
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Fig. 1. Locations of the Ulaanbaatar and Mogod study areas in Central Mongolia (insert), layout of emanation survey profiles in the neighborhood
of Ulaanbaatar (4) and emanation survey results for an individual profile (B). A, locations of earthquake epicenters (2000-2014), major faults, and
emanation survey profiles in the satellite image of the neighborhood of Ulaanbaatar; B, variations in absolute topographic markers (top) and volu-
metric soil radon activity Q (bottom) along the Hustai-2-4 profile intersecting the central segment of the Hustai fault. 7, faults in the image () and
within the profile (b); 2, emanation profiles and their locations; 3, earthquake epicenters with magnitudes below («) and above (b) three; 4, near-
fault radon anomalies; 5, profile segments with anomalous soil radon concentrations (Q > Q,,,); 6, locations of Mogod (MA) and Ulaanbaatar
(UA) emanation survey areas in Central Mongolia. 0,,,, and Q,;,, radon anomaly parameters used for calculating radon activity (K,) for Hus-
tai-2-4 fault.
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Table 1. Radon activity parameters of faults in Central Mongolia studied by profile emanation survey

Fault Fault zone parameters Name of the Radon anomaly parameters
Rank Dynamic setting  Seismicity radon survey Year Ouver Oinaxs Orins K, Radonac- H,
profile recorded Bq/gm3 Bg/m®*  Bg/m? ¢ tivity m
2 3 4 5 6 7 8 9 10 11 12 13
Hustai-2 2 tse}l’l:‘;;“th " Weak events igii’ 1941 9298 1368 7.3 High 995
Hustai-2-1 2014 1072 2150 762 2.8 Average 350
Hustai-2-2 2013 2243 6340 1235% 5.1 High 1924
Hustai-2-3 2013 2560 14,400  1670* 8.6 High 708
Hustai-2-4 2013 1888 14,300 1144 12.5 Ultrahigh 1000
Skai 1 Shear None 2012 1697 6540 860+ 7.6 High 140
Hustai-3 1 Shear Weak events 2014 2096 4490 1429 33 Increased 891
Hustai-3-1 2014 2871 5040 2060 2.4 Average 1200
Hustai-3-2 2014 1513 4050 976* 4.1 Increased 636
Hustai-3-3 2014 1904 4380 1250 3.5 Increased 837
Sharai 2 Shear Weak events 2012 1883 4040 1335% 3.1 Increased 660
Avdar 2 Shear Weak events ;gg’ 2124 3995 1103 35 Increased 310
Avdar-1 2011 2686 5740 1470 3.9 Increased 300
Avdar-2 2012 1562 2250 737 3.1 Increased 330
Gunjiin 1 Shear Weak events 2011 2057 6560 1371% 4.8 Increased 80
Emeelt 2 gﬁf‘;;zzsrm Weak events ;giz’ 3516 7600 2990 2.7  Average 1625
Emeelt-1 2014 2208 6080 1850* 3.3 Increased 650
Emeelt-2 2016 4824 9120 4130 2.2 Average 2600
Mogod 2 Shear Strong event of 1967 2016 2801 4717 1845 2.5 Average 537
Mogod-1 2016 2128 3830 1740 22 Average 500
Mogod-2 2016 4286 7100 2600% 2.7 Average 630
Mogod-3 2016 1988 3220 1195* 2.7 Average 480
Tulet 1 Compression Strong event of 1967 2016 1728 2525 1158 2.1 Average 225
Tulet-1 2016 1742 2430 1100* 2.2 Average 150
Tulet-2 2016 1714 2620 1216* 2.1 Average 300
Hustai-1 1 Shear None 2014 1840 2730 1405* 1.9 Low 821
Note. Q,,..» maximum soil radon activity within the near-fault anomaly (anomaly intensity); O, ;,, minimum soil radon activity beyond the anomaly associ-

ated with the fault (*, calculated as an average of estimates in both fault sides); K, radon activity of the fault (anomaly contrast); O

e arithmetic mean of

O values measured based on the profile; H, width of the near-fault radon anomaly measured along the profile. Anomaly parameters corresponding to whole

faults (or fault segments) are highlighted in bold.

scarps identified in the satellite image (Fig. 14) or soil dislo-
cations formed as a result of fault movements (Fig. 24, B).
All the studied objects are divided into two groups by their
extension, the lengths of second-rank faults (~40 km) being
two times the size of first-rank faults (~20 km). Seismic ac-
tivity of ruptures was estimated qualitatively based on distri-
bution of earthquake epicenters (Fig. 14), which accompa-
nied formation of all the studied objects apart from Skai and
Hustai-1 faults, but remained weak (M = 0.5-4.5) in the
period of emanation survey. Emeelt fault identified by a
wide band (5-10 km) with high epicenter density is seen
most clearly in the seismicity. In contrast, the Mogod seis-
mic rupture is associated with a small number of weak
earthquakes, which indicates its low present-day activity
due to stress relief during the strong event back in 1967.

The research technique was presented in detail earlier
(Seminsky and Demberel, 2013) and may be briefly de-
scribed as follows. To determine volumetric radon activity
in soil gas samples (Q, Bq/m?), the CAMERA-01 complex
with the sensitivity of 0.27 + 0.03 Bq™'s”' and maximum
permissible relative error of +30% was used. According to
the technique, the O value obtained for the analyzed soil gas
adsorbed in coal at the depth of 10—15 cm represented an
integral (for two days) and absolute estimate of volumetric
radon activity at the sample point. Measurement points
formed cross-line profiles for the studied faults. Most pro-
files had similar intervals between measurement points with
detailing at the intersection with the fault plane clearly indi-
cated by a tectonic scarp (Fig. 1B), as well as a trench or a
bar in seismic dislocation studies (Fig. 2B, C). Each fault
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Fig. 2. Locations of emanation survey profiles in the Mogod area (4, B) and survey results for an individual profile (C). 4, locations of emanation
survey profiles intersecting the seismic rupture network formed in 1967 following the strong Mogod earthquake (M = 7.8); B, locations of two
emanation survey profiles intersecting the thrust branch of the seismic rupture in the satellite image; C, variations in absolute topographic markers
(top) and volumetric soil radon activity Q (bottom) along the profile 4 intersecting the primary and secondary reverse fault seismic ruptures. /,
primary seismic ruptures in 4 and C (a) and B (b); 2, secondary seismic ruptures in 4 (a) and B (b); 3, emanation survey profiles (with numbers)
in 4 (a) and B (b); 4, near-fault radon anomalies; 5, profile segments with anomalous soil radon concentrations (Q> O,.o)- Qx> Qumin-1> A4 Oy s—

radon anomaly parameters used for calculating K, for the primary reverse fault seismic rupture.
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plane was usually studied using one or two profiles, how-
ever, it could be up to four profiles for fault zones with a
complex structure (Table 1). Measurements within individu-
al profiles were taken in the course of 1-2 days and within
individual faults in the course of 2—10 days. The works were
performed in dry summer and/or autumn seasons of 2010—
2016, which made it possible to duplicate individual mea-
surements within certain profile segments to study varia-
tions of Q in time.

It was shown by (Seminsky and Demberel, 2013) that
variations in the Q values within individual profiles could be
above an order of magnitude even with similar uranium con-
tents in rocks disturbed by faults. Despite this, relative radon
activity (K,) was used to reduce the role of nontectonic fac-
tors of emanation field formation, when comparing the rup-
tures from different geological and landscape-climatic set-
tings. This parameter represented the relation of the intensity
of the near-fault anomaly (Q,,,,) to the minimum Q value
right beyond it (O, = (Qpint + Cuin2)/2) (Figs. 18, 2C). K,
values are less dependent on meteorological conditions and
rock radioactivity than the absolute Q, .. values. This con-
trast of a radon anomaly is primarily defined by the fault
zone structure and its tectonic activity. K, makes it possible
to identify ruptures with ultrahigh (K, > 10), high (10 >
K, >5), increased (5 = K, >3), medium (3 > K, > 2), and
low (K, < 2) radon activity.

In addition to contrast (K,) and intensity (Q,,,), width
(H) was determined for each near-fault anomaly. Here Q >
O,y Where O, is the arithmetic mean of all values mea-
sured within the profile (Figs. 1B, 2C), were considered
anomalous. In most cases, near-fault anomalies appeared
interrupted, since near-fault areas often included segments
with low gas permeability (clay gouge and narrow massive
blocks). Small segments of a profile with O < Q,,, were con-
sidered within the boundaries of the anomaly if they were
located between two anomalous domains and were smaller
than at least one of them.

RESEARCH RESULTS

The analysis of the emanation survey results is based on
studying 20 profiles, whose lengths, as opposed to previous
studies (Seminsky and Demberel, 2013), were selected to
ensure full intersection of the near-fault anomaly. Quantita-
tive parameters of radon anomalies identified within each
profile are presented in Table 1, along with averaged param-
eters for faults based on 2—4 intersections. These estimates
are highlighted in bold in Table 1 for the basis for the analy-
sis performed.

Widths of near-fault radon anomalies in the vicinity of
ruptures of various ranks vary from 80 to 1625 m (Table 1).
Average values Q,,, for individual faults range from 1697 to
3516 Bq/m’, intensity of near-fault anomalies Q, . from
2525 t0 9298 Bg/m?, and minimum values Q, . beyond their
boundaries from 860 to 2990 Bq/m’. K, values vary from

1.9 to 7.6, which makes it possible to divide the studied
faults into four groups with high (Hustai-2, Skai), increased
(Hustai-3, Sharai, Avdar, Gunjiin), medium (Emeelt, Mo-
god, Tulet), and low (Hustai-1) radon activity. The averaged
estimates mentioned above remain valid and appropriately
reflect emanation activity of disjunctive structures. Howev-
er, the radon field is so unstable in terms of fault strikes that
radon activity estimates for individual profiles may vary
from medium to increased (Hustai-3, Emeelt) and ultrahigh
(Hustai-2).

Dynamic formation conditions of faults have a significant
effect on their radon activity, which increases in the follow-
ing succession: compression—compression with shear—
shear—extension with shear (Fig. 34). This regularity ob-
served for individual profiles (diamonds) and especially
clearly for the whole faults (circles) is explained by the fact
that strong extensional activity causes wider pore and frac-
ture opening, which in turn increases gas migration towards
the surface (Kemski et al., 1996; Richon et al., 2010; Utkin
and Yurkov, 2010).

Fault rank also has a significant effect on the sizes of re-
spective radon anomalies. H values vary rather widely
among the faults of the same rank. However, the average
values calculated based on the data from Table 1, are dou-
bled mirroring fault lengths and reach 431 m for first-rank
disjunctive structures and 825 m for second-rank faults.
When the rank of the disjunctive structure and therefore the
width of the near-fault radon anomaly increases, its contrast,
according to average values, is maintained at the same level
(K, = 3.8-3.9). Moreover, the sample generated based on
strike-slip faults, which suppresses the effect of dynamic
formation conditions of disjunctive structures, displays not
only reduced K, (4.4 for rank 1; 3 for rank 2), but lower
intensity of anomalies Q, . as well (5080 Bg/m3for rank 1;
4251 Bg/m® for rank 2). The revealed regularity cannot be
considered a coincidence, as it is confirmed by comparisons
of K, and H of anomalies identified for the same fault with-
in different profiles. It can be seen from Table 1 that radon
activity decreases in most cases when the anomaly’s width
increases. It will be shown in the next section that low radon
activity of second-rank faults compared to first-rank faults is
due to differences in internal structures of research targets
selected.

The effect of fault ranks and dynamic formation condi-
tions on radon activity considered above reflects a signifi-
cant role of endogenous deformation forces in emanation
field formation, however, the direct effect of tectonic activ-
ity is primarily represented by movement intensity. Given
the lack of reliable data on fault movement velocities for
Central Mongolia, this parameter was estimated indirectly
based on spatial-temporal seismicity manifestations in the
study areas and in the immediate vicinity of research targets.

The spatial relationship between near-fault radon anoma-
lies and seismic activity manifestations is shown by the fact
that emanation anomaly parameters are higher for seismic
active segments of the same fault than for aseismic seg-
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Fig. 3. Diagrams illustrating the effect of dynamic formation conditions of faults on their radon activity. 4, diagram illustrating the effect of dy-
namic formation conditions of faults in Mongolia on their radon activity (K,); B, diagram illustrating the effect of dynamic formation conditions
of faults in Mongolia and Baikal region on maximum radon activity values (K, ,..,) identified for each group of tectonic faults. /, symbols reflect-
ing radon anomaly contrast (K,) in 4 for individual profiles (a) and on average for faults forming under all the studied dynamic settings (b); 2,
symbols reflecting maximum radon activity values (K, ,.,,) in B calculated as averages for faults in Mongolia () and Baikal region () under all
the studied dynamic settings; 3, line reflecting the first approximation of the effect of dynamic formation conditions of faults on maximum radon

activity values (K y,x
radon activity values (K, .
els of faults according to the accepted classification.

ments. This regularity was discussed in detail for the case of
Hustai fault in the dedicated paper (Seminsky et al., 2014).
At the same time, Skai fault, which is also located in the
Ulaanbaatar area, is characterized by high radon activity in
the absence of seismicity during the emanation survey (Ta-
ble 1, Fig. 14). We may assume that intense radon release,
in this case, is linked to the high activity of this minor fault
affected by endogenous or exogenous processes in the form
of creep throughout the small, but well-formed surface of
the main fault plane.

The temporal relationship between emanations and seis-
mic activity is primarily reflected by the comparison of the
number of earthquakes that occurred in Ulaanbaatar area
(160 x 220 km) in various years and radon activity of the
studied faults in respective years. Average K, and Q,,,, val-
ues calculated using the data from Table 1 remain approxi-
mately the same throughout the whole emanation survey ex-
cept for 2013, when the analyzed values nearly doubled. The
same pattern, but with the value tripled, was observed for the
number of earthquakes (Fig. 44). A similar trend was ob-
served earlier for individual anomalies as well (Seminsky
and Demberel, 2013). For instance (Fig. 4B), a decrease in
intensity of the anomaly in the Emeelt fault area in 2011 to a
third of its value in 2010 reflects a similar reduction in the
number of earthquakes (201 events in 2010 and 542 in 2011).

); 4, lines reflecting the first approximation of the effect of dynamic formation conditions of faults on averaged maximum
) obtained for Mongolia and Baikal region separately (a) and combined (b). Gray scale represents radon activity lev-

The relation between the fault’s seismic mode and its ra-
don activity behavior is investigated for the seismic rupture
formed as a result of the Mogod earthquake (M = 7.8; Jan
05, 1967). It can be seen from the profile intersecting the
main thrust fault plane of the Tulet branch (Fig. 2B) that it is
associated with the smallest of the identified anomalies. It
demonstrates medium radon activity, similar to the Mogod
strike-slip fault branch (Table 1). At the same time, larger
and more intense anomalies are identified within the sub-
dued topography in the profile, with the most intense and
boundary anomalies not linked to secondary seismic rup-
tures (Fig. 24). It is seemingly explained by the fact that the
strong earthquake was followed by concentration of stress-
es, which now manifest themselves via activation of adja-
cent rupture structures clearly identified in the topography.

DISCUSSIONS

In this section we analyze whether the regularities con-
cerning the effects of key parameters of faults, which reflect
their tectonic activity directly or indirectly, on radon field
identified using the example of Central Mongolia are com-
mon or local. It will make it possible to envision possible
solutions for assessment of seismic hazards associated with
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faults based on their emanation activity. First, the data of
similar surveys performed in the Baikal region with the
Earth’s crust development driven by tectonic extension were
used in the discussion (Seminsky and Bobrov, 2009). Sec-
ond, the previous data were used, which, in one way or an-
other, described relations between the intensities of near-
fault emanations and morphogenesis of faults, their ranks,
the state of internal structure, and intensity of movements
reflected in seismicity or manifested in the form of creep for
various regions of the world.

The effect of morphogenetic types of faults on their ra-
don activity identified for Central Mongolia agrees with the
generally accepted concept of more intense emanations cor-
responding to extensional tectonic settings compared to
compressional settings. However, the opposite trend is also
observed in some cases, for example, when compression
and extension in the cross-line direction respectively lead to
increased or decreased emanations, while strike-slip move-
ments have no effect on radioactive gas concentrations, as
illustrated by radon monitoring in cave air in the active fault
area in Slovenia (Sebela et al., 2010).

These results seem to be the exceptions from the com-
mon trend associated with specific features of stress-de-
formed states of rocks and/or measurement conditions in
specific settings. In general, considering the data from Bai-
kal region (Seminsky and Bobrov, 2009), we may assume
that radon activity of faults increases in dynamic settings
(fault types) in the following succession: compression (re-
verse faults and overthrusts)—-compression with shear (strike-
slip reverse faults)-shear (dextral or sinistral strike-slip
faults)—extension with shear (oblique-slip normal faults)—
extension (normal faults). Furthermore, Fig. 34, which
clearly illustrates this trend in Mongolian faults, makes it
possible to define an important peculiarity in the considered
dependence. K, variation spectrum increases and probably
in a nonlinear fashion with higher contribution of extension

in the fault’s formation conditions. It is evidenced by a
dashed line that averages maximum values for all settings. A
similar line plotted for Baikal region using the data from
(Seminsky and Bobrov, 2009) (Fig. 3B) is slightly higher,
which is reasonably explained by extensional crustal setting
as opposed to strike-slip fault conditions in Central Mongo-
lia, which are more constrained in terms of gas release.

Further dedicated research will make it possible to speci-
fy the locations of the considered curves for the Baikal re-
gion, Mongolia, and other regions by increasing the number
of faults studied. At the current stage, we may use the aver-
aged location of the curve (dashed line in Fig. 3B) to make
essential conclusions for the problem being studied. For ex-
ample, dynamic formation conditions of faults (or fault seg-
ments) limit the maximum values of radon activity. Accord-
ing to the presently available estimates, radon activity of
faults in the studied areas may reach ultrahigh levels only
when their formation conditions include a tectonic exten-
sion, i.e., in faults or oblique-slip faults (with various an-
gles). Radon activity in ruptures of other morphogenetic
types is usually limited to the following levels: high for
strike-slip faults (dextral or sinistral); increased for strike-
slip reverse faults (with various angles); medium for reverse
faults (overthrusts). This classification provides additional
opportunities for radon surveys in the considered landscape-
climatic conditions: in addition to revealing faults hidden by
loose drift, preliminary estimates of their formation condi-
tions in the survey areas may be obtained.

The effect of the fault’s size rank on its radon activity is
represented by more intense radioactive gas release in areas
of major disjunctive structures compared to smaller faults,
according to the data from the Baikal region (Seminsky and
Bobrov, 2009). However, in Mongolian targets increase in
fault length is only accompanied by an increase in width of
the radon anomaly, whereas radon activity shows no signifi-
cant changes. It contradicts to a degree with the common
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concept of lower tectonic (and seemingly radon) activity of
smaller faults compared to major ones due to potential capa-
bility of the latter for higher-amplitude movements.

At the present stage, the results obtained for Mongolian
targets may be attributed to differences in internal structures
of crustal fault zones. According to tectonophysical data
(Ben-Zion and Sammis, 2003; Seminsky, 2003, 2014), in
extreme cases they may be represented by wide zones of
multiple small ruptures (early-stage faulting) or narrow tec-
tonite bands of the main fault plane, which is accompanied
by secondary ruptures in some segments thereby forming
echelon faults (late-stage faulting) (Fig. 5). Experimental in-
vestigations of fault movement amplitude distribution in the

strike-slip fault formation area (San’kov and Seminsky,
1988) showed that a substantial part of amplitude in wide
dispersed first-type faults (Fig. 54, 2—4) is manifested in the
form of plastic deformation and in second-type faults
(Fig. 5B, 2—4) in the form of fault movements primarily in
the main fault plane. Thus, concentrated late-stage faults are
expected to have higher intensity and contrast of radon
anomalies, other things being equal (see, for instance, Skai
fault in the Ulaanbaatar area).

Thus, we do not have strong reasons to reassess conclu-
sions about the direct link between radon activity of faults
and their size rank at this research stage. Lower radon activ-
ity in Mongolian second-rank faults compared to first-rank
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Fig. 5. Nonuniformity of a gas emanation field due to fault zone structure peculiarities at early (4) and late (B) development stages modeled using
the example of a sinistral strike-slip fault forming under nearly ideal conditions of a laboratory experiment. /, strike-slip faults; 2, ruptures with
expansion component; 3, markers in the form of rectilinear segments transverse to the strike of the fault zone placed at the surface of the model
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for two typical faulting stages (20 and 50 minutes of the experiment).



212 K.Zh. Seminsky et al. / Russian Geology and Geophysics 60 (2019) 204-214

faults may be explained by differences in internal structures
of the research targets selected. Smaller faults (Skai, Hus-
tai-1, Gunjiin, etc.) are represented at the present develop-
ment stage by main fault planes characterized by relatively
intense emanations, whereas larger disjunctive structures
(Hustai-2, Sharai, Avdar, etc.) are represented by wide rup-
ture zones with radon anomalies with lower contrast. In gen-
eral, it is confirmed by either absence of seismic activity
(creep) or its concentration in the immediate vicinity of the
fault plane in the first case or scattering of earthquake epi-
centers in the second case (Fig. 14).

The effect of internal fault structure on their radon ac-
tivity is therefore represented by a higher contrast of emana-
tion anomalies associated with concentrated faults at late
development stages compared to fault zones with dispersed
structures at early development stages. In addition, differ-
ences in structure are the main cause of significant K, varia-
tions along fault strikes. It may be clearly illustrated by the
example of the strike-slip zone, which develops in accor-
dance with the elastoplastic model under nearly ideal condi-
tions of a laboratory experiment (Fig. 5), which according to
similarity theory match the generalized setting of major
crustal faulting (Sherman et al., 1991). Despite the fact that
deformation of a uniform clayey paste layer occurred at a
constant rate in the absence of gravitational faulting and gen-
eral shear amplitude remained the same along the strike of
the rupture zone, its internal structure at each development
stage was characterized by a greater or lesser degree of struc-
tural nonuniformity (Sherman et al., 1991; Seminsky, 2003).

It is manifested especially clearly at the late stage
(Fig. 5B, 2), at which a clear-cut structural differentiation of
the strike-slip zone in the in-line direction was defined based
on numerous experimental data. Alteration of relatively thin
segments of the future main fault plane, which demonstrate
the full block movement amplitude (intervals 3-6, 32—
37 cm), and wide junction areas between these segments,
where general amplitude is defined by fault movements and
a minor plastic component. This structural nonuniformity
leads to significant differences in shapes of radon anomalies
within cross-sections of the same disjunctive structure in
profile surveys (King et al., 1993; Atallah et al., 2001; Zhou
et al., 2010; Seminsky and Demberel, 2013), or alteration of
maximum and minimum soil radon concentrations along
fault zones in areal surveys (Ciotoli et al., 1999; Ball et al.,
1991; Tansi et al., 2005; Ciotoli et al., 2007; Lombardi and
Voltattorni, 2010; Walia et al., 2010). Apparently, radon ac-
tivity of disjunctive structures varies in the in-line direction
in this case, and the data of the present research show that
these variations are explained by tectonic behavior.

Relation between seismic and radon activities of faults
is a specific case of dependence of radon emanations on
seismic mode in the area, which is fundamental for identifi-
cation of emanation precursors of strong earthquakes. It was
qualitatively demonstrated in Central Mongolia within the
studies of spatial and temporal aspects. High radon emana-
tion intensity in the Ulaanbaatar area corresponds to the

higher number of earthquakes, the same being true for more
seismic active fault segments as opposed to passive ones;
low radon activity of faults following the strong seismic
event is observed in the Mogod area, which increases in the
adjacent rupture network elements. Close link between seis-
mic and radon activities reflecting their dependence on
stress-deformed state of rocks in the fault zone was de-
scribed in other regions as well (Tansi et al., 2005; Lom-
bardi and Voltattorni, 2010; Utkin and Yurkov, 2010; Koike
et al., 2014; Papastefanou, 2010; Cigolini et al., 2015; Li et
al., 2016; Zhou et al., 2017).

Relation between creep component of fault movement
and radon activity was not estimated for disjunctive struc-
tures in Central Mongolia due to lack of the required data.
Moreover, detailed studies of the relation between emana-
tion intensity and movement velocities of fault sides are ex-
tremely rare in the literature on radon research. At the same
time, emanation method of fault identification used intense-
ly in many regions around the world is based on increase in
radon release through tectonic fault zones as a result of
crushing processes and higher substrate permeability due to
displacement of fault sides. Some authors present data
showing that radon emanations are directly linked with the
dynamics of fault structures and deformation behavior of
rock masses within them (Utkin and Yurkov 2010; Dalatka-
zin et al., 2013). Examples of more intense radon exhalation
through aseismic fault segments compared to seismically
active segments are available as well (Kiinze et al., 2012).
Furthermore, increased soil radon concentrations are com-
mon in flanks of present-day landslides, where the most ac-
tive rock mass movements (creep) occur (Sultankhodzhaev
et al., 1979; Purtscheller et al., 1995; Wang, 2011).

Therefore, we may assume that the creep component of
fault movement directly affects the gas emanation intensity.
However, this statement, similarly to the conclusion regard-
ing seismic activity, is only valid as a general regularity. Un-
der specific emanation survey conditions, this pattern may
manifest itself in different ways and may be difficult to iden-
tify. For instance, a series of publications is available, which
describes the results of targeted research showing ambiguous
relation between radon emanations and faults (Richon et al.,
2010; Vaupotic et al., 2010; Mojze et al., 2017).

It seems that many cases of faults being poorly mani-
fested in emanation fields may be successfully explained by
complex structure of fault zones. For example, radon survey
profile may provide only a partial coverage of a wide rup-
ture zone or pass through a segment, where massive blocks
with low gas permeability and/or fault planes filled with
dense clay gouge prevail (Ball et al., 1991; King et al., 1993;
Seminsky and Demberel, 2013). These situations, as well as
structural settings of fault zones that facilitate intense radon
exhalation, are presented in Fig. 5, which generalizes the
experimental results regarding the formation of a major
strike-slip fault under stable deformation mode.

Concepts of near-fault radon anomaly structure based
on the analysis performed are presented in Fig. 54, 1 and
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5B, 1. Radon fluxes are indicated by arrows of different siz-
es above the diagrams of incipient and mature faults. They
are defined by movement velocities proportional to fault
movement amplitudes in the measurement areas, which may
be represented by disjunctive component of the total move-
ment amplitude (4,) or movement amplitudes along the
largest fault plane (4,,), which display similar variations
along the faulting zone. Here, 4,, was used for plotting an
in-line profile of a hypothetic anomaly, since it is expected
to be associated with the same rupture as Q.. in a profile
radon survey.

Thus, Figs. 54, 1 and 5B, 1 represent the basic model of
a soil radon anomaly above the fault, whose structure is di-
rectly linked to fault activity represented by movement am-
plitude distribution, which in turn is defined by spatial-tem-
poral regularities of faulting. Generally, dispersed faults at
early development stages (Fig. 54, 1) have higher anomaly
intensities compared to concentrated disjunctive structures
at late formation stages (Fig. 5B, 1). Despite stable deforma-
tion conditions, emanation anomaly structures are nonuni-
form in both settings. Radon anomalies are expected to have
higher contrast and high K, within profiles intersecting the
segments of the main fault plane with maximum movement
amplitudes compared to wide areas of intense rupturing rep-
resented by relatively small faults, where total movement
amplitudes are partially manifested in plastic deformations.

max

CONCLUSIONS

Emanation survey results for Central Mongolia show that
faults and their key parameters, such as size rank, internal
structure peculiarities, dynamic formation conditions, and
seismic activity, have a significant effect on radon activity.
Additional analysis of the radon survey data from other re-
gions confirms the discovered regularities.

1. Emanation activity of faults in geodynamically active
areas is an integral indicator of their tectonic behavior. If we
consider movement intensity, which is a component of tec-
tonic activity of great practical utility, then we can see that
linking it directly to intensity or contrast of near-fault radon
anomalies is complicated by morphogenesis and internal
structure peculiarities of faults.

2. Radon activity of faults decreases with higher contri-
bution of extension in faulting conditions, and in faults with
internal structures insufficiently developed for intense ema-
nation. In other words, other things being equal, higher K,
are more common for faults and strike-slip faults compared
to reverse faults (overthrusts) and for concentrated faults at
late development stages compared to wide rupture zones at
early stages of internal structure formation.

3. The nonuniform structure is an integral property of
near-fault radon anomalies, which is still present even when
faults develop under stable conditions, i.e., material unifor-
mity of the deformed substrate and constant deformation
rate. Spatial variations in radon activity are defined by varia-

tions in disjunctive component of the movement amplitude
and the degree of rupturing in the fault zone. The well-
known alteration of maximum and minimum soil radon con-
centrations along the fault, as well as a nonuniform decrease
in emanation intensity from the periphery of the fault zone
towards its axial part, are primarily explained by specific
changes in the internal structure.

The discovered regularities make it possible to envision
possible ways of estimating the effect of the considered tec-
tonic activity parameters on near-fault emanation parame-
ters, which could facilitate a more accurate assessment of
hazards associated with faults based on radon survey data.
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