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Abstract

We investigated relations between geomorphic structures, movement velocity, and basal-slip surface geometry within individual
kinematic domains of two large earth flows in the Apennine Mountains of southern Italy: the “Montaguto” earth flow and the
“Mount Pizzuto” earth flow. Our analyses indicated that the earth flows are composed of distinct kinematic zones characterized
by specific deformational patterns and longitudinal velocity profiles. Variations in velocity within individual kinematic zonesis
controlled by the geometry of the basal-slip surface, and, in particular by local variationsin slope angle. Slip-surface geometry
and slope also seem to control the density of extensional structures in driving earth-flow elements.
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1. Introduction

Periodic movement of large, thick landslides on irregular basal-slip surfaces modifiesthe topographic surface,
creates deformational structures (i.e. faults and folds), and influences the location of hydrologic features like springs,
ponds, and streams">’. Earth-flow movement often alternates between long periods of relatively slow movement and
relatively rapid surges in movement™. Slow movement can persist for days, months, or years®. Surges in earth-flow
movement are less common and earth flows capable of surging movein a slow persistent manner most of the time*.
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Velocities of earth flows during slow, persistent, movement range from less than 1 mm/d to several meters per day*.
However, velocity of several meters per day have been observed also during earth flow surge'®. The highest localized
earth-flow surge speed documented in the literature is 0.13 m/s*".

Velocity profiles in earth flows generally reveal the existence of well-defined basal and lateral shear-surfaces
normally associated with sliding movement in fine-grained soils***”*'2. The geometry of the basal-slip surface,
which can be controlled by geologic structures and ancient earth-flow deposits'®*® can control the position of
deformational structures and spatial variations in the rate of displacement, both of which are responsible for
kinematic segmentation of the landslide®®'®. Thus, large earth flows are often composed of several distinct
kinematic zones™'®'7'?_ In earth flows with basal-slip surfaces with riser and tread geometries, individual kinematic
zones can be characterized by stretching (extension; i.e. driving elements) at risers in the upper part of the zone and
shortening (compression; i.e. resisting element) at treads in the lower part of the zone®.

On the basis of this knowledge, we investigated the relation between structures, velocity distributions, and basal-
slip surface geometry within individual kinematic domains of two large earth flows in the Apennine Mountains of
southern Italy: the “Montaguto” earth flow and the “Mount Pizzuto” earth flow. Both earth flows are located on
structurally complex slopes. At Montaguto, we used the mapped distribution of structures and hydrologic features'®,
the geometry of the basal-slip surface beneath individual domains'® and successive sets of orthorectified aerial-
photos to determine the surface deformation and velocity distribution of 25 natural objects within the fastest moving
kinematic zone near the longitudinal center of the earth flow (i.e., the “neck”kinematic zone). At Mount Pizzuto we
used the mapped distribution of structures and hydrologic features'’; 2 hand-excavated boreholes, 7 shallow-seismic
profiles and 27 ambient seismic noise acquisitions (HVSR); and RTK-GPS surveys of a network of 35 benchmarks
to define the geometry of the basal-slip surface and determine the distribution of average flow velocities.

Throughout this paper terminology and classifications from structural geology is used to describe deformational
structures forming earth flow surface,because they accurately depict the geometry and relative sense of
displacements for the structures that were observed'.

2. The Montaguto earth flow
2.1. Earth flow description

The Montaguto earth flow affects the southern slope of La Montagna Mountain in southern Italy. It is located
along the southern side of the Cervaro River valley at UTM coordinates of approximately 4566000 N and 518000 E.
The earth flow is approximately 3 km long and involves 4 to 6 Mm™'"'*. Its width ranges from 75 m at the earth-
flow neck to 450 m in the upper part of the earth-flow source area. The total elevation difference from the toe,
adjacent to the Cervaro River, to the top of the 90 m high headscarp, is approximately 440 m. The average slope
angle, excluding the headscarp, is approximately 7.2°.

Earth-flow displacement occurs mainly along basal and lateral faults and shear zones. Lateral strike-slip faults are
better expressed in the lower part of the source area, where they are commonly associated with flank ridges, and
along the earth-flow transport zone, where fault segments reached a length of few hundreds of meters®. Shear zones
are distributed along earth-flow boundary between fault segments and locally between active lateral strike-slip faults
and between active lateral strike-slip faults and the earth-flow margin. The earth-flow travel path has a sharp bend
that is strongly influenced by inactive earth-flow deposits and geologic structures™.

The earth-flow material is from the Miocene Flysch of the Faeto formation and the Pliocene Villamaina
formation, both of which outcrop on the southern slope of La Montagna Mountain''. The Flysh of the Faeto
formation and the Villamaina formation are lithologically complex, containing a wide variety of clay beds, marls,
sandstones, and conglomerates''. This geological complexity influences groundwater flow and many springs are
present from 600 m above sea level to the top of the La Montagna Mountain®. Several groups of springs are located
along the western flank of the earth-flow and at/near the head of earth-flow (Fig. 1).

Historical information'*'® showed that the Montaguto earth flow has been periodically active during the last
decades and the first activation dates back to 100 years ago. In particular, the 1958 and the 2006 reactivations were
the largest in terms of mobilized volume and changes in earth-flow length and morphology"’.
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2.2. Deformational structures and segmentation

Guerriero et al.'* mapped deformational structures and hydrologic features of the Montaguto earth flow in May
2010. Structures were mapped using real-time kinematic (RTK) Global Positioning System (GPS) technique'’, with
a dual-frequency GPS receiver. Horizontal accuracy during field mapping ranged from 2 to 7 c¢cm; 3D accuracy
ranged from 3 to 11 cm. The mapped distribution of the structures was used to identify kinematic zones formed by
major paired driving and resisting earth-flow elements”.

Figure 1a shows the configuration of the Montaguto earth flow in 2010. Deformational structures within the flow
include normal faults and tension cracks, indicating earth-flow stretching; thrust faults, back-tilted surfaces, flank
ridges, fold structures, and pressure ridges, indicating earth-flow shortening; back-tilted surfaces indicating
backward rotation; and strike-slip faults bounding the moving core of the flow. Five active kinematic zones
containing structures indicating both stretching and shortening were recognized along the earth flow: the Head, the
Hopper, the Neck, the Body and the Active Toe (Fig. 1a). Two kinematic zones were in the earth-flow source area.
The upper zone, the Head, consisted of the headscarp, internal landslides, back-tilted surfaces with associated ponds
and a cluster of thrust faults. The lower zone, the Hopper, consisted of (in upslope to downslope progression) a
cluster of normal faults, flank ridges bound by strike-slip faults, and thrust faults. Downslope from the Hopper, the
earth-flow Neck kinematic zone was delineated at its upslope end by a group of normal faults (shown as a single
fault because of scale limitations) and at its downslope end by a thrust fault and a back-tilted surface. As the earth
flow emerged from the Neck, it changed direction and moved to the southeast. The Body kinematic zone, downslope
from the Neck, contained paired normal faults and thrust faults and discontinuous strike-slip faults that were
associated with flank ridges at the downslope end of the zone. Downslope from the Body, the Active Toe zone was
defined by normal faults at its upslope end and thrust faults at its downslope end. Strike-slip faults periodically
formed at the advancing front of the Active Toe through 2010, as it continued to advance downslope and spread
laterally. For further details regarding the evolution of structures and kinematic zones see Guerriero et al.'®.

2.3. Basal-slip surface geometry

Guerriero et al.'® used data from boreholes, pit excavations, static cone penetration tests, seismic profiles, and
difference DEMs to reconstruct the geometry of the basal-slip surface. In total, they used 26 data points to constrain
the geometry of the basal-slip surface along the longitudinal profile of the flow: 1 point within the Head zone, 5
within the Hopper, 3 within the Neck, 6 within the Body, and 11 within the Active Toe (Fig. 2). The depth of the
basal-slip surface ranged from 14 m within the Active Toe to about 4 m in the Neck (Fig. 2). Overall, the basal-slip
surface (Fig. 2) is a repeating series of steeply sloping surfaces (risers) and gently sloping surfaces (treads). The
upslope ends of each kinematic zone are at risers and the downslope ends are at treads. Normal faults occur at risers
and thrust faults occur at treads. Within each kinematic zone, the overall shape of the slip surface is concave
upward, whereas at the transition areas between zones, the shape is convex upward. In general, the thinnest parts of
the earth flow are at risers and transition areas, and the thickest parts are at treads. Individual pairs of risers and
treads formed quasi-discrete kinematic zones that operated in unison to transmit pulses of sediment along the length
of the flow'® (Fig. 2).

3. The Mount Pizzuto earth flow
3.1. Earth flow description

The Mount Pizzuto earth flow'” is among the most active earth flows of the Benevento province'*?’. It affects the
northeastern side of Mount Pizzuto from about 720 m above sea level (a.s.l.) to about 550 m (a.s.1.), and involves an
estimated volume of 300,000 m® of fine-grained flyschoid material. From a geological viewpoint, the Mount Pizzuto
earth flow is located at an overthrust fault between 1) the Argille Varicolori formation forming the upper part of the
slope, where the flow source area is located, and ii) the Flysch of San Bartolomeo formation outcropping in the
middle and lower parts of the slope®. The tectonic contact between these formations materializes a WNW-ESE
trending thrust fault that constitutes a weak zone where several landslide source-areas are located”. The Mount
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Pizzuto earth flow has been periodically active in the last decades and, as described by local people, early in 20006, it
surged damming the Ginestra torrent at its toe. The earth-flow dam induced episodic floods that periodically
damaged a segment of a local road and power and telephone service lines. In 2008, a man-made ditch was excavated
along the torrent course and a large diameter drain was installed. These mitigation structures worked until early
2011, when a flood destroyed the drain and the local road and service lines. In October 2015, two new flooding
events destroyed the local road and the service lines and enlarged dramatically the bed of the Ginestra torrent.
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Fig. 1. Maps showing a) structures and kinematic zones of the Montaguto earth flow and b) structures and velocity within the earth flow Neck. C)
Velocity profile of the earth flow Neck, see b) for velocity profile position.

3.2. Deformational structures and segmentation
Guerriero et al."” mapped deformational structures and hydrologic features of the Mount Pizzuto earth flow in
September 2014. Structures were identified, mapped,and processed in the same way as at the Montaguto earth flow.
Also as at Montaguto, the mapped distribution of the structures was used to identify kinematic zones formed by
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major paired driving and resisting earth-flow elements”. The structures and zones shown in Figure 3 are simplified
from the highly detailed map of Guerriero et al."”.

Five kinematic zones were recognized in the earth flow: a Head, Hopper, Neck, Body, and Toe. The Head of the
earth flow (Fig. 3) consists of two coalescing branches, each containing extensional and compressional structures.
The northern branch contains a group of normal faults delineating a natural amphitheater. Downslope from this first
set of normal faults, the earth-flow core is bounded by discontinuous strike-slip faults and contains both normal
faults, tension cracks, and thrust faults. Segments of strike-slip faults are arranged as left- or right-stepping en-
echelon arrays and the stepping direction controls the width of the earth flow. Segment lengths range from 4 to 30
meters. The azimuths of tension-crack openings ranges from 30° counterclockwise to 30° clockwise from the
direction of the strike-slip faults forming the left flank of the flow. The southern branch contains a group of normal
faults forming the main headscarp (from 2 to 4 m high) and the structure distribution is similar to the northern
branch. Thrust faults form back-tilted surfaces and ponds where the northern and southern branches join.Downslope
from the Head, a highly fractured area marks the beginning of the Hopper (Fig. 3). This kinematic zone is laterally
bound by inward-stepping segments of strike-slip faults that accommodate earth-flow narrowing. The earth-flow
Hopper is divided into three major deformation zones: i) an upper zone characterized by normal faults and tension
cracks, ii) a middle zone containing a group of normal faults that face downslope in its upper part and tend to face
toward the flanks in the lower part, and iii) a lower zone characterized by thrust faults associated with back-tilted
surfaces containing ponds. The Neck contains the narrowest section of the earth flow (i.e. the neck). Within the
Neck, the moving core is bound on both flanks by discontinuous strike-slip faults that step inward at the upper end
of the Neck and outward at the downslope end of the Neck. Also within the Neck is a highly fractured area that
evolves downslope into a cluster of downslope-facing normal faults. The Neck ends at a cluster of thrust faults.
Downslope from the Neck, the Body is bound by segments of strike-slip faults, locally alternating with en-echelon
sets of tension cracks. The upper part of the Body is characterized by a group of extensional features (i.e. normal
faults and tension cracks) and a thrust fault.Downslope, a pull-apart basin delineated by extensional and
compressional structures is present at steps in strike-slip faults forming the right flank of the flow. Toward the
longitudinal axis of the flow, longitudinal segments of thrust faults form the suture line between the material
mobilized in April 2014, and the material leaving a structural basin. Thrust faults in this part of the earth flow mark
the end of the Body kinematic zone. The earth flow Toe consists of a smaller, upper, extensional zone with a group
of normal faults and a larger compressional zone with large thrust faults associated with back-tilted surfaces. Most
of these back-tilted surfaces contain ponds.

3.3. Basal-slip surface geometry

We used 2 boreholes, 7 shallow-seismic profiles (i.e. ReMi-MASW) and 27 ambient seismic noise acquisitions
(i.e. HVSR) to detect the depth of the basal slip-surface along the Mount Pizzuto earth flow'® (Fig. 4). The boreholes
were hand-excavated using a helicoidal auger. Shallow seismic profiles were carried out using the Multichannel
Analysis of Surface Waves (MASW) method; and Soilspy equipment (manufactured by Micromed). The
acquisitions were completed using 8 vertical geophones (4.5 Hz) with 2 m spacing, in both passive (ReMi) and
active (MASW) mode. The surveys were interpreted with Grilla (Micromed Software) with a manual procedure.
The HVSR**** analysis was carried out with Tromino (manufactured by Micromed).

In total, we used 29 data points to constrain the basal-slip surface geometry along the longitudinal profile of the
flow: 4 points within the Head zone, 6 within the Hopper, 4 within the Neck, 8 within the Body, and 6 within the
Active Toe (Fig. 4). The positions of boreholes and ReMi-MASW is reported in figure 4a using red symbols. HVSR
measurements were completed at monitoring points installed along the flow (Fig. 4). Monitoring point positions can
be seen in figure 4a as blue symbols on the black line which indicates the earth-flow ground surface. The depth of
the basal-slip surface ranged from 6 m within the Active Toe to about 2 m in the Neck (Fig. 4). Overall, the basal-
slip surface (Fig. 4) is a repeating series of steeply sloping surfaces (risers) and gently sloping surfaces (treads). The
upslope ends of each kinematic zone are at risers and the downslope ends are at treads. Risers and thread are better
expressed in terms of longitudinal extension and change in slope angle in the Head, Hopper, and Neck.
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4. Methods used to determine movement velocity
4.1. Measuring earth-flow displacement from successive sets of orthoimages at Montaguto

We measured the displacement of 25 natural and artificial objects (i.e., large rock fragments, drain pipes, etc.) on
the surface of the Neck kinematic zone of the Montaguto earth flow, visible in successive sets of satellite
orthoimages. The orthoimages were Eros-B digital orthorectified images taken on 25/05/2010 and 25/08/2010,
respectively. The EROS-B satellite acquires panchromatic images with a nadiral Ground Sampling Distance (GSD;
i.e., spatial resolution) of 0.7 m (single sided pixel dimension) and the radiometric resolution is within a spectral
range of 0.5 to 0.9 pm. Objects consisting of groups of pixels were recognized on the basis of their geometry and
color (i.e., Digital Number) distribution. Corners of object were visually picked from a computer display, and
displacement was manually measured in a GIS. The irregularly distributed displacement values were interpolated to
produce a displacement map. Interpolation was completed using the Inverse power to a distance method and
deformational structures were used as breaklines. The error in displacement was assigned on the basis of the
computed east-west and north-south root mean square errors in the position of 16 stable ground control points. In the
Easting direction, the 2 X RMS values ranged from 0.04 to 0.12 m, but averaged about 0.08 m. In the Northing
direction, the 2 X RMS values ranged from 0.02 to 0.18 m, but averaged about 0.06 m. Considering that Eastting and
Northin RMS values are not equal, the error in displacement depends on the azimuth of the displacement vector,
with the Easting and Northing RMS values being the maximum and the minimum errors, respectively.
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Fig. 2. Longitudinal profile of the Montaguto earth flow showing the geometry of the basal-slip surface. Types of data used to control the position
of the basal-slip surface are shown (e.g., seismic line and pit excavation). SCPT is static cone penetration test.

4.2. Installation, distribution and monitoring of GPS points at Mount Pizzuto

In April 2014, we installed 35 monitoring points on the Mount Pizzuto earth flow. Monitoring points were placed
on the earth flow along its approximate longitudinal axis. Exceptions were the monitoring points 9 to 19 that were
installed off this axis within the Hopper and the upper part of the Neck (Fig. 3). Monitoring points were distributed
along the earth flow on the basis of field mapping used to identify major kinematic zones. In each kinematic zone,
we installed from 4 to 9 points. The points, placed with a clear view of the sky, were surveyed using Real Time
Kinematic GPS technique using a Leica Viva-Net rover equipped with a Leica GS08 dual-frequency antenna. Real

151



152 Luigi Guerriero et al. / Procedia Earth and Planetary Science 16 (2016) 146 — 155

time correction for high-accuracy measurement was obtained through the “Regione Campania”(Campania Region)
network. The horizontal and vertical RMS errors in GPS positions, ranged from Ito 3 cm, and 2to 5 cm,
respectively. All of the points were surveyed during 2, 1-day long GPS campaigns with a period of 395 days
between campaigns. The first survey was in April 08, 2014. Earth-flow displacement and direction were determined
from measured GPS positions imported into a GIS.
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Fig. 3. Maps showing a) structures, kinematic zones, and monitoring points at the Mount Pizzuto earth flow, and b) structures and velocity within
the earth flow Neck. c¢) Velocity profile of the earth flow Neck, see b) for profile position.

5. Results

5.1. Displacement, velocity and structures within the Neck of the Montaguto earth flow

The Neck of the earth flow was actively moving between May and August 2010 (90 days). The average earth-
flow velocity over the entire monitoring period ranges from 0.016 m/d (1.4m/90ds) in the upper and lower parts of
the kinematic zone, to 0.066 m/d (6m/90ds) inthe middle part (fig. 1). Variation of earth-flow velocity along the
longitudinal axis of the kinematic zone is shown in the velocity profile in figure 1c. The distribution of displacement
and average velocity shown in figure 1b corresponds with three structural sectors characterized by i) normal faults
and a linear increase of flow velocity; ii) a peak in velocity where the flow moving core is bounded by strike-slip

faults; iii) a decrease of earth-flow velocity associated with the existence of thrust faults and a rapid narrowing of
the active flow.
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5.2. Displacement and velocity of the Mount Pizzuto earth flow from April 2014 to May 2015

All of the monitoring points moved between April, 2014 and May, 2015 (395 days) and total movement was
largely dominated by the horizontal component. Cumulative displacement of moving points ranged from 92 m at
monitoring point 20 within the Neck, to 0.4 m at monitoring points 33 and 34 in the Toe. All of the points moved
vertically downward. The blue line of figure 4a shows how displacement varies along the length of the flow. Each
kinematic zone is characterized by an upslope area of acceleration and a downslope area of deceleration with a peak
of displacement in the middle of each zone. An exception to this statement is the earth flow Toe where
thedisplacement vectors linearly decrease toward the toe of the flow. The average daily velocity at the Head of the
earth flow ranged from 6 cm/d at point 4 to 17 cm/d at point 2. In the Hopper, the peak of daily velocity is of 4 cm/d
at monitoring point 9. Within the Neck, the average daily velocity ranged from 10 cm/d at point 18, to 20 cm/d at
point 21. Within the Body, velocity ranged from 17 cm/d at point 24 to 11 cm/d at point 27. At the Toe, the average
daily velocity ranged from 1 cm/d at point 28, to 0.1 cm/d at points 33 and 34.
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Fig. 4.Longitudinal profile of the Mount Pizzuto earth flow showing the geometry of the basal-slip surface(red line) and the displacement profile
(blue line). Start and end points of the displacement profile are arbitrary taken at the beginning and at the end of the topographic profile.

5.3. Displacement, velocity, and structures within the Neck of the Mount Pizzuto earth flow

The average earth flow velocity within the Neck kinematic zone over the April 2014 to May 2015 monitoring
period ranged from 0.1 m/d to 0.22 m/d. Variation of earth-flow velocity along the longitudinal axis of the kinematic
zone is shown in figure 3b and in the velocity profile of figure 3c. Velocity is characterized by a peak of
approximately 90 m/395 days in the middle part of the zone along the right flank of the flow, and decreasing
velocity in upper and lower parts of the zone. Where earth-flow material accelerates, normal faults accommodate
flow stretching. Decreases in earth-flow velocity (shortening) are accommodated by thrust faults.

6. Discussion

1.16 1.19

Our results, combined with data from Guerriero et al. ” and Guerriero et al.”~ indicates that the ground surface of
the Montaguto and the Mount Pizzuto earth flowsconsist of structures indicating different styles of deformation.
Guerriero et al.'® underline that structure distribution can be used to infer the geometry of the basal-slip surface,
because of relations between extensional structures and risers in the basal slip surface and compressional structures
and treads in the slip surface. These relations form distinct kinematic zones with the Montaguto earth flow. Such
structures accommodate deformation caused variation in earth-flow velocity (i.e., acceleration and deceleration).The
density of structures appears to be independent of the magnitude of velocity change. For example, the highest
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density of extensional structuresin the Mount Pizzuto earth flow is in the upper part of the Hopper kinematic zone,
whereas the peak acceleration of the flow occurs in the upper part of the Neck (Fig. 4). The high density of normal
faults in the Hopper corresponds with the highest value of slope in the basal-slip surface. From this observation, it
appears that the slope angle of the basal-slip surface might control the density of deformational structures forming
during flow movement.

The displacement profile of the Mount Pizzuto earth flow (Fig. 4) indicates that average velocity
(displacement/395 days) varies along the earth flow.Similar variation was also observed within the neck of the
Montaguto earth flow. The maximum displacement of the Mount Pizzuto earth flow occurred at point 21 near the
neck of the flow. Excluding point 18, displacement increases linearly from the upper end of the Hopper (i.e., point
9) to the earth-flow neck (i.e., point 21). Considering that this part of the flow is characterized by a consistent
reduction in the width of the earth-flow, and that field observationsindicate constant sediment supply, we infer that
displacement in this part of the flow is controlled by both lateral and basal geometry of the basal-slip surface. The
presence of a treadcauses deceleration of the flow around point 18 while the presence of risers induces acceleration
of the flow.

In this context, the velocity profile along kinematic zones appears to have a consistent pattern as demonstrated by
Neck zones of the Montaguto and Mount Pizzuto earth flows. These observations suggest that a relation between the
velocity profile of an active earth flow and its slip surface geometry does exist and that local variation of flow
velocity (i.e. local acceleration and deceleration) are controlled by variationsin the slope angle of the slip surface. In
other words, the lateral and basal geometry of the basal slip surface controls both the kinematic segmentation of an
earth flow and its velocity profile.

7. Conclusion

Our work shows that earth flows are composed of distinct kinematic zones with characteristic longitudinal
velocity profiles. Velocity variation along a kinematic zone is consistent with the distribution of structures on the
ground surface of the flows. These structures accommodate stretching and shortening of material during movement.
Such variation is controlled by the basal and lateral geometry of the slip surface and in particular by local variation
of the slope angle. Such geometry seems to also control the density of extensional structures at driving earth-flow
elements (i.e., topographic risers).
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