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ARTICLE INFO ABSTRACT

Seismic nests (or clusters) are typically defined as regions of high seismic activity at intermediate depths that do
not move over time and are not associated with volcanic activity at the surface (e.g. Zarifi and Havskov, 2003;
Zarifi et al., 2007; Prieto et al., 2012). In this study, we focus on a seismic nest located in central Peru beneath
the Amazon basin city of Pucallpa. The location of this nest is just beyond the eastern-most extent of the Peruvian
flat slab, similar to the settings of two other South American clusters, the Bucaramanga and Pipanaco nests.
While the Pucallpa nest is visible in the figures of many earlier papers on intermediate depth South American
seismicity, it has not to our knowledge been described as a seismic nest before. We present the first detailed
description of the Pucallpa nest, compare it to other established nests, and discuss its implications for our
understanding of the Peruvian flat slab. Our results indicate that the Pucallpa nest demarcates the northern
margin of a sag in the horizontally subducting Nazca plate in central Peru. The position of the nest along the
projected location of the downgoing Mendana fracture zone is consistent with local variations in b-values and
could help to explain both the nest's genesis and the co-located change in slab geometry. The nest is also spatially
well correlated with the northern margin of the thick-skinned Shira Mountains and with the high heat flow
associated with the Agua Caliente dome (Hermoza et al., 2006; Navarro Comet, 2018). Further study is needed to
understand the effects of the complex Peruvian slab geometry on the formation of thick skinned deformation and
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heat flow anomalies on the overriding South American continent.

1. Introduction and tectonic setting

The Pucallpa seismic nest is located in eastern central Peru, near the
border with Brazil. It is visible to first order as a cluster of intermediate
depth earthquakes (140-180 km) that are located ~200 km east of the
Andean orogen in a region otherwise characterized by very low rates of
sub-Moho seismicity. While there is no official definition for what
comprises a seismic nest, there is some general consensus in the lit-
erature that nests should meet the following criteria: 1) the seismicity
occurs within a relatively confined volume, 2) the amount of seismicity
within that volume is significantly higher than in surrounding regions,
3) the location of the nest must be stationary and not time-dependent,
and 4) the nest is not associated with overriding volcanism (e.g. Zarifi
and Havskov, 2003; Prieto et al., 2012). Some of the best studied nests
include the Bucaramanga nest in Colombia, the Vrancea nest in Ro-
mania, and the Hindu Kush nest in Afghanistan. Other nests/clusters
have been described that match most if not all of the aforementioned
criteria, including the Socompa nest in northern Argentina (Sacks et al.,
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1966), the Fiji nest (Isacks et al., 1967; Schneider et al., 1987; Zarifi and
Havskov, 2003), the Ecuador nest (Zarifi and Havskov, 2003), the
Cauca cluster in central Colombia (Chang et al., 2017), and the Pipa-
naco nest in central Argentina (Cahill and Isacks, 1992; Mulcahy et al.,
2014).

The causes of seismic nests are not well constrained. Intermediate
depth seismicity is often associated with the dehydration of downgoing
oceanic slabs (e.g. Green and Houston, 1995; Hacker et al., 2003;
Okazaki and Hirth, 2016) or with self-localized shear-heating along
existing fault planes in the subducted plate (e.g. Kelemen and Hirth,
2007; John et al., 2009; Prieto et al., 2013; Poli et al., 2016). As is the
case along most of the Peruvian margin, the subducting Nazca plate
near Pucallpa descends normally to approximately 70-100 km depth
and then flattens, traveling horizontally for over 400 km before re-
suming its descent into the mantle. This unusual “flat slab” geometry
results in the presence of relatively shallow intermediate depth seis-
micity well east of where normal Wadati-Benioff zone seismicity would
usually be expected. The detailed geometry of the downgoing Nazca
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Fig. 1. Map of South American seismicity and Holocene
volcanism. Red triangles indicate Holocene volcanism
from the Global Volcanism Project (2013). Circles in-
dicate earthquakes from Jan 1990 to Jan 2015 listed in
the Reviewed International Seismological Centre On-line
Bulletin (2015) with magnitudes > 4 and depths >
70 km. Orange box shows Pucallpa nest described in this
study. Yellow boxes show other nests: the Bucaramanga
nest in Colombia and the Pipanaco nest in Argentina. The
faded black lines show slab contours from Slab 2.0
(Hayes et al., 2018). The faded blue lines show slab
contours from Cahill and Isacks (1992). The black arrow
offshore shows relative Nazca-South America plate mo-
tion from Altamimi et al. (2016). (For interpretation of
the references to color in this figure legend, the reader is
referred to the web version of this article.)
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plate near Pucallpa has been poorly constrained in part due to the lack
of publicly available seismic data from the region. Existing models
generally suggest that the nest lies along or just beyond the eastern-
most extent of the Peruvian flat slab (e.g. Cahill and Isacks, 1992;
Gutscher et al., 2000; Hayes et al., 2018) (Figs. 1 and 2). This is similar
to the locations of two other South American seismic nests, the
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Bucaramanga nest in Colombia and the Pipanaco nest in Argentina,
both of which are located in the portion of the downgoing plate that has
resumed normal subduction beyond a flat slab segment (Fig. 1).

The causes of flat slab subduction, both in Peru and elsewhere, are
still a topic of ongoing research. Possible contributing factors include
the age of the subducting plate, the relative convergence rates of the
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Fig. 2. Map of Pucallpa Nest. Circles indicate earthquakes as plotted in Fig. 1. The orange box shows the Pucallpa nest described in this study. The black dashed line
indicates NNW and WSW legs of the Pucallpa Nest. The green square is the location of the city of Pucallpa. The yellow star indicates the location of the 2011
M,, = 7.0 Contamana earthquake (Tavera, 2012) located at 148 km depth. The white star indicates the location of the Agua Caliente Oil Field and Boiling River
(Hermoza et al., 2006; Ruzo, 2016; Navarro Comet, 2018). Offshore black lines show the outline of the Mendana fracture zone from Huchon and Bourgois (1990).
Light blue outlined shape is the projected location of the subducted Nazca Ridge based on its conjugate Tuamotu Plateau on the Pacific plate (Hampel, 2002). The
dark blue outlined shape is the subducted Inca Plateau based on the location of its conjugate, the Marquesas Plateau (Rosenbaum et al., 2005). The pink shaded
region shows the location of the Shira Mountains (Hermoza et al., 2006). The nearest permanent seismic station (NNA) is shown as a white diamond. PULSE seismic
stations are shown as small grey diamonds. The blue lines show slab contours from Slab 2.0 (Hayes et al., 2018) in 30 km depth intervals. The black lines show slab
contours from Cahill and Isacks (1992) in 25 km intervals. The red lines show approximate slab contours from the PULSE deployment (Antonijevic et al., 2015; Scire
et al., 2016; Bishop et al., 2017) in 30 km intervals. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)

oceanic and continental plates, the extent of trench rollback or con- northern portion of the Peruvian flat slab was supported by the com-
tinental advance, the thickness of the continental mantle lithosphere pletely subducted Inca Plateau, the conjugate of the Marquesas Plateau
particularly in the case of a cratonic root, and the presence of over- on the Pacific plate. In between the subducted Inca plateau and the
thickened oceanic crust due to a hotspot track or oceanic plateau that downgoing Nazca Ridge, they proposed a sag in the downgoing plate

could add buoyancy to the descending slab (e.g. Gerya et al., 2009; whose deepest portion aligns with the subducting Mendana Fracture
Manea et al., 2012; O'Driscoll et al., 2012; Antonijevic et al., 2015). In Zone (MFZ) (Gutscher et al., 1999, 2000; Huchon and Bourgois, 1990;

South America, both the Chilean and the southern portion of the Per- Lonsdale, 2005). The Pucallpa Nest lies approximately along the pro-
uvian flat slabs show close spatial alignments between the shallowest jected location of the MFZ.
portions of the flat slabs and downgoing seamount chains, the Juan At the surface, the Peruvian flat slab is characterized by a gap in
Fernandez and Nazca Ridges respectively (e.g. Anderson et al., 2007; Holocene volcanism between 2°S and 14°S. The nearest Holocene vol-
Antonijevic et al., 2015, 2016). The timing of the arrival of these ridges canism to the Pucallpa nest lies over 700 km to the south or over
also closely aligns with the formation of ore deposits and the cessation 800 km to the northwest. While there is no known volcanism above the
of arc volcanism in both Peru and Chile/Argentina (Kay and Mpodozis, Pucallpa nest, there is evidence for high heat flow in the form of boiling
2001; Yanez et al., 2001; Hampel, 2002; Rosenbaum et al., 2005). This rivers associated with the recent rapid uplift of the Agua Caliente dome
suggests that, while other factors almost certainly play a role (i.e. (Hermoza et al., 2006; Ruzo, 2016; Navarro Comet, 2018). This small
trench rollback, presence of cratonic roots), the buoyancy of downgoing dome and associated boiling rivers lies at the northern end of the thick-
slabs seems to have a strong effect on the geometry of flat slabs, and skinned Shira Mountains (Fig. 2) (James and Snoke, 1994; Hermoza
appears to be a necessary (if not sufficient) contributing factor for their et al., 2006). The uplift of the Shira Mountains and adjacent Agua
formation. Caliente dome occurred due to the inversion of Paleozoic extensional
Most of the Peruvian flat slab lies north of the Nazca Ridge, raising structures at 7.2-5.3 Ma, resulting in thick skinned deformation along
the question of why this flat slab region is so broad if the Nazca Ridge is the ~20-25km deep Shira Mountain fault (Hermoza et al., 2006;
necessary for its formation. The southern half of the Peruvian flat slab Alvarez, 2008; Espurt et al., 2008). This timing corresponds to the time
can be accounted for by the southward migration of the Nazca Ridge of formation of zinc and copper ore deposits and the cessation of arc
relative to the overriding plate over time due to the difference between volcanism at these latitudes (e.g. Rosenbaum et al., 2005).

the trend of the ridge track and the plate convergence directions (e.g.
Hampel, 2002; Rosenbaum et al., 2005; Antonijevic et al., 2015). The
northern portion of the Peruvian flat slab, however, must have an in- 2. The Pucallpa Nest - by the numbers

dependent explanation. Gutscher et al. (1999, 2000) proposed that the
For this study, we use event locations from the International Seismic
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Centre Reviewed Seismic Catalog (RISC). The nearest permanent
seismic station to the Pucallpa nest is NNA, located over 450 km to the
southwest. The nearest broadband seismic station with data available at
the Incorporated Research Institutions for Seismology Data
Management Center (IRIS-DMC) is the northernmost station for the
PerU Lithosphere and Slab Experiment (Wagner et al., 2010) located
~270 km south of the Pucallpa Nest. For consistency, we use the same
RISC event catalog when comparing the Pucallpa Nest to other clusters,
even when other clusters have published seismicity studies based on
more regional data sets. For the Pucallpa Nest, we find a relatively tight
cluster of events that is most pronounced between 7.5°S and 9°S, 75°W
and 74°W, and between 140 and 180 km depth (Fig. 2). The cluster
roughly comprises two legs forming a backwards “L” geometry — a
longer one that trends NNW and includes seismicity over the full depth
range of the cluster, and a second, shorter leg extending WSW from the
southern end of the NNW trending leg that includes little seismicity
deeper than 160 km depth.

In the absence of openly available data from regional networks, the
resulting locations could show a systematic bias. However, this should
not, in principle, affect the relative location of regional seismicity, and
hence the definition of a cluster. To test further the robustness of the
locations we used, we considered a sub-dataset of 150 earthquakes, and
compared the hypocentral estimates reported by the RISC and the
International Data Center (IDC) operated by the Comprehensive Test
Ban Treaty Organization (CTBTO). These two agencies systematically
relocate global seismicity using similar methodologies, but potentially
slightly different datasets. We find that the 3-D distance separating the
hypocenters is on the average 14 km, and the average absolute differ-
ence in depth only 8 km, both numbers representing only a fraction of
the size of the cluster. The average horizontal displacements between
the two set of epicenters were < 1km, indicating no systematic bias
between the position of two estimates of the position of the cluster.

Table 1 shows the event statistics for the Pucallpa nest in compar-
ison to the better-studied Bucaramanga, Hindu Kush, and Vrancea
nests, as well as the Pipanaco nest in Argentina. We compiled datasets
from the RISC from January 1990 to January 2015, with a magnitude
threshold m;, = 4, which are thus believed complete. We also consider
the NEIC catalog, extending back to 1963, since shorter time windows
can undersample high magnitude seismicity as in the case of the cata-
strophic 1977 Bucharest earthquake, part of the Vrancea nest. We also
compiled all Centroid Moment Tensor (CMT) solutions available for the
nests, from the GlobalCMT catalog (Dziewonski et al., 1981; Ekstrom
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et al., 2012), complemented by the dataset of intermediate-depth
WWSSN-era CMTs inverted by Chen et al. (2001).

Finally, for those events postdating 1990 and with
M, = 10%° dynxcm, we compiled the values of the energy-to-moment
parameter © recently obtained by Saloor and Okal (2018), which
characterizes the relative distribution of moment release between high-
and low-frequency parts of the spectrum, and as such is a proxy for
anomalous slowness or “snappyness” expressing violation of scaling
laws (Newman and Okal, 1998). For depths typical of the various nests
studied here, Saloor and Okal (2018) obtained a worldwide
average < © > = —4.77 * 0.24, but a slightly larger value
(—4.57 = 0.22) in the Hindu Kush. Their dataset comprises five values
in the Pucallpa nest: —4.48 for the large 2011 event, and
—4.86 = 0.06 for the other four, suggesting that the events in the nest
are not demonstrably different in their source spectrum from their
world-wide counterparts in the same depth range. Only one © value
each is available for Bucaramanga (—4.50) and Vrancea (—4.82),
suggesting similar conclusions albeit on obviously minimal datasets.

We also examined the possibility of an anomalous source behavior
in the Pucallpa nest by analyzing the non-double-couple CLVD com-
ponents of the 14 moment tensor solutions (Mo = 2 x 10%* dyn=cm;
M,, = 5. 5) available in the GlobalCMT catalog, as characterized by the
parameter (Shuler et al., 2013)

g = —_/12
~ Max (141, 1431) @

where A; = A, = A3 are the principal values of the deviatoric moment
tensor solution (we recall that in general —0.5 < ¢ < 0.5, and that
e = 0 for a pure double-couple). We find ¢ values ranging from —0.32
to 0.20, with an average |e| of 0.11. Worldwide values in similar depth
and moment windows are —0.43 <e<0. 47 and |¢| = 0.11. We
conclude that events in the Pucallpa nest are characterized neither by
systematically anomalous slowness parameters © nor by systematic
departures of their sources from double-couples beyond those observed
worldwide at similar depths.

For the Bucaramanga, Hindu Kush, and Vrancea nests, we used the
depth constraints as shown in Prieto et al. (2012). For the Pipanaco
nest, significantly fewer studies exist that describe its geometry with the
level of detail available for the aforementioned three. The Pipanaco
nest demarcates the southern margin of a region of sparse intermediate
depth seismicity sometimes referred to as the Antofalla teleseismic gap
(Cahill and Isacks, 1992; Mulcahy et al., 2014). This seismic gap, along

Table 1
Earthquake statistics for the Pucallpa and other seismic nests.
Pucallpa Pipanaco (all) Pipanaco (2) Bucaramanga Hindu Kush ~ Vrancea

Latitude range (°N) -9.0, —-7.5 -29.0, —27.4 -281, —-27.7 6.7, 6.9 35.5, 38.5 45.3, 45.9
Longitude range (°E) —75.0, —74.0 -67.8, —66.4 —67.0, —66.4 —73.2, —72.9 69.3, 74.5 26.1, 26.9
Depth range (km) 140-180 110-180 140-180 145-165 70-250 70-170
Approx. volume (km®) 735,000 1.72 x 10° 70,000 15,000 12.5 x 10° 416,000
M > 4 (1990-2015) 105 154 72 234 1537 220

... per 1000 km® 0.14 0.11 1.0 15.9 0.12 0.53
M > 3 (1963-2015) 245 361 170 691 5284 346
b-Values

This study 1.02 1.67 1.44 1.70 1.23 0.88-1.14

0.90 (NNW); 1.29 (WSW)

Prieto et al. (2012) 1.35-1.6 1.15 1.15

Frohlich and Nakamura (2009) 1.59

Zarifi and Havskov (2003) 1.17 1.43 1.00
GCMT solutions (1976-2018) 28 27 14 35 259 24

M, > 2 x 10**dyn#cm 12 6 4 4 106 7

(1962-1975) Chen et al. (2001) 1 1 1 1 7 0
Largest event (1976-2018) 24 Aug 2011 10 Jun 1985 25 May 1999 10 Mar 2015 26 Oct 2015 04 Mar 1977

M, (dyn#cm) 4.3 x 10%° 4.0 x 10%° 5.4 x 10%* 3.0 x 10%° 2.2 x 107 2.0 x 10%
Fatalities (known) 400 1500
© (largest event post-1990) (Saloor and Okal, 2018) —4.48 —4.50 —4.05 —4.82 (31 May 1990)

Largest event (1962-1975; WWSSN) 29 Jul 1967

M, (dynxcm) 1.8 x 10%°
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with the northern portion of the Pipanaco nest, was recently studied by
a series of broadband and intermediate period seismic deployments (see
Mulcahy et al., 2014). They combined their local data with teleseismic
data to look at detailed event distributions and found the Pipanaco nest
to be comprised of three separate sub-clusters. Of these, according to
the RISC, the cluster furthest to the east (cluster #2, Mulcahy et al.,
2014) is by far the most dense. It is also the furthest from the volcanic
arc that lies west of all three sub-nests.

Note that the comparisons proposed in Table 1 and discussed below
could be marred by undersampling, as exemplified by the fact that the
largest known event in the Bucaramanga nest occurred in 1967, before
the era of digital seismology, and was revealed as such only through the
catalog of Chen et al. (2001). This remark notwithstanding, most of the
nests examined in Table 1 feature some unique property. The Hindu
Kush cluster is clearly in a class by itself, in terms of total volume,
number of events and recurrence of large shocks (2015, 1965, and,
incidentally, probably also 1909). Note, however, that the Vrancea nest
comes in as a close second in terms of maximum moment; given its
more shallow character, it is the most lethal nest, having resulted in
catastrophic earthquakes claiming > 1000 lives in 1940 and 1977, with
a long string of historical destructive events, such as the potentially
larger 1802 earthquake (Georgescu, 2002). The Bucaramanga nest
clearly features the densest seismicity per unit volume, at a level
(my = 4) where completeness can reasonably be assumed, at least since
1990.

As for the Pucallpa Nest, it is larger in volume than all but the Hindu
Kush and combined Pipanaco clusters, but is similar to the Vrancea
nest. The seismic rate is somewhat lower than for several other nests,
though this may be due to an underreporting of events because of the
relative lack of local seismic data. What makes the seismicity in the
Pucallpa nest notable is its location in a region that is otherwise almost
devoid of seismicity (Figs. 2, 3). Other nests like Bucaramanga, while
far more active than the Pucallpa nest, are also located within clearly
observed and relatively active Wadati-Benioff Zones. Between 1990 and
2015, the Pucallpa nest produced somewhere between 1 and 15 events
each year that are compiled in the RISC (Fig. 4). The average number of
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Fig. 4. Number of events per year. Number of events of any magnitude between
1990 and 2015 from the Reviewed ISC On-line Bulletin (2015) within the Pu-
callpa Nest (between 7.6°S and 9°S latitude, between 74°W and 75°W longitude,
and between 130 and 180 km depth).

events per year in that time window was 6.8 with a standard deviation
of 3.7. There is no indication that the seismicity in this cluster has
moved spatially during this 25-year time window. The largest event
during our study time window in the Pucallpa nest is the 24 August
2011 Contamana earthquake (RISC m; = 6.6; M, = 7.0 (Tavera,
2012)). The location of this earthquake lies at the northern edge of the
Pucallpa Nest, at the end of the longer NNW-SSE trending leg. This
event produced 35 aftershocks with magnitudes between 3.5 and 5.0
(Tavera, 2012), though only one was recorded at sufficient numbers of
stations to determine a location. The fact that the largest event occurs at
the edge of the group is reminiscent of the observation, on a much
larger scale, that the largest intermediate and deep earthquakes tend to
occur at the bottom or at the lateral edges of groups of deep seismicity
(Kirby et al., 1996, Fig. 21).

2.1. Frequency-magnitude relationships

We next analyze the frequency-magnitude relations in the various
nests, with the results shown on Fig. 5, and listed as b-values in Table 1,
where they are compared with those of previous studies when avail-
able. Following Rundle (1989), we recall that, under the assumption of

Fig. 3. Histogram of the number of events. Included are events of depth > 70 km of any magnitude between 1990 and 2015 from the Reviewed ISC On-line Bulletin
(2015) per 0.2° x 0.2° grid in map view. The Pucallpa cluster is clearly visible as having substantially more seismicity than surrounding areas.
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Fig. 5. Frequency-magnitude relationships for the Pucallpa (a), and other (b—f) seismic nests. In each frame, earthquakes from the NEIC 1963-2015 catalog are sorted
by magnitude. The plus signs show the populations of the individual bins, of width 0.2 units of magnitude, and the squares represent the cumulative populations of
events equal to, or greater than, a given magnitude. The regression is taken over the points highlighted in red, with the open symbols, affected by incompleteness, not
used. In the case of Vrancea (f), a second regression is also shown in green that does not include the four largest earthquakes. While the horizontal axes (magnitude)
are consistent for all plots, we note the different vertical axes for each plot required to show the significant variability in the absolute numbers of events. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

scale invariance and earthquake scaling laws, b-values are intrinsically
controlled by the fractal dimension of the seismogenic zone. For
earthquakes constrained to two-dimensional faults, the population of
seismic moments is expected to feature a f value of 2/3 (obtained by
regressing against log;o Mo). If further assuming that a given magnitude
grows as (2/3) log,o My, a b-value of 1 is predicted for that magnitude

102

scale. For a 3-dimensional seismogenic zone, as in the case of certain
deep earthquakes (Okal and Kirby, 1995), B and b values are expected
to be larger.

As discussed in detail by Okal and Romanowicz (1994), two effects
conspire to produce systematic deviations to this model of constant b-
value. One is physical, namely that in most geometries, the growth of
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the fault width W is limited by the extent of the brittle material, leading
to a breakdown in scaling laws, and to higher values for large events,
even when studied as a function of moment. This effect is well known
for major interplate earthquakes limited in width W by the thermal
structure of the lithosphere, but on a smaller scale, it can express a
limited length of coherence for faults, and predicts higher b-values in
strongly heterogeneous, fractured media such as volcanic edifices. The
second effect is the saturation of any magnitude measured at constant
period (Kanamori and Anderson, 1975; Geller, 1976), which leads to
additional curvature in the frequency-magnitude diagram, even before
physical saturation of W can occur.

In the present context, and given the small number of available CMT
solutions (except for the Hindu Kush nest), it is impossible to explore
frequency-size relationships using the more analytical quantifier My,
and we have to use the only magnitudes available, primarily m;,. The
completeness of earthquake catalogues is of course a crucial element of
any frequency-magnitude investigation. As discussed for example by
Wiemer et al. (1998) and Wiemer and Wyss (2000), completeness may
vary significantly, depending obviously on the level of instrumentation
of a given province, but also on structural properties such as attenua-
tion, not to mention a possible temporal variation, when the mechanism
of seismogenesis can evolve, for example during a volcanic crisis
(Wiemer et al., 1998). Wiemer and Wyss (2000) have based their es-
timates of completeness on the interpretation of the plateau developing
in the cumulative populations used in b-value studies. In this regard, the
datasets presented in Figs. 5 and 6 show clear breaks, especially when
considering incremental bin populations (shown as + signs), which
justify the magnitude ranges used in our investigations.

Our results show a regular value, b = 1.05 = 0.05, for the Pucallpa
nest as a whole in the interval of probable completeness,
4.6 < my < 6.8. This property is largely shared with the Vrancea nest
(b = 0.88), in agreement with the previous models of Zarifi and
Havskov (2003) and Prieto et al. (2012); note however a scatter at large
magnitudes, and a slightly higher value (b = 1.14) when these events
are excluded (Fig. 5f). The Hindu Kush nest is the only one for which a
moment regression is possible, yielding § = 0.60 + 0.03, in reasonable
agreement with the theoretical value 2/3; by contrast, b = 1.23 reflects
the initiation of saturation for a population featuring a consequent
number of events with m;, > 6. In the case of Bucaramanga, we obtain
a high b-value (1.70), which agrees with Prieto et al.'s (2012) (however,
they guard against the use of particular sets of magnitudes, i.e. my vs.
M), and Frohlich and Nakamura's (2009); we note a possible change of
slope around mj, = 5. Finally, we find relatively high values for the
Pipanaco events, especially when considering the full nest.

While the Pucallpa nest features b-values essentially equal to 1 (an
attribute it shares with Vrancea, and which agrees well, within the
range of magnitudes considered that are little affected by saturation,
with the f value (0.70) documented by Okal and Kirby (1995) in the
100-200 km depth band), we note that the two legs of the Pucallpa nest
have distinctly different b-values when considered independently. The
WSW trending southern leg that is aligned with the MFZ has a higher b-
value (1.29 = 0.08) than the NNW trending leg (0.90 + 0.05) (top
frames of Fig. 6). This difference could reflect differences in the co-
herence of faults within the oceanic plate associated with the two legs.
The more fractured oceanic crust of the MFZ might be expected to
produce more smaller earthquakes than the less fractured rock asso-
ciated with the NNW trending leg, whose b-value (0.90) is essentially
identical to that of the Vrancea nest (0.88). This difference appears
robust with respect to the details governing the separation of the two
legs of the nest: on the bottom frames of Fig. 6, we assign the events in
the heel of the nest to the Southern rather than Northern leg, with es-
sentially no effect on the resulting b-values, the new ones remaining
within the error bars of the top frames.
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2.2. Focal mechanisms

The focal mechanisms for events within the Pucallpa nest indicate
nearly exclusively normal faulting geometries in map view. Fig. 7 shows
focal mechanisms available in the Global CMT catalog (Dziewonski
et al., 1981; Ekstrom et al., 2012) for earthquakes larger than magni-
tude 5.5 between 1990 and 2015. For the NNW-SSE trending long leg of
the nest, almost all focal mechanisms have one sub-horizontal nodal
plane and one near vertical nodal plane aligned roughly parallel to the
trench. In cross section (Fig. 7A), these focal mechanisms are all con-
sistent with downdip extension within the slab east of the horizontal
slab segment. For the WSW-trending shorter leg, the focal mechanisms
are more variable. While the P-axes are relatively consistently near
vertical, there is significant scatter in the orientation of the T-axes.

The consistency of focal mechanisms in the Pucallpa nest can be
quantified by first summing (without weighting) the moment tensors of
the available solutions and defining a resulting “average” best double-
couple (¢ = 343°% & = 73°; A = —100°; with a minimal minor double-
couple of only 3%). We then compute, for each solution, the angle of
solid rotation separating it from that average, in the formalism of Kagan
(1991). We find that the Kagan angles are generally < 30° (out of a
theoretical maximum of 120°), and with one exception (57°) < 40°, the
angles being particularly low in the Northern leg of the “L”, thus con-
firming the coherence in the focal geometries.

3. The Pucallpa Nest and its location in the Peruvian Flat slab

A number of models for the geometry of the Nazca Plate that are
based on teleseismic locations of slab seismicity have noted the pre-
sence of a broad flat slab that extends for most of the Peruvian margin.
Cahill and Isacks (1992) envisioned this slab as a uniform bench-like
structure with little along-strike variability in depth or trench-perpen-
dicular extent. Others like Gutscher et al. (1999) and more recently Slab
2.0 (Hayes et al., 2018) indicate that there may be significant along-
strike changes in the shape of the downgoing plate within the flat slab
region. Gutscher et al. (1999) in particular advocated for a sag in the
Nazca plate between the fully subducted Inca Plateau and the down-
going Nazca Ridge (Figs. 2, 7). Supporting evidence for such a sag, at
least to the south, was later confirmed by the Peru Lithosphere and Slab
Experiment (PULSE; Wagner et al., 2010) by means of a variety of
analyses including earthquake locations (Kumar et al., 2016), surface
wave tomography (Antonijevic et al., 2015, 2016) and receiver func-
tions (Bishop et al., 2017). However, the northward extent of the sag is
less well constrained.

The location of the Pucallpa nest shown in this study strongly sug-
gests that these earthquakes lie just north of the sag, as opposed to
within the sag as proposed by Gutscher et al. (1999). While the Pucallpa
nest is clearly visible in Fig. 2a and b of Gutscher et al. (1999), they are
projected to the east a significant distance, masking the fact that many
of the events, especially in the NNW trending leg, lie within the
downgoing portion of the Nazca plate, beyond the flat slab. The shal-
lowest events of this cluster, however, are at approximately the same
depth as those proposed to be co-located with the subducted Inca Pla-
teau to the north, consistent with them being located north of the sag
and not within it.

Some clues on the relationship between the Pucallpa nest and the
flat slab sag can be gleaned from comparing the Pucallpa nest focal
mechanisms with those of the Bucaramanga and Pipanaco nests. For
Bucaramanga and Pipanaco, the T-axis orientations are dominantly
parallel to the slab, pointing in the downdip direction. For the
Bucaramanga nest, we document significant diversity in focal me-
chanisms, with the 35 available GCMT solutions deviating 53° in mean
Kagan angle from their average best double-couple, a conclusion in line
with previous studies (e.g. Schneider et al., 1987). However, most focal
mechanisms feature slab-downdip extension with variable orientations
of the other two axes (e.g. Frohlich et al., 1995; Cortés and Angelier,
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Fig. 6. Frequency-magnitude relationship of Pucallpa nest legs. b-Value results obtained by splitting the Pucallpa nest into its NNW-trending and WSW-trending legs
(red circles and green triangles respectively on maps). Note significantly different slopes, compatible with a more fractured material under the WSW-trending group.
Comparison between the top and bottom frames, which differ in the assignment of events at the intersection of the legs, demonstrates the robustness of this result.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

2005; Prieto et al., 2012). For the Pipanaco nest, revised slab contours
based on improved earthquake locations also indicate consistently
downdip T-axis orientations (Mulcahy et al., 2014). In the Pucallpa
nest, the NNW trending limb shows a similar pattern to Bucaramanga
and Pipanaco: consistently downdip extensional focal mechanisms.
However, the WSW trending limb indicates a greater degree of varia-
bility in T-axis orientation. This may simply reflect an absence of a
dominant downdip direction in a portion of the flat slab with only
gradually changing dip direction. Alternatively, this heterogeneity may
be due to either abrupt changes in slab geometry and therefore in
downdip slab direction, or it may be due to differing styles of slab de-
formation.

The slab deformation associated with the Bucaramanga nest events
has been attributed to slab pull, slab bending, slab tearing, and/or the
collision between two subducting plates (e.g. Frohlich et al., 1995;
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Taboada et al., 2000; Cortés and Angelier, 2005; Zarifi et al., 2007;
Syracuse et al., 2016). For Pipanaco, Mulcahy et al. (2014) propose a
much more abrupt transition from flat slab to normally dipping slab in
the region of the Pipanaco nest than had previously been reported, and
suggest that this additional degree of deformation and associated ex-
tension may play a role in the genesis of the nest seismicity. We pos-
tulate that the NNW leg of the Pucallpa nest is due to slab pull/downdip
extension. Another possibility is that this leg of the Pucallpa nest is due
to slab bending forces. Slab bending has been postulated to play a
significant role in the development of intermediate depth seismicity
(e.g. Faccenda et al., 2012). Indeed, the damaging 2017 M,,7.1 Puebla-
Morelos earthquake was located at the northernmost margin of the
Mexican flat slab, and has been postulated to be caused by a bending-
related reactivation of pre-existing faults in the subducted plate (Melgar
et al., 2018). However, we note that the near vertical trend of this leg of
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Fig. 7. Map of Pucallpa Nest with focal mechanisms and cross sections. Top: map view: circles show seismicity (same as Fig. 2) along with focal mechanisms from the
Global CMT catalog (Dziewonski et al., 1981; Ekstrom et al., 2012). The red contours are our proposed slab geometry in 50 km increments. Teal outlined shape is the
projected location of the subducted Nazca Ridge based on its conjugate Tuamotu Plateau on the Pacific plate (Hampel, 2002). The dark blue outlined shape is the
subducted Inca Plateau based on the location of its conjugate, the Marquesas Plateau (Rosenbaum et al., 2005). The pink shaded region shows the location of the
Shira Mountains (Hermoza et al., 2006). Cross sections have earthquakes and focal mechanisms projected onto the transect from within the boxes outlined on the
map. For all cross sections, the red line is the proposed slab geometry shown in red contours and in Fig. 7 — the solid red line indicates the slab geometry determined
from PULSE studies (e.g. Antonijevic et al., 2015, 2016; Kumar et al., 2016; Bishop et al., 2017) and the dashed red line indicates the slab geometry inferred in the
present study. The dashed black line is the slab from Cahill and Isacks (1992). The blue line is the slab from Slab2.0 (Hayes et al., 2018). The black line above the
depth profiles on each cross section shows topography/bathymetry in km. Middle: Cross-section A-A’ through the NNW-SSE trending arm of the Pucallpa Nest. T-axes
are uniformly down-dip, roughly parallel to the dip of the proposed slab geometry. Bottom: Cross-section B-B’ is parallel to the WSW-ENE arm of the Pucallpa Nest.
Focal mechanisms on this segment are more variable. The inverted red triangle on the topography profile shows the location of the Agua Caliente Oil Field and
Boiling River. Cross-section C-C’ is parallel to the NNW-SSE arm of the Pucallpa Nest. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

the nest extends over 40 km depth with little apparent variation in
available focal mechanisms. If all of these events are associated with the

extend further to the north or south. Possible explanations could in-
clude variability in the slab geometry which is poorly constrained to the

bending of the plate, one might expect a range in mechanisms from
extensional at the top of the plate to compressional at the bottom. Given
the limited number of focal mechanisms available, we cannot rule out
this possibility without further study. Furthermore, any such study
would also need to explain why this leg of the Pucallpa nest does not

north, or the absence of favorably oriented subducted plate fabric
(Melgar et al., 2018).

The WSW leg of the Pucallpa nest on the other hand, appears to lie
along the northern edge to the sag between the northern and southern
segments of the Peruvian flat slab. The abruptness of this transition to
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Fig. 8. 3D image of slab seismicity and possible slab geometry surrounding the Pucallpa Nest. Cubes show event location for seismicity > 70 km depth from the RISC
1990-2015. Squares on underlying and overlying topographic maps show projections of the same events. Slab geometry south of ~9°S is constrained by seismic
stations of the PULSE deployment (see Fig. 2). Slab geometry proposed here for areas further north is based on RISC event locations and focal mechanisms.

the sag is difficult to discern from earthquake locations alone. However,
given the orientations of the focal mechanisms along the WSW leg of
the Pucallpa nest, we postulate that this may be a relatively abrupt
transition that could be accommodated by bending and/or extension as
suggested for both the Bucaramanga and Pipanaco nests, or by slab
tearing as has been suggested for Bucaramanga.

The WSW leg of the Pucallpa nest is oriented roughly parallel to the
downgoing MFZ. The MFZ is a broad region (80km) of trench-per-
pendicular lineations (Kukowski et al., 2008) once thought to comprise
a young (< 3.5Ma) active spreading center (Huchon and Bourgois,
1990) but now thought to be a complex segmented transform fault
(Lonsdale, 2005) that separates 27-30 Ma oceanic crust to the north
from 36 to 41 Ma to the south (Miiller et al., 2008). The alignment of
the WSW arm of the Pucallpa nest with the MFZ and possibly with an
abrupt deepening of the slab to the south of the MFZ is consistent both
with the MFZ being a zone of weakness that might accommodate either
abrupt slab deformation and/or tearing, and with the oceanic plate
being older, and therefore colder and more dense to the south of the
MFZ than to the north. This is also consistent with the higher b-values
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obtained for this leg of the Pucallpa nest that may indicate the presence
of more fractured oceanic plate.

Fig. 8 shows a 3D representation of our proposed slab geometry,
along with seismicity, topography, and other geological features. Sev-
eral surface geologic features correlate spatially and temporally with
the sag and the development of the flat slab, respectively. The Shira
uplift is a late Miocene-to-recent basement cored uplift that separates
the Pachitea Basin to the west from the Ucayali Basin further east
(Hermoza et al.,, 2006; Espurt et al.,, 2008; Devlin et al., 2012;
Gautheron et al., 2013; Witte et al., 2015). The timing of this uplift
(9 = 2Ma) is similar to the beginning of the subduction of the Nazca
Ridge and associated formation of the flat slab at these latitudes
(Rosenbaum et al., 2005; Gautheron et al., 2013). The inverted Paleo-
zoic faults that define the eastern margin of the Shira Mountains appear
to lie near the downward inflection point of the sagging portion of the
Peruvian flat slab. The along-strike extent of the Shira Mountains cor-
relates well with the along-strike extent of the sag. However, correla-
tion does not mean causation. The nature of a causal relationship (if one
exists) between flat slabs and basement cored uplifts is not well
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understood or agreed upon even in well instrumented regions, and is
therefore well beyond the scope of the present study. However, we
propose that this region may provide valuable constraints on this re-
lationship due to the along-strike variability in both slab geometry and
overriding deformation.

4. Conclusions

1) The Pucallpa Nest in central Peru meets all of the criteria for a
seismic nest, bringing to three the number of seismic nests asso-
ciated with flat slabs in South America. Its spatial correlation with
the Mendana fracture zone and its similarity to other flat slab
seismic nests may provide new constraints on the causes of inter-
mediate depth seismicity (e.g. Prieto et al., 2012).

2) The two legs of the Pucallpa Nest are characterized by differences in
both focal mechanisms and b-values. The NNW trending leg is
characterized by very consistent focal mechanisms and average-to-
low b-values. The WSW trending leg of the nest has significantly
more variability in focal mechanisms, and has a relatively high b-
value. This may reflect the role of the Mendana fracture zone in the
genesis of this portion of the seismic nest.
The WSW leg of the Pucallpa Nest and associated Mendana fracture
zone appears to define the northern margin of a sag in the Peruvian
flat slab. The sag may therefore be due, in part, to the presence of
10 Ma older oceanic plate to the south of the fracture zone than to
the north. The fracture zone itself may form a zone of weakness that
allows for both the seismicity of the Pucallpa Nest and also the
bending or tearing required to produce this sag.
The geometry of the Peruvian flat slab correlates well spatially with
the location of the basement cored uplifts of the Shira Mountains,
both in along-strike extent and its location above the eastern hinge
of the flat slab. More work is needed to understand the causes of flat
slab nests and the role they play in the spatio-temporal evolution of
slab geometry.
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