communications
earth & environment

ARTICLE (B crock o pstes

https://doi.org/10.1038/s43247-023-00744-2

Magmatic addition rates differentiate periods of
steady-state versus flare-up magmatism in the
Central Andean arc

Daniel Bertin® '™, Shanaka L. de Silva?, Jan M. Lindsay1, Shane J. Cronin® !, Pablo J. Caffe3, Charles B. Connor?,

Pablo Grosse>®, Walter Baez’, Emilce Bustos’ & Robert Constantinescu®

Cordilleran arcs are built by long periods of steady-state magmatism punctuated by transient
high-flux magmatic episodes or flare-ups. Such flare-ups, manifested as periods of prodigious
silicic volcanism and magmatism, result from geodynamic perturbations that cause elevated
rates of magma addition to the crust. Questions remain, however, about how magmatic
addition rates quantitatively compare between steady-state and flare-up modes of arc
magmatism, and how long after the major geodynamic perturbation the flare-up begins. Here,
we compute new estimates of erupted volumes over the last 35 Myr for the 22.5-29°S
segment of the Central Andes based on a new volcanic geospatial database. These yield
magmatic addition rates at least an order of magnitude higher during flare-up compared to
steady-state conditions. A lag time of ~8-12 Myr between ocean ridge subduction (the major
geodynamic perturbation in the Central Andean arc) and the onset of flare-up conditions is
estimated.
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arcs varies in space and time!=3. Systematic studies of these

variations have led to the recognition of two main mag-
matic stages: steady-state and flare-up*-©. Steady-state refers to
the low eruptive/magmatic flux that characterizes the long-term
evolution of the arc. Flare-ups, in contrast, are transient excur-
sions of high eruptive/magmatic flux driven by an elevated power
input from the mantle, resulting from major geodynamic changes
in the subduction system”?. It is during flare-ups that large-scale
arc-wide explosive silicic volcanism and their intrusive equiva-
lents (Cordilleran batholiths), are generated>!%!l. Even though
the causes behind flare-ups are reasonably well understood for
subduction settings>®12-16, the detailed timing between the
major geodynamic perturbation and the onset of the flare-up
remains elusive. Another unknown is how different the magmatic
addition rates are between flare-up and steady-state stages, given
detailed volumetric and space-time data for volcanism in long-
lived active arcs are scarce. Resolving these issues has been
challenging due to major uncertainties in both crust-mantle mass
balances and plutonic-to-volcanic ratios, as well as the inherent
difficulty in confidently estimating the volume of volcanic
deposits.

Volumetric eruption rates determined for continental arc
segments have been present in the literature since the late 1970s/
early 1980s!7-18. Comparisons between these values are, however,
difficult, and sometimes inappropriate, due to the different
methodologies and assumptions used to derive them. Approaches
can either be short-term, long-term or ultra-long-term, local or
regional, and can either consider flare-ups exclusively or not!920,
When only flare-ups are analyzed, mean eruption rates are
obtained by simply dividing the total erupted volume by the
duration of the flare-up!. These eruption rates can be used to
infer intrusion rates by considering a suite of plutonic-to-volcanic
ratios! 11>, Sometimes the extrusive and intrusive rates are added
to obtain crustal growth rates?!?2, which can be useful diagnostic
indicators for differentiating steady-state and flare-up stages at
Myr timescales>!321. This, however, requires calculating volumes
for all types of volcanic deposits, not only ignimbrites or other
flare-up-related deposits, which can be methodologically chal-
lenging and computationally intensive. In addition, as most
eruption and crustal growth rates are mean averages (i.e., volume
per unit of time for long time intervals), an analysis of how these
rates behave at shorter (<<1Myr) timescales has yet to be
attempted.

In this study, we provide a volumetric analysis for the last
35Myr of volcanic activity in the 22.5-29°S segment of the
Central Andes (Fig. 1; see Supplementary Note 1 for the tectonic
setting of the study area). This arc segment records a time-
transgressive Neogene flare-up that tracks the southward sub-
duction of the Juan Ferndndez ocean ridge, long proposed as its
major geodynamic driver (e.g., Fig. 6 in Kay and Coira?3; Fig. 3 in
de Silva and Kay??). In addition, this region hosts a large number
of volcanoes and volcanic deposits whose diverse aspects (e.g.,
location, morphology, age, composition) have been compiled into
a series of volcanic catalogs®4-2%,

Building on this, and in light of the many new geological maps
and radiometric ages available for this region and not included in
previous catalogs, we collate all available geospatial information
into a new volcanic database. We use this new database to
examine the diversity of volcano types, volcanic deposits, eruptive
volumes and eruption ages in the region. By estimating volume
and age constraints for each mapped volcanic deposit, and
modeling the evolution of the erupted volume at a temporal
resolution of 10 kyr, we (1) provide a comprehensive evaluation
of the extrusion rates, with an emphasis on how rates associated
with large ignimbrite-forming episodes compare with those

T he intensity of magmatic processes in long-lived magmatic

related to other smaller-scale volcanic products; and (2) estimate
magmatic addition rates based on an ad hoc suite of plutonic-to-
volcanic ratios and crustal assimilation proportions. This infor-
mation is crucial to reconstruct the spatial and temporal evolu-
tion of volcanism in the region, to identify and delimit the steady-
state and flare-up stages in order to compare them with each
other, and to interpret the timing of the arc-segment-scale pro-
cesses that drive the major variations in magmatic flux. In
addition, the importance of magmatism in crustal thickening for
this archetypal continental arc segment is reassessed and com-
pared to crustal loss rates for the late Cenozoic.

Results and discussion

Volume and eruption rates estimates. Volume estimates have
been made for some of the elements of the volcanic record in our
study area, such as ignimbrites and lavas!l17:27,2830-32,
stratovolcanoes33-38, small monogenetic centers3*49, and wide-
spread tephra deposits*!. However, as these volcanic deposits are
only a small fraction of the hundreds of deposits (2057) identified
in our new database, we calculated a volume and age range for
each mapped volcanic deposit, finding an overall good agreement
with the volumes previously published in the literature (see the
Methods section for information on how the database was con-
structed and how the volumes were calculated). All these volumes
were then summed, and their evolution over time was investi-
gated at 10kyr intervals for the last 35Myr. This same time
interval was used to calculate eruption rates.

We obtained a total erupted volume of 28,630+ 1070 km3
(Fig. 2a and Supplementary Fig. la). The evolution of the
cumulative erupted volume over time shows a gradual increase:
5000 km? at ~12 Ma; 10,000 km? at ~8 Ma; and 20,000 km? at
~4 Ma. The relative contribution of ignimbrites to the cumulative
erupted volume has varied over time, from fairly equal
proportions between ~20 and 15Ma and at around 3.5 Ma, to
lower proportions (~44%) at present (Fig. 2a).

The eruption rates in the past 35 Myr have varied between 0.04
and 133 km3 per 10 kyr with a mean average of ~8 km3 per 10 kyr
(Fig. 2b; see Supplementary Fig. 1b for the 20 range), the latter
within the ranges reported by White et al.20 for 36 continental arc
segments worldwide. Analyzing these eruption rates over time
reveals a smooth increase from near zero to ~10 km3 per 10 kyr at
~16 Ma, then a steady decrease to ~2 km3 per 10 kyr at ~13.5 Ma,
and an abrupt increase since then. Since ~10 Ma, nine major
peaks above 20 km? per 10 kyr are evident, with a maximum of
~133km? per 10kyr attained at ~4 Ma (Fig. 2b). These peaks
relate to the main pulses of ignimbrite-forming volcanism in the
region during the Neogene flare-up!!42. The eruption rates for
the remaining volcanic products (i.e, non-ignimbrites) have
varied between ~10 and 20 km?3 per 10 kyr over the last ~10 Myr
(Fig. 2b).

The volume calculated for the ignimbrites is 12,760 + 1260 km?
(Fig. 2a and Supplementary Fig. 2a). This value falls below the
most recent estimates for the Altiplano-Puna Volcanic Complex
(APVC) and Cerro Galdn ignimbrite provinces combined
(~16,500-17,300 km?3 2243), because in our study only the south-
ern half of the APVC was analyzed (Fig. 1b; see the Methods
section for information on how the study area was defined). The
eruption rates calculated for the ignimbrite-forming eruptions are
up to 128 km3 per 10 kyr (Fig. 2b). These rates are within the
ranges reported by de Silva and Gosnold!! for the main
ignimbrite pulses of the APVC (2-120km? per 10 kyr). Never-
theless, due to major volume and age uncertainties (Supplemen-
tary Data 1), ignimbrite-forming eruption rates may reach
~600 km3 per 10kyr at the 20 model range (Supplementary
Fig. 3a). This latter value doubles the maximum rates reported by
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Fig. 1 Location map of the Central Andes. a Main tectonic elements. JFR Juan Fernéndez, TR Taltal, CR Copiapé ridges, based on Bello-Gonzélez et al.5".
NVZ Northern Volcanic Zone, CVZ Central Volcanic Zone, SVZ Southern Volcanic Zone, AVZ Austral Volcanic Zone, based on Stern et al.”3. b Main
tectonomorphic regions. White rectangle in (b) indicates our study area. Red triangles in (a) and gray triangles in (b) correspond to the Neogene-
Quaternary volcanoes according to Siebert et al.”4. The black striped regions in (b) depict the Altiplano-Puna Volcanic Complex (APVC®3) and the Cerro

Galan>® ignimbrite provinces.

Salisbury et al.32 (310 km3 per 10 kyr) for the APVC ignimbrites,
although Salisbury et al.32 only reported mean eruption rates and
did not conduct an uncertainty assessment.

The volume of the remaining volcanic products, 15,870
160 km? (Fig. 2a and Supplementary Fig. 2b), is a new estimate
for the region. The mean eruption rate is ~4.5 km3 per 10 kyr
(Fig. 2b), although at the 20 model range eruption rates can be as
high as 25 km? per 10 kyr (Supplementary Fig. 3b). North of our
study area, volumes between 2000 and 10,000 km3 were obtained
by Francis and Rundle!’, Baker and Francis®’, and Francis and
Hawkesworth3! for different time periods. Extrapolated to the
same 10kyr time window used in our study, Francis and
Rundle!” obtained mean eruption rates between 2 and 3.3 km3
per 10 kyr (21-22°S; <10 Myr), Baker and Francis®® an average of
~5km3 per 10kyr (19.5-22.5°S; <20 Myr), and Francis and
Hawkesworth3! between 3 and 58 km3 per 10 kyr (for different
segments of latitude and time intervals). Hence, in general, our
eruption rates fall within the same order of magnitude when
compared to previous estimates (see Supplementary Table 1 for a
comparison between our and previous results). When the
eruption rates for the remaining volcanic products are plotted
over time (Fig. 2b), we observe that the highest eruption rates
occur at ~6 Ma and over the last 1 Myr, the former coinciding
with a peak in ignimbrite-forming eruption rates.

Along-arc variations in eruption rates. In this section, in order
to further scrutinize volumes and eruption rates over time, we
considered the arc in three sub-segments after applying the
K-means clustering algorithm to the centroids of the volcanic

deposits identified in our database (Supplementary Figs. 4 and 5).
The northern segment (22.5-24.5°S; Fig. 3a) groups many of the
peaks observed in Fig. 2b, all related to ignimbrite-forming
activity. The central segment (24.5-26°S; Fig. 3b) also contains
peaks related to ignimbrite-forming eruptions, which occur
during low eruption rates in the northern segment. The southern
segment (26-29°S; Fig. 3¢c) shows few ignimbrite-forming erup-
tions and a steadily increasing eruption rate for smaller-scale
eruption products since ~11 Ma.

In the northern segment, the eruption rates related to non-
ignimbrite-forming eruptions rise during ignimbrite peak events
by almost an order of magnitude (from ~0.5 to 5 km? per 10 kyr)
(Fig. 3a), although two divergences are observed: during an
ignimbrite pulse at ~4 Ma (when non-ignimbrite-forming activity
remained low) and since ~1.5 Ma (apparent three-fold increase in
non-ignimbrite-forming activity with no significant ignimbrite
eruptions). In the central segment, there seems to be a brief
correlation between ignimbrite- and non-ignimbrite-forming
activity at ~2.5Ma, and discrepancies at ~21-16 Ma and at
~5Ma (Fig. 3b). The correspondence between ignimbrite and
non-ignimbrite output in the northern segment occurred during
the first half (~11-6 Ma) of the APVC flare-up. At these times,
large and shallow silicic magma reservoirs were likely absent as
the thermal conditioning of the upper crust was still limited, so
magma generation and processing was largely in the lower to
mid-crust below a deep brittle-ductile transition!1-12. As the flare-
up progressed, the brittle-ductile transition moved upward
(~15km at 13-10 Ma versus ~8-4km at 5 Mal!l-12), It is only
when shallow crustal magmatic conditioning became pervasive, at
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Fig. 2 Results of the volumetric analysis conducted for the 22.5-29°S segment of the Central Andes. a Cumulative erupted volume (km3) versus time
(Ma). b Eruption rate (km3 per 10 kyr) versus time (Ma). Data are provided for ignimbrites (black line), other volcanic deposits (red dashed line), and these
two combined (green line). Uncertainty envelopes are provided in (a). Zoom highlighting the last 10 Myr is shown as an inset in (b). The figures including
the 26 ranges for each plotted group are available in Supplementary Figs. 1-3.

~6Ma, that non-ignimbrite-forming eruption rates decrease
dramatically (from 8 to 2km3 per 10kyr in less than 1 Myr),
possibly reflecting a shallow silicic magmatic system hindering
deeper, hotter, and less evolved magmas from reaching the
surface for at least ~4.5 Myr. Then, at ~1.5 Ma, the removal of the
crustal filter of such large and shallow silicic magma reservoirs is
suggested based on the abrupt increase in non-ignimbrite-

forming activity, marking the transition from flare-up to
steady-state magmatism#4-46,

Non-ignimbrite-forming eruption rates of >1km? per 10 kyr
began later in the northern segment than in the central and
southern segments (~12Ma versus ~19Ma and ~23 Ma,
respectively) (Fig. 3). The major flare-up leading to ignimbrite
emplacement began at ~11 Ma in the northern segment (Fig. 3a),
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Fig. 3 Eruption rates for ignimbrites (black line) and other volcanic deposits (red dashed line) analyzed along three segments of latitude. a Northern
segment (22.5-24.5°S). b Central segment (24.5-26°S). ¢ Southern segment (26-29°S). In each figure, the red bracket specifies the time when the
collision point of the Juan Fernédndez Ridge (JFR) against the continental margin moved south of each arc segment according to the two ridge models of
Bello-Gonzélez et al.>!. For example, in the lowermost figure, the Juan Fernandez Ridge moved south of ~29°S sometime between 17 and 11 Ma.
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and while non-ignimbrite output in the central segment began
rising substantively at ~12 Ma, the flare-up did not start until
~5.5Ma (Fig. 3b) (the long period of ignimbrite-forming
eruptions observed at ~23-15Ma will need to be further
investigated to determine whether it corresponds to a flare-up
event). Further south, the southern segment has shown steadily
increasing activity since ~11 Ma but major ignimbrite-forming
eruptions have yet to occur (Fig. 3c), resembling the activity
between ~12 and 5.5 Ma in the central segment.

Temporal relations between eruptive activity and geodynamic
drivers. The influence of ocean ridges on subduction settings
mainly depends on ridge size, subduction obliquity, and ridge
migration velocity, and can induce a transient flattening of the slab
if some conditions are met#’+48, In the case of the Central Andes,
the southward subduction of the Juan Fernandez Ridge has
apparently controlled the tectono-magmatic evolution of this
continental segment during the late Cenozoic?2232649, Slab stee-
pening after a transient flattening caused by the arrival and passage
of the Juan Ferndndez Ridge has long been proposed as the major
geodynamic driver to the Central Andean Neogene flare-up.
Comparisons of the migration history of the Juan Fernandez Ridge
with the onset of large-volume volcanism at different arc segments
of latitude have led to suggestions of a 5-10 Myr time lag between
the two?3284243.50 Based on this premise, the eruption rates
shown in Fig. 3 can be compared with a new, refined timing of the
migration history of the Juan Fernindez Ridge®!, and thus con-
strain the time estimates between ridge passage and the onset of
large-volume volcanism for the three arc segments.

Two new kinematic reconstructions are available for the Juan
Ferndndez Ridge starting from ~120 Ma’!. Based on these two
models, if we consider that the collision point of the ridge against
the continental margin left the northern segment at ~19 Ma
(Fig. 3a), and then left the central segment at ~17.5 Ma (Fig. 3b), a
~8-12 Myr of delay between ridge migration and flare-up onset
can be estimated. This sits at the high end of the lag range of
5-10 Myr suggested by others based on the ridge migration model
of Yéfiez et al.>2. Should this trend continue to the south, the
southern segment is likely to experience a flare-up in the next few
Myr. In this latter segment, some large-scale crustal anomalies
detected at mid-crustal depths (15-30 km), interpreted as partial
melt bodies®>>4, might be an early signal of this future flare-up.

Magmatic volumes and crustal growth rates. The new volume
and eruption rates estimates allow a reappraisal of the magmatic
contribution to crustal growth via intrusive and extrusive pro-
cesses for the last 35 Myr. With respect to ignimbrite-forming
activity in our study area, estimations of plutonic-to-volcanic
ratios based on geochemical and geophysical modeling can be as
high as 75:1%%, although they usually lie between 5:1 and 35:1%3:54,
where ~50% of that material would be mantle-derived?2:42-6,
There are similar broad ranges of estimates in relation to other
types of volcanism in the region, with plutonic-to-volcanic ratios
mostly constrained between 1:1 and 10:117:31:57:58 Likewise,
estimates of crustal assimilation proportions are constrained by
geochemical evidence at between 12 and 31% for andesitic
compositions®?-%1, whereas more extreme values of assimilation
have been estimated for large dacitic ignimbrites (~50%%*2) and
for some isolated peraluminous silicic domes enriched in crustal
isotopes (~60%°92).

Using the calculated eruption rates, we estimated their
corresponding intrusive contributions based on the plutonic-to-
volcanic ratios outlined above (5:1 to 35:1 for ignimbrites, 1:1 to
10:1 for other volcanic products). Crust-to-mantle ratios were
assumed to be 50:50 for the ignimbrites and 30:70 to 10:90 for the

other diverse volcanic deposits. New volumes added to the crust
from the mantle were obtained by randomly sampling the
plutonic-to-volcanic and crust-to-mantle ratios for ignimbrites
and other volcanic products, and by adding the calculated
intrusive volumes to the extrusive volumes. This exercise was
repeated 100,000 times in order to account for the statistical
uncertainty (code and files required to replicate these calculations
available in Supplementary Data 2). After normalizing these values
by unit length of arc (~700km for the 22.5-29°S segment), we
obtained a crustal growth rate whose 1-Myr-moving average
increases from ~4 x 10~*km3 per km of arc per 10 kyr at ~35 Ma
to ~0.07 km3 per km of arc per 10kyr at ~16 Ma, and then to
~0.5km3 per km of arc per 10kyr at ~4 Ma, before steadily
decreasing to ~one-fifth of the latter value (Fig. 4; see
Supplementary Fig. 6 for the 20 range; see Supplementary Data 3
for other moving averages). Sustained crustal growth rates above
~20km3 per km of arc per Myr have been proposed to
characterize magmatic flare-up stages in arc segments>!321. If
we extrapolate this rate to our 10 kyr time window, crustal growth
rates consistent with a magmatic flare-up are seen between ~9 and
2 Ma (Fig. 4), supporting the designation of the ~11-1 Ma flare-
up?23242.63 However, even though the diagnostic crustal growth
rate of ~20km? per km of arc per Myr used to discriminate
between steady-state and flare-up seems to work well in our case
study, it will have to be further tested in other magmatic arcs to
check their viability, especially at shorter (<<1 Myr) time intervals.

The crustal growth rates filtered through the 1-Myr-moving
average have a mean value of ~0.08 km? per km of arc per 10 kyr for
the last 35 Myr. If this rate is extrapolated to a yearly time window,
0.8 x 107> km?3 per km of arc per yr, we find that it fits well with
models of Baker and Francis3? (0.6 x 107> km? per km of arc per yr)
and Francis and Hawkesworth3! (1.3 x 10~>km3 per km of arc per
yr), but falls below the estimates of Pritchard and Simons®®
(3.5x 107> t0 9.6 x 10~2 km3 per km of arc per yr). The discrepancy
could be due to the very different time periods used for the analyses
(10 years in the Pritchard and Simons>® case versus 35 million years
in our case), so Pritchard and Simons®8 likely detected a very short-
term pattern in the crustal growth rate that is undetectable in our
approach. Our rates also fall below the mean crustal growth rates of
Thorpe et al18 (~2 x 107> km? per km of arc per yr) and Reymer
and Schubert!® (~3.3 x 107> km?3 per km of arc per yr) for the whole
Andes for the last 20 and 180 Myr, respectively. These discrepancies
could simply be due to the different methodologies and available
data used in each volume calculation, although we recognize that no
matter the approach, long-term crustal growth rates in the Central
Andes vary within the same order of magnitude.

Recognizing that the absolute rates are dependent on the time
windows specified for the moving averages (see Supplementary
Data 3), it is clear that crustal growth rates during the flare-up are
at least an order of magnitude higher than the rates during the
steady-state stages that preceded and followed the flare-up. The
maximum crustal growth rate calculated here using a 1-Myr-
moving average, ~0.5 km3 per km of arc per 10 kyr, is similar to
the maximum rate calculated by Freymuth et al43 for the
Neogene ignimbrite pulses in the entire Central Andes (0.7 km3
per km of arc per 10 kyr), but it is at the low end of the range
proposed for the Late Cretaceous Sierra Nevada flare-up
(0.45-0.9 km? per km of arc per 10 kyr?1:22), although the latter
is characterized by crustal growth rates between two and three
orders of magnitude higher than during steady-state activity®.
The peaks in crustal growth rate observed within the flare-up
studied here are related to ignimbrite pulses at approximately
2 Myr intervals: ~8, ~6, and ~4 Ma. During this flare-up, crustal
growth rates vary from 0.1-0.2 km3 per km of arc per 10 kyr in
the lulls (i.e., between ignimbrite pulses) to 0.25-0.5 km3 per km
of arc per 10 kyr during pulses.
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Fig. 4 Crustal growth rate (in km3 per km of arc per 10 kyr) versus time (in Ma) for the 22.5-29°S segment of the Central Andes. Crustal growth rate is
shown as a black dotted line, with respect to which a moving average of 1 Myr, shown as a blue line, is calculated. The red horizontal line is drawn at 20 km3
per km of arc per Myr (extrapolated to 10 kyr), proposed as reflecting the boundary between steady-state and flare-up magmatism®1321, The data
including the 26 range can be found in Supplementary Fig. 6. Moving averages for different time intervals are provided in Supplementary Data 3.

When the crustal growth rates shown in Fig. 4 are integrated
over time, we obtain the total volume of crust that has been
created by magmatic addition (results reported considering the
20 range in crustal growth rates shown in Supplementary
Fig. 6). For the last 11 Myr, we obtain a crustal increment of
230 + 160 km3 per km of arc. This contrasts with the ~495 km3
per km of arc obtained by de Silva and Kay?? for the 21-27°S
segment, although they only considered flare-up related
ignimbrites and assumed a fixed plutonic-to-volcanic ratio of
35:1. For the last 15Myr, we calculate a crustal gain of
240 + 170 km3 per km of arc, comparable to the ~195 km? per
km of arc obtained by Francis and Hawkesworth3! for the
21-22°S segment. Over the whole 35 Myr period, we obtain a
crustal increment of 280 + 190 km3 per km of arc. Even if the
uppermost limit is considered, this accounts for only <2km
increase in the crustal thickness beneath the 22.5-29°S/
66.5-69°W quadrangle. This is just ~3-5% of the current
crustal thickness known in the region (40-70 km®46%), Thus, in
good agreement with Francis and Hawkesworth3! and Kay
et al.*2 we show that, at a regional scale, late Cenozoic
magmatic addition has only played a minor role in crustal
thickening beneath this segment of the Central Andes (that is,
crustal thickening is mostly tectonic in origin®®¢7). Crustal loss
rates in the region (due to lithospheric foundering and forearc
subduction erosion?2) are, however, between 0.5 and 1.5 orders
of magnitude higher than thickening rates due to magmatic
addition for the last 11 Myr. Therefore, in terms of crustal
balance, our new data support earlier observations of net crustal
loss over the latest Cenozoic in the region22:68).

Conclusions

Our analysis suggests that average magmatic addition rates dur-
ing magmatic flare-ups are at least an order of magnitude higher
than during the long-term steady-state evolution of magmatic

arcs. This deviation in magmatic addition rates defines the flare-
up versus steady-state mode of magmatic arcs and reflects the role
of higher mantle power input (i.e., thermal flux) and the growth
and evolution of large, shallow silicic magma reservoirs that feed
prodigious eruption rates during flare-ups. The lower rates over
the long term reflect lower mantle power, less crustal processing,
and smaller magma systems. Episodic flare-ups are ignited by
major geodynamic changes; in the case of the Central Andes the
southward subduction of the Juan Ferndndez Ridge seems to be
the most likely cause. The Central Andean flare-up is time-
transgressive, following the southward subduction of the ridge by
~8-12 Myr. Should this trend continue to the south, the 26-29°S
segment of the Central Andes is likely to experience a flare-up in
the next few Myr. Our study demonstrates the use of compre-
hensive volcanic databases as tools to unravel the tectono-
magmatic history of continental arc segments.

Methods
Assembling a volcanic database of the 22.5-29°S segment of the Central
Andes. The development of the new volcanic geospatial database considered both
literature reviews and targeted remote sensing studies, as well as fieldwork to
ground truth data in areas of poor mapping or satellite coverage. We defined our
study area as the quadrangle 22.5-29°5/64.5-69.5°W (Fig. 1b). The northern limit
is the Bolivian border with Chile and Argentina, which coincides approximately
with the tectonomorphic boundary between the Altiplano and the Puna; the
western limit is the region between the early Cenozoic magmatic arc (Precordillera)
and the late Cenozoic magmatic arc (Western Cordillera); the eastern limit is the
region between the foreland thrust belt (Subandean, Santa Barbara and Sierras
Pampeanas ranges) and the active foreland basin (Chaco plain); and the southern
limit was defined at the latitude of the Cerro de Vidrio dome, which is the
southernmost evidence of Quaternary volcanism in the Central Andes®. The study
area thus encompasses the bulk of the late Cenozoic (<35 Ma) magmatic province
and all known Quaternary volcanism of the southern Central Andes. It also
includes the Cerro Galén ignimbrite province in its entirety>® and the southern half
of the APVC® (Fig. 1b).

At the time of this study, 53 official geological maps are available for the
22.5-29°S segment of the Central Andes (Supplementary Fig. 7). We digitized
volcanic features from 22 maps of 1:100,000 scale and 21 of 1:250,000 scale,
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complemented by 7 maps of 1:500,000 scale and 1 map at 1:1,000,000 scale to fill
gaps (Supplementary Fig. 7). In addition, two maps of active Chilean volcanoes, at
1:25,000 (Lastarria) and 1:50,000 (L4scar) scales, were included. Overall, this
encompassed all late Cenozoic (<35 Ma) volcanic deposits (Supplementary Fig. 8a),
volcanic vents (Supplementary Fig. 8b), radiometric ages (Supplementary Fig. 8c),
and tectonic structures (Supplementary Fig. 8d). The database was housed in
ArcMap 10.2, entered at a 1:20,000 scale, and is publicly available at https://doi.org/
10.17608/k6.auckland.16894903.v4.

Volcanic deposits (2057 in total; Supplementary Fig. 8a) were grouped by
lithotype and geological epoch. Lithotypes were defined following the Chilean
Geological Survey’s 1:100,000-scale maps; that is, tephra fall deposits, lava flows,
lava domes, debris flow/avalanche deposits, pyroclastic density current deposits
(including ignimbrites), and undifferentiated volcanic deposits. To map volcanic
features in regions of poor cartographic or satellite coverage, we drew upon
geological sketches published in scientific articles or technical reports, and
conducted several field trips, especially in Argentina, to crosscheck this information
where possible. Geochronology data (2029 radiometric ages; Supplementary
Fig. 8¢c) were extracted from geological maps as well as from the extensive Andean
literature (217 sources in total; Supplementary Data 1). By using the age
information available, volcanic deposits were classified into geological epochs by
age range, with minimum and maximum ages expressed as a mean and two
standard deviations. For those deposits lacking ages, we estimated these from the
ages of any adjoining deposits with clear stratigraphic relationships; otherwise, age
ranges were assigned by comparing them to neighboring dated deposits with
similar geomorphic expression. To do the latter, we used the geological maps
available to extract the geological epoch (or sub-epoch) assigned to the undated
deposit, and then, we used the nearest dated deposits assigned to the same
geological period as the undated deposit to estimate an age range.

Following the same methodology used for mapping and classifying the volcanic
deposits, we identified 2950 volcanic vents (Supplementary Fig. 8b). Compared to
earlier vent catalogs?2%, some vents were discarded due to being incorrectly sited
on non-volcanic landforms (e.g., basement highs, exposed intrusions). The new
vent catalog is most accurate for distinctive volcanic features (e.g., cones, isolated
lava domes/flows, or craters), and least precise for eroded or partially buried
volcanoes. Geomorphic data were integrated with other geological data to infer
obscured volcanic vents. In the absence of additional information, we denoted
volcanic topography highs, alteration zones, or summit depressions as likely vent
zones, which were checked where possible in the field.

Tectonic structures, which include 5887 faults, fractures, fissures, and
lineaments, were grouped based on their estimated kinematics (i.e., reverse,
normal, strike-slip or unknown) reported on geologic maps (Supplementary
Fig. 8d). We only mapped structures with obvious continuity across maps.

Estimating volumes of individual volcanic deposits. In order to estimate
eruptive volumes for all the volcanic deposits identified in our database, we used
Global Mapper v.18 (https://www.bluemarblegeo.com/global-mapper/). We inter-
sected each digitized volcanic deposit with a global digital elevation model (DEM),
using our study in 2019, 30-m resolution ASTER GDEM v.3 (https://search.
earthdata.nasa.gov), which has a vertical accuracy of 7-14 m’?. Two horizontal
surfaces were defined at the lowest and highest elevations intersected by each
volcanic deposit, so two volumes (a maximum and a minimum) were obtained by
integrating the topography in excess above each horizontal surface. Generally,
volume ranges are larger the older the deposit, and can be considered a sensible
approach to account for any eroded or remobilized material®3. Volume calculations
are relatively simple for stratovolcanoes and lava domes, but more difficult for low-
aspect-ratio landforms such as lava flows and debris flows. In those cases, we
multiplied their surface areas by their maximum and minimum thicknesses (esti-
mated from the DEM and crosschecked with field information where possible). For
ignimbrite sheets, most volumes came from the literature (Supplementary Data 1);
otherwise, they were calculated by multiplying the surface area by an estimated
minimum thickness (from literature sources). Ignimbrite volumes were converted
to dense rock equivalent (DRE) volumes by multiplying the bulk volume by
0.653271, Volumes of tephra and pyroclastic density current deposits were reported
as DRE volumes as well1,72,

In general, our volume estimates fall within the ranges previously obtained for
some stratovolcanoes3-38 and small monogenetic centers3>40. We identified a few
inconsistencies for the youngest stratovolcanoes (e.g., Lascar, Lastarria; ~0.7% of
the total number of volcanic deposits), where our volumes almost double those of
Grosse et al.3%. This may be due to the lower elevations of our polygon boundaries
to include remobilized material, whereas those of Grosse et al.>* consider only the
topographic edifice.

Volume modeling. We wrote a Matlab script to estimate an age range and a
specific volume for each volcanic deposit, including ignimbrites (code and files
available in Supplementary Data 2). Volumes were assumed to follow a uniform
distribution between the minimum and maximum volumes estimated above. Age
ranges were calculated by sampling the normal distributions of dates for each unit.
The time period analyzed (last 35 Myr) was partitioned into 10 kyr intervals. Each
deposit was assigned to the time interval(s) representative of its period of activity,
and its volume evolution was assumed to reflect a constant eruption rate. The total

eruption rate representative of each time interval was obtained by summing the
eruption rates of all the deposits active at that time. Eruption rates for ignimbrite-
forming events and the rest of the volcanic products were calculated separately. We
ran this model 100,000 times in order to quantify the statistical uncertainty, which
was reported as 20 assuming a normal distribution.

Data availability

The volcanic geospatial database is publicly available at https://doi.org/10.17608/k6.
auckland.16894903.v4. The files required to replicate the results of this study are available
in Supplementary Data 2. Supplementary Data 1-3 are also available at the public
repository https://doi.org/10.17608/k6.auckland.21523458.v2.

Code availability

Codes used to analyze and plot data are available in Supplementary Data 2. In this file,
RecRate.m is a Matlab code that uses the data provided in RecRate.xls to calculate
volumes and eruption rates over time. RecRateCrustal.m is a Matlab code that uses the
results of RecRate.m to calculate crustal growth rates. These files are also available to
download at the public repository https://doi.org/10.17608/k6.auckland.21523458.v2.
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