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ABSTRACT

We present the late Holocene eruption his-
tory of the poorly known Doiia Juana volcanic
complex, in SW Colombia, which last erupted
in the twentieth century. This represents a case
study for potentially active volcanism in the
rural Northern Andes, where tropical climate
conditions and a fragmented social memory
blur the record of dormant volcanoes. We re-
constructed the volcanic stratigraphy of the
central-summit vent area by integrating new
mapping at 1:5000 scale with radiocarbon
ages, sedimentology analysis, and historical
chronicles. Our results revealed cyclic transi-
tions from lava-dome growth phases and col-
lapse to explosive Vulcanian and possibly sub-
plinian phases. Pyroclastic density currents
were generated by dome collapse producing
block-and-ash flows or by pyroclastic foun-
tain/column collapse and were rapidly chan-
nelized into the deeply incised fluvial valleys
around the volcano summit. The pyroclastic
density currents were ~4—10 x 10° m?3 in vol-
ume and deposited under granular flow— or
fluid escape—dominated depositional regimes
at high clast concentrations. In places, more
dilute upper portions reached a wider areal
distribution that affected the inhabited areas
on high depositional terraces. The coefficient
of friction (AH/L) is higher for block-and-ash
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flows and dense lava-bearing fountain/low-
column-collapse pyroclastic density currents
compared to pumice-bearing, column-col-
lapse pyroclastic density currents. Associated
mass-wasting processes included syneruptive
and intereruptive debris flows, with the last
one documented in 1936 CE.

INTRODUCTION

In Colombia, monitoring networks are priori-
tized at volcanoes showing frequent unrest or at
those with written eruption records, including the
first chronicles of Pedro Cieza de Le6n or Fray
Pedro Simén during the Spanish colonization in
the sixteenth century. Since the Nevado del Ruiz-
Armero disaster in 1985 (Voight, 1990), volca-
nic surveillance and short-term volcanic hazard
assessment have been improved locally (Servi-
cio Geoldgico Colombiano, 2022; Cortés, 2011;
Driedger et al., 2020). However, knowledge gaps
remain at several of the potentially active vol-
canoes of the Northern Andes arc showing long
dormancy periods (e.g., Samaniego et al., 1998;
Hidalgo et al., 2008; Robin et al., 2008, 2010;
Le Pennec et al., 2011). Eruptions at these vol-
canic centers remain extremely hazardous, due
in part to the growth of surrounding populations,
especially those where conflict and migration
have fragmented intergenerational social mem-
ory (Siddiqi et al., 2019; Jenkins et al., 2020;
Espinosa-Arango and Prieto, 2022), and oral
accounts remain unclear or untrusted (Calder
et al., 1999; Miyabuchi, 1999; Macorps et al.,
2018; Monteil et al., 2020).

This work focused on developing a robust
geologic framework and interpreting past erup-
tion processes at the poorly known, calc-alkaline
dacitic Dofia Juana volcanic complex (Pardo
et al., 2019). The completeness of the geologic
record here is compromised by fast rates of
weathering and erosion in the tropical climate
and active tectonics across the North Andean
block (Gregory-Wodzicki, 2000; Montgomery
et al., 2001; Mora et al., 2008). In addition,
there is a fragmented oral chronology of erup-
tions between 1897 and 1936 CE (Espinosa,
2012), with reports of damage and casualties
at Las Mesas village and surrounding farms
(Fig. 1). We therefore carried out new detailed
geologic mapping and lithofacies analysis of
the most recent Dofla Juana volcanic complex
erupted products, with emphasis on pyroclastic
material, combined with new *C radiometric
ages, historical chronicles, literature review, and
interviews with local elders. From these data,
our goals were to (1) define and characterize
the late Holocene eruption history and volcano
behavior of the Dofia Juana volcanic complex
and (2) compile a new baseline of knowledge on
a potentially active volcanic center of the North-
ern Andes experiencing explosive activity during
the twentieth century.

GEOLOGIC SETTING

The Dofia Juana volcanic complex is located
in the region of Narifio, SW Colombia (Figs. 1A
and 1B), and it is part of the SW-NE active vol-
canic arc of the Northern Andes where the Nazca
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Figure 1. Simplified 1:50,000
geologic map of the Dofia Juana
. volcanic complex (DJVC),
42| SW Colombia (modified from
Pardo et al., 2019), showing the
main volcanic edifices and vol-
canic features, and the volcano-
tectonic and structural features
in the study area. R—River;
St—stream.
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plate subducts beneath South America (Taboada
et al., 2000; Cortés and Angelier, 2005). Similar
to most active volcanoes in the Central Cordil-
lera of Colombia (Monsalve-Bustamante, 2020),
the oldest units (lava flows) known at the Dona
Juana volcanic complex unconformably over-
lie a polymetamorphic Cretaceous basement
(Cediel et al., 2003) and date to the Pleistocene.

The geologic setting presented here refers
to Pardo et al. (2019). The volcanic complex
consists of three spatially overlapping and suc-
cessively active volcanoes: Santa Helena (ca.
1125-1097 ka), Ancestral Dofia Juana (ca.
878-312 ka), and Old Dona Juana (ca. 231-77
ka). The summit of each edifice is truncated by

Geological Society of America Bulletin, v. 135, no. 9/10

Volcano-tectonic collapse

L depression

structures
Volcano-tectonic rim

Covered fault

. — - - Lineament trace
Non-explosive collapse

caldera rim )
Volcanic features
Chronological order of
non-explosive collapse
calderas
direction

v v Main regional fault

— Lava flow direction
----- > Volca;_niclastic product flow

Structural (Tectonic) features

sﬁ Partially collapsed lava dome

a narrow extensional structure (vt) bordered by
regional NE-SW faults, where volcanism was
concentrated, together with two nested, tec-
tonically controlled, collapse calderas (vc,; and
vc,, respectively) and lateral volcanic collapses
(Fig. 1C).

The Holocene stratigraphic record of Dofia
Juana volcanic complex relates to three sum-
mit vent areas: (1) Young Dofia Juana (central
summit), (2) Totoral (NE), and (3) Phyllo (E),
which include lava domes emplaced within and
along the borders of the youngest vc, caldera
(Fig. 1C). The corresponding eruptive prod-
ucts overlie a prominent regional marker bed,
a Plinian pumice-fall deposit sourced from the
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adjacent Las Animas volcano (Fig. 1B). The
fall deposit has a maximum age of 5904 + 30
14C yr B.P. (6794-6661 calibrated yr B.P.) and
a minimum age of 4422 + 28-4250 + 30 “C
yr B.P. (5056-4813 cal. yr B.P.). The Totoral
and Phyllo vents (Fig. 1B) were mainly effu-
sive. Block-and-ash flows and reworked vol-
caniclastic deposits related to the collapse of
earlier Totoral lava domes are the only recent
Dofia Juana volcanic complex products to the
northeast of the study area (Ciénaga forma-
tion; Pardo et al., 2019). Young Dofia Juana is
the main active vent, which experienced explo-
sive and effusive activity along with recurrent
generation of pyroclastic density currents and
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Figure 2. New geologic map of the late Holocene products in the study area relevant to the Young Dofia Juana, Totoral, and Phyllo summit
vent regions. Arrows marked as sdN, sdW, and sdSW are saddles that favored pyroclastic density current outflows from the vc, caldera.
St.—stream; R.—River; BAF—block-and-ash flow; PDC—pyroclastic density current. The conventions for volcano-tectonic structures are

the same as shown in Figure 1.

lahars. Juvenile products are seriate porphyritic
dacites of variable color and vesicularity, but
with a homogeneous whole-rock composition
(62.36 < SiO, wt% < 66.61, anhydrous base)
and mineral association of plagioclase + amphi-
bole + quartz + biotite + oxidesg, 1; = pyrox-
ene + apatite.

METHODS

We focused on the geology of the Young Dofia
Juana central summit vent zone because it is the
best exposed feature, it is the only one show-
ing pyroclastic (in addition to effusive) activity,
and it has affected the inhabited territory to the
west of the volcano in the twentieth century.
We described new outcrops at 93 locations in
the upper basin of the Juanambud River, with
particular detail in the area of the Las Mesas
village located on a depositional terrace beside
the Humadal and Resina fluvial valleys (Figs. 1
and 2; labeled as DJ- in Supplemental Material
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Supplemental Material 1'). We used a 5-m-res-
olution digital elevation model (DEM) obtained
from 2007 GeoSAR images 1473, 1474, and
1574 of the Colombian National Image Bank
(https://igac.gov.co/es/noticias/banco-nacional-
de-imagenes-colombia-vista-desde-el-espacio)
to construct a shaded relief map and a slope
map, and the geologic information was recorded
in ArcMap (v. 10.7; ©ESRI, 2019) at a scale of
1:5000 (Fig. 2; Supplemental Material 1).

ISupplemental Material. Supplemental Material
1: Link to the interactive map (1.1), histograms (1.2),
and statistics (1.3) of grain-size distributions of each
pyroclastic unit. Supplemental Material 2: Radiocarbon
dating (n=90) and whole-rock geochemical data
(n = 27) of juvenile clasts. Supplemental Material 3:
Details on volume calculation and calculation of main
geometric parameters following Giordano and Cas
(2021). Please visit https://doi.org/10.1130/GSAB
.S.21365685 to access the supplemental material and
contact editing @geosociety.org with any questions.
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We distinguished lithostratigraphic units
(formations) according to distinctive litho-
logic features and stratigraphic positions, cor-
roborated by radiocarbon ages (Supplemental
Material 2). Formations were subdivided into
members characterized by distinct lithology
and lithofacies associations (Table 1). Members
discriminate lava domes, pyroclastic products,
and reworked volcaniclastic deposits (hereafter
volcaniclastics). The pyroclastic members were
subdivided into eruption units, each one repre-
senting the deposit of an individual and continu-
ous eruption delimited by significant time breaks
(Fisher and Schmincke, 1984). These eruption
units are characterized by distinctive lithofa-
cies associations and are separated by erosion
surfaces, paleosols, and/or detrital deposits sug-
gesting significant volcanic quiescence of vari-
able duration (Lucchi, 2013). Hence, a particular
pyroclastic member consists of one or multiple
eruption units (in which case, they show overlap-
ping radiocarbon ages) and represents the total

Geological Society of America Bulletin, v. 135, no. 9/10
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of deposits produced over an “eruption episode”
(moditying Jenkins et al., 2007).

Compared to older lithostratigraphic units
of Dofia Juana volcanic complex (Pardo et al.,
2019), the late Holocene deposits do not gen-
erally form terraces at different elevations, hin-
dering an obvious distinction between older
(higher) and younger (lower) units in a geologic
setting characterized by regional uplift. The dif-
ferent units are commonly juxtaposed laterally
against each other at heights depending on the
level of accumulation within the river valleys,
and they have similar lithology. This makes it
difficult to unequivocally distinguish the differ-
ent lithostratigraphic units (and eruption units).
Therefore, our new systematic “C age data set
in charred wood (Supplemental Material 2) was
a major tool to develop the stratigraphic corre-
lations. We combined 16 new radiocarbon ages
and 74 previously published radiocarbon ages
reported in Pardo et al. (2019). We used OxCal
v4.4 (Bronk-Ramsey, 2009) for calibration by
using the IntCal20 curve (Reimer et al., 2020),
which is the updated calibration curve for North-
ern Hemisphere latitudes, and B.P. indicates the
year before 1950 CE. Whole-rock compositions
(6 new and 21 published) are also included in
Supplemental Material 2. We attempted to cor-
relate the geologic data from the latest eruption
episode to the descriptions found in historical
chronicles (Kiich, 1892; Pereira-Gamba, 1919;
Espinosa, 2012), local unpublished essays
(G6mez-Bolaiios, 2012), national newspapers
(i.e., El Espectador, 1887; El Heraldo, 1899; El
Derecho, 1936a—f; El Tiempo, 1936), and inter-
views with elders (Pulgarin et al., 2015; Arnulfo
Bravo 2015,Maria Mercedes Muiioz 2015,
Delfina Muiioz 2015, 2017, personal commu-
nications).

The main geometric parameters of depos-
its (outflow area, bulk volume, average thick-
ness, equivalent runout, equivalent diameter,
aspect ratio) related to pyroclastic density cur-
rents were calculated according to Giordano
and Cas (2021) (see Supplemental Material 3).
The interpretation of lithofacies associations
for each unit (Table 1) followed classifications
of Sulpizio et al. (2007, 2014) and Sulpizio and
Dellino (2008).

Grain-size distributions were retrieved from
field photographs and bulk samples. Coarse sizes
(larger than —6¢p) were obtained from image
analysis within a 1 m by 1 m grid, using Image-
J. Bulk samples were dry-sieved at 0.5y frac-
tions at the Geosciences Department laboratories
of the University of Los Andes (Colombia), and
particles smaller than 3¢ were analyzed with a
CILAS-1190 laser particle size analyzer at the
Mechanical Engineering Department laborato-
ries (22 °C and 50% relative humidity) of the
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same university. Grain-size data were processed
with GRADISTAT (Blott and Pye, 2001). We
report merged histograms, but for deposits hav-
ing particles coarser than —6¢, we discriminated
the cumulative curves obtained by each method.
We excluded particles coarser than —6¢p from
the data set used to calculate the F1 (wt% finer
than 4¢) and F2 (wt% finer than Oyp) parameters
following Walker (1983), in order to facilitate
comparison between samples (Supplemental
Material 1).

RESULTS

Our new 1:5000 geologic mapping (Fig. 2;
see specific sampling locations in Supplemen-
tal Material 1.1), volcanic stratigraphic analysis,
and sedimentologic analysis (Fig. 3) allowed us
to define four formations, namely (from eldest
to youngest), Humadal, Las Mesas, Silencio,
and Valle de Piedras. These are mainly exposed
on fluvial terraces confined to the west and
southwest quadrants of the volcano summit,
within the upper Juanambu River catchment
(Figs. 1 and 2). The areal distribution (Fig. 2),
stratigraphy (Figs. 3 and 4), and lithofacies asso-
ciations (Table 1) of newly defined lithostrati-
graphic units and their internal subdivisions are
described below.

Humadal Formation

This is the oldest late Holocene lithostrati-
graphic unit newly defined here for the Young
Dofia Juana summit vent, comprising two pyro-
clastic members (lower and middle) and one vol-
caniclastic member (upper). Contacts between
the lower and middle pyroclastic members are
not clearly visible in the field, and they are dis-
tinguished by different areal distributions and
lithofacies associations (Figs. 2-5). Juvenile
components range 62.91 < SiO, wt% < 65.71.

Lower Member (hu,)

This member consists of distinctively valley-
confined, massive, monolithologic, poorly sorted
tuff breccias showing polymodal grain-size dis-
tributions, with red and dense dacitic blocks
embedded in a lithic to lithic-crystalline medium
lapilli to coarse ash matrix (Supplemental Mate-
rial 1). Proximal exposures occur at the base
of the western flank of the Young Dofia Juana
summit lava domes and form depositional ter-
races along the Hueco Seco stream, in the north-
western sector of the vc, caldera (Fig. 2). They
are ~75-m-thick deposits of massive blocks,
lapilli, and ash (lithofacies mBLA; Table 1A)
surmounting the remnants of older volcanic edi-
fices. Grain-size distributions are mesokurtic and
vary from positive skewed (i.e., positive skew-
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ness; location DJ-56; Blott and Pye, 2001) to
symmetrical (DJ-55). Abutting the western flank
of Montoso basement relief (Fig. 2; at DJ-52),
the hu; member is an ~15-m-thick succession
of weakly reversely graded, very thick beds host-
ing meter-sized jigsaw-fit blocks (lithofacies
mBy;;LA;; Table 1A; Figs. 5A-5C). The best
exposures of hy, occur along the Humadal stream
valley (Fig. 2), on the scarp of terraces. There,
this unit is 8—10 m thick and exhibits a succes-
sion of weakly reversely graded, very thick beds
marked by flat-lying trains of crudely imbricated
blocks that are parallel to the base (lithofacies
mBLA ;;, mALB;; Table 1A; Fig. 5B). Grain-
size distributions are platykurtic and range from
very finely to positive skewed. Locally, the
uppermost ~50-100-cm-thick bed at such ter-
races is massive and distinctively matrix rich,
showing ash, lapilli, and a few blocks (lithofa-
cies mALB; Table 1A). The abrupt distal limit
of the deposit along the Humadal stream occurs
~7.5 km from the Young Dofia Juana summit.

Up to 10-m-thick exposures of the hu; mem-
ber occur in the headwaters of the Florida and
Carmelo stream valleys to the west-northwest
of the summit vent (Fig. 2). Along the Carmelo
stream valley, three to four 2—3-m-thick, poorly
sorted, monolithologic beds are distinguished
by local concentrations of blocks at the top of
each bed (lithofacies mALBy,;; Table 1A) or
by intervals of ~50-70-cm-thick, low-angle,
cross-stratified lapilli and ash (lithofacies sLA;
Table 1A; Fig. 5D) between them. The thickest,
coarse-grained beds show polymodal, symmetri-
cal, and mesokurtic grain-size distributions (at
DJ-81). Rare charred wood fragments are found
in this sector, providing a new radiocarbon age
of 4389 £ 22 “C yr B.P. (49864867 cal. yr
B.P.). In general, the mesokurtic to platykur-
tic grain-size distributions of the matrix show
—2.3 < Dsp(p) < 0.03, coarse ash contents
between 26 and 55 vol%, and fine ash contents
between 4 and 16 vol%.

Middle Member (hu,,)

The hu,, member is composed of gray pyro-
clastic deposits exposed along the southwestern
flank of Young Doifia Juana (Fig. 4A). These
deposits fill the vc, caldera and form the base
of a depositional terrace near the Soffa stream
outflow into the Resina River, ~5.0 km from
the current volcano summit (Fig. 2). Proxi-
mal deposits (DJ-70 in Supplemental Mate-
rial 1.1; Fig. SE) are poorly sorted, massive to
weakly reversely graded tuff breccias hosting
blocks, lapilli, and ash (lithofacies mBLA ;;
Fig. 5E; Table 1A). The most complete expo-
sures of hu, (at DJ-10; DJ-36) are valley-
confined, > 15-m-thick, poorly sorted, mas-
sive deposits of coarse ash, lapilli, and blocks
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Figure 3. Composite stratigraphic column of the Young Doia Juana products relative to the
late Holocene. Lithofacies associations are defined in Table 1, and spatial distribution details
can be found in the text. *Described and mapped in Pardo et al. (2019) outside the study
area: cai* stands for Caicuanes formation (to the NE and coeval with the Humadal forma-
tion), and lac* stands for La Cabana formation (to the NNE and coeval with the Las Mesas

formation). BAF—block-and-ash flow; PDC—pyroclastic density current.
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(lithofacies mALB in Table 1A; Fig. 5F). Grain-
size distributions are bimodal to polymodal,
positive skewed to symmetrical, varying from
mesokurtic at the base to platykurtic at the top
(Supplemental Material 1.2). The matrix grain-
size distributions show Ds(p) = —0.77, coarse
ash contents between 33 and 46 vol%, and fine
ash contents between 2 and 11 vol%. Angular
clasts are embedded in a lithic-crystalline matrix
ranging between fine lapilli and coarse ash, with
common charred wood fragments. Some bread-
crusted and cauliflower bombs are present.
Besides the predominant dense components of
porphyritic dacite, a few pale gray and brown
pumiceous clasts occur. Also, oxidized schist
and rounded hydrothermally altered lithics are
found in the coarse lapilli to coarse ash fractions.
In this study, we obtained an age of 4463 £ 22
14C yr B.P. (52844976 cal. yr B.P.) in charred
tree trunks. In addition, the lithofacies associa-
tions of the hu; member of Humadal formation
are similar to the coeval 4400 £ 30 “C yr B.P.
(5053-4863 cal. yr B.P.) Caicuanes formation
(Fig. 3) reported by Pardo et al. (2019) outside
the study area, sourced from the NE Totoral vent

zone (Fig. 2).

Upper Member (hu,)
The hu, member overlies with sharp contact
the hu; member, or it forms low terraces jux-
taposed with the hu; member at lower eleva-
tions along the valleys of the Humadal, Car-
melo, and Florida streams down to ~8—15 km
from the source. The hu, member consists
of ~4-5-m-thick beds of massive to weakly
reversely graded volcaniclastic deposits of very
poorly sorted to poorly sorted, heterolithic (red
>> gray dacites > accidental lithics) sandy-
muddy gravels (lithofacies mGSM,,,; Table
1B). Gravels show variable roundness and are
locally imbricated within a hardened and porous
silty-clay—rich matrix. Locally, the hu, member
includes massive muddy-gravelly sands (lithofa-
cies mSMG; Table 1B) and muddy sands (litho-
facies mSM; Table 1B) containing abundant
large, oxidized but uncharred tree trunks within
a clay-rich matrix. These clay-rich deposits are
found on high-gradient surfaces in transitional
contact above the hu, member at the western foot
of the Montoso basement relief.

Las Mesas Formation

This unit is recognized along the southwest-
ern and western flanks of Young Dofia Juana,
partially overlapping with the Phyllo lava dome
(Fig. 2), where a whitish to pinkish hydrother-
mally altered zone is visible and inhabitants
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Figure 4. Cross sections constructed along the western slopes of Doiia Juana volcanic complex (see location sites in the Supplemental Mate-
rial 1.1 [text footnote 1]). (A) Profile across the Hueco Seco and Sofia streams shown as A-A’ in Figure 1. (B) Stratigraphic column along
Humadal stream. (C) Stratigraphic column from Humadal Stream up and across the terrace currently occupied by Las Mesas village. See
Figure 2 for further references. The Chorrillo and Tablén formations correspond to Pleistocene debris avalanche deposits derived from sec-
tor collapses of the Santa Helena—pre-Montoso and Ancestral Doiia Juana edifices, respectively (Pardo et al., 2019), and represent in many
places the substratum above which the late Holocene products of Doiia Juana volcanic complex were emplaced. Lithofacies associations and

units are defined in Table 1 and Figure 3.

report preexisting fumaroles. The Las Mesas
formation fills the vc, caldera and forms depo-
sitional terraces along the valleys, overlying
or partially juxtaposed alongside the Humadal
formation (Figs. 2 and 3). The Las Mesas for-
mation is subdivided into a pyroclastic lower
member (Im;) and a volcaniclastic upper member
(Im,; Fig. 4).

Lower Member (Im,)

This is a pyroclastic succession that is subdi-
vided into four eruption units (Im; EU1-EU4)
by distinctive lithofacies associations, ero-
sive surfaces, sharp grain-size variations, and
differences in color (Figs. 3 and 6). Juvenile
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clast composition is narrow (62.36 < SiO,
wt% < 66.61).

Eruption unit Im, EUI. Unit Im-EU1 forms
terrace remnants along the Soffa, Humadal,
Carmelo, and Florida stream valleys and inter-
fluves (Fig. 2). This unit is 15-20 m thick,
and it consists of massive, poorly sorted ash
and lapilli & blocks (angular to subangular)
embedded in a lithic-crystalline very coarse
ash matrix (lithofacies mALB, mAL; Table
1A), locally showing gas pipes and contain-
ing abundant charred wood fragments. Dense
to poorly vesicular medium gray > red > pale
gray (porphyritic) dacites, and brown pumi-
ceous clasts are predominant as juveniles, with
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fewer hydrothermally altered and oxidized
lithics, as well as metasedimentary accidental
lithics (Figs. 6A-6D). At Las Mesas village,
unit Im-EU1 overlaps with higher Pleistocene
depositional terraces and is subdivided into two
15-50-cm-thick, well-sorted massive ash and
lapilli beds (lithofacies mAL; Table 1A), locally
embedding clast-supported lenses of fine lapilli
(lithofacies lensL; Table 1A). The two beds are
separated by a 5-7-cm-thick, discontinuous,
fining-upward coarse to fine ash showing low-
angle cross-lamination (lithofacies x1A; Table
1A). Grain-size distributions in massive lithofa-
cies are mostly symmetrical and mesokurtic for
8.5 km downstream (Supplemental Materials 1.2

Geological Society of America Bulletin, v. 135, no. 9/10
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hu,; mBGWLA)

(CJ

hu,: mBEA(rT)

S

Figure 5. (A-D) Typical exposures of the lower member (hu,) of Humadal formation at the
upper Humadal Stream localities (DJ-1-5 in Supplemental Material 1.1 [see text footnote
1]), formed by block-and-ash flow deposits, and their lithofacies. (E) Depositional fan and
river incision leaving terraces at the outflow of Sofia stream into the Resina River, exposing
an outcrop of the middle member (hu,,) of Humadal formation. (F) Close-up of the middle
member (hu,) of Humadal formation at the outflow of the Sofia stream into the Resina
River valley (DJ-10 in Supplemental Material 1.1 [see text footnote 1]) with charred wood
fragments. Lithofacies codes are described in Table 1.

and 1.3). Rare positive skewed and platykurtic
distributions occur where unit Im-EU1 overlaps
with the higher Pleistocene terraces (DJ-07), and
within the lowermost massive bed found at the
most distal location on top of such terraces (DJ-
91). New radiocarbon ages for Im-EU1 from
different locations constrain its range between
3296 + 23 yr B.P. (3565-3460 cal. yr B.P.) and
3070 £ 22 yr B.P. (3360-3217 cal. yr B.P).
Eruption unit Im-EU2. Unit Im-EU2 is
recognized only near the Las Mesas village,
overlapping unit Im;-EU1 with a flat or irregular
sharp contact (Figs. 6C-6D). Unit Im-EU2 is a
distinctively reddish brown, pinching-and-swell-
ing, massive lapilli tuff composed of medium to

Geological Society of America Bulletin, v. 135, no. 9/10

fine ash and lapilli (lithofacies mAL; Table 1A).
Thickness varies laterally from 2 m to 0.01 m
on an outcrop scale (Figs. 6C-6D). Thickest
exposures are poorly sorted deposits showing a
few gray and red dense porphyritic medium to
coarse lapilli within a lithic-crystalline coarse
to very fine ash containing small (<3 cm)
charcoal fragments. Very rare rounded pumice
lapilli and subangular metamorphic lithics also
occur. Grain-size distributions obtained from
the Im;-EU2 matrix are coarse skewed and vary
from leptokurtic to mesokurtic, with coarse ash
contents between 45 and 94 vol% and fine ash
contents between 2 and 54 vol% (Supplemen-
tal Material 1.3). The uppermost parts of these
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deposits are poorly sorted, weakly laminated fine
lapilli and ash tuffs (lithofacies wlLA; Table 1A)
with positive skewed and leptokurtic grain-size
distributions, locally containing clast-supported
fine lapilli lenses (lithofacies lensL; Table 1A).
At the top, these deposits are capped by a few
centimeters of weakly laminated to cross-lami-
nated, poorly sorted, very fine ash showing sym-
metrical and leptokurtic grain-size distributions
(lithofacies wlA, wxlA; Table 1A). Laterally,
these uppermost layers pass to well-sorted and
massive, very coarse ash (lithofacies mA; Table
1A) exhibiting positive skewed and platykur-
tic grain-size distributions, locally containing
ash aggregates (lithofacies maccrA; Table 1A).
Small charcoal fragments found within the thick-
est massive lithofacies of Im-EU2 were dated in
this study at 3062 + 23 “C yr B.P. (3360-3210
cal. yr B.P.) and 3053 + 22 '“C yr B.P. (3352-
3208 cal. yr B.P)).

Eruption unit Im-EU3. Unit Im-EU3 over-
laps with Im;-EU2 or Im;-EU1 with an erosive
or sharp contact (Figs. 6B—6D), and it ranges
in thickness from 0.5 to 5 m. It is gray in color
and very similar to Im-EU1 (lithofacies mALB,
mAL; Table 1A), but it generally shows higher
fines content, a slightly more heterolithic nature,
and pale brown pumice, yellowish-brown hydro-
thermally altered medium lapilli, and soil rip-up
clasts. At its thickest, the unit contains a few small
gas pipes, and the upper parts of the deposits are
weakly pinkish oxidized. Poorly sorted grain-
size distributions are polymodal to bimodal,
mesokurtic to platykurtic, and mostly sym-
metrical, except at the most proximal (DJ-68)
and most distal (DJ-91) locations, where these
are positive skewed (Supplemental Materials
1.2 and 1.3). The lithofacies mALB of Im-EU3
is commonly found on the topographic surface
along interfluves between the Humadal stream
and the Resina River, and (locally) between the
Carmelo and Florida streams, directly overlying
the paleosol on the Animas pumice fallout, or
above the older huy, or hu,, members. On top of
higher Pleistocene terraces at Las Mesas village,
the basal portion of Im;-EU3 (~20-80 cm thick)
shows low-angle cross-stratification (lithofacies
xsAL, xsLA; Table 1A), laterally changing to
laminated and massive ash (lithofacies 1A, mA;
Table 1A). Laterally, Im-EU3 changes into a
finer-grained massive ash and lapilli bed with
abundant accidental lithics (lithofacies mAL;
Table 1A; Fig. 6B).

Over distance and on top of the high Pleis-
tocene terraces, exposures comprise a bedded
succession of two 2-3-m-thick beds of mas-
sive ash and lapilli (lithofacies mAL; Table
1A), separated by a thin (5 cm), weakly cross-
stratified ash and lapilli bed (lithofacies wxsLA;
Table 1A). Unit Im-EU3 is the most widespread
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Figure 6. Typical lithofacies associations of pyroclastic density current deposits related to Vulcanian eruptions, reconstructed from the
lower member (Im,) of Las Mesas formation: (A) massive lithofacies at DJ-07; (B) massive lithofacies at DJ-37; and (C-D) exposures of
distinct eruptions units (EU1-EU3) of Im, member, mostly located around the Las Mesas village. Note the distinctively fine-grained nature
of Im;-EU2. Lithofacies codes are described in Table 1. See Supplemental Material 1.1 (text footnote 1) for referenced locations.

unit of the Im; member, exposed down to 10 km
from the volcano summit. In general, matrix
grain-size distributions of Im;-EU1 and Im,-EU3
massive lithofacies show —2.4 < Dyy(¢p) < 0.11
and higher coarse ash contents (23—68 vol%)
than fine ash content (0-16 vol%). Radiocar-
bon dating from charcoal fragments within Imj-
EU3, reported by Pardo et al. (2019), gave ages
of 3052 + 22 yr B.P. (3351-3207 cal. yr B.P))
and 3018 + 23 yr B.P. (3265-3148 cal. yr B.P),
largely overlapping with those of the other erup-
tion units.

Eruption unit Im-EU4. The uppermost unit
Im;-EU4 is local and discontinuous, consisting
of clast-supported horizons of dense, gray to
brown, vesicular, dacitic, angular medium to fine
lapilli (lithofacies mL; Table 1A). At only one
location (DJ-25), these deposits mantle unit Im;-
EU3. Other isolated and discontinuous horizons
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of clast-supported angular lapilli are commonly
found at the base of the thick soil profile devel-
oped on top of the Animas fallout marker along
the road connecting Las Mesas village to La
Cruz town. Although the stratigraphic position
and lithology match Las Mesas formation, such
middle-distance deposits could not be assigned
to a specific eruption unit.

Based on the radiocarbon dates revisited here
(Supplemental Material 2), the Las Mesas for-
mation is coeval with the 2860 + 30 “C yr B.P.
(3072-2877 cal. yr B.P.) La Cabafia formation
reported by Pardo et al. (2019) as the only one
related to the Young Dofia Juana summit vent area
to the northwest of Dofia Juana volcanic complex
(outside our study area; Fig. 3). The pyroclastic
deposits of La Cabaia formation correspond to
a massive and poorly sorted, monolithologic red
tuff-breccia (lithofacies mALB;; Table 1A).
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Upper Member (Im,)

This volcaniclastic member is locally exposed
along the Humadal stream, overlying or juxta-
posed at lower elevations against the Im; member.
The Im, member comprises 4-8-m-thick succes-
sions of massive to weakly reversely graded beds
of very poorly sorted to poorly sorted, heterolithic
(gray >> red dacites > accidental lithics) sandy-
muddy gravels and gravelly muddy sands (lithofa-
cies mGSM[rg], mSGM,; Table 1B). Gravels show
variable roundness and are locally imbricated
within a hardened and porous silty-clayish matrix.

On the terrace where the Las Mesas village
is located, the Im, member is finer grained than
the channel-filling lithofacies, and it is repre-
sented by a 30-50-cm-thick, pale yellow-brown,
lensoid, muddy-gravelly sand bed (lithofacies
mSMG; Table 1B) capped by a 30—70-cm-thick,
dark brown paleosol.

Geological Society of America Bulletin, v. 135, no. 9/10
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Silencio Formation

This unit encloses the deposits of the late
nineteenth century eruption episode, draping
the previous units. It extends from the base of
the Young Dofia Juana lava dome field apron
and along the Hueco Seco stream to the south-
west, forming a smooth volcaniclastic lobate
landform hosting young vegetation (Figs. 2—4
and 7A). Some outcrops also occur along the
Carmelo and Florida streams, overlying the Las
Mesas formation. Intermediate to distal out-
crops occur along the Humadal stream valley
close to its outflow into the Resina River, and
on top of high Pleistocene terraces close to the
Las Mesas village.

Eldest volcanic
edifice remnant

i

The Silencio formation consists of a pyroclas-
tic lower member (si;) and a volcaniclastic upper
member (si,).

Lower Member (siy)

This is a pyroclastic succession that is sub-
divided into four eruption units (sij EU1-EU4)
by means of distinctive lithofacies and locally
interbedded reworked deposits (Fig. 3). The
composition of juvenile clasts is the most nar-
row (64.73 < SiO, wt% < 65.84) of the studied
deposits.

Eruption unit si-EUI. Proximal outcrops of
unit si-EU1 are within the vc, caldera (DJ-74)
and consist of massive, poorly sorted deposits
of lapilli and blocks within a lithic-crystalline to

Metasedimentary

basement

mAL“B_(g70t) ¥

YN .
at

vitric-crystalline, very coarse ash matrix (litho-
facies mALB; Table 1A). Unit si-EU1 abuts
the Las Mesas formation and is best exposed
between 4.3 and 8.9 km from the volcano sum-
mit, forming discontinuous depositional terraces
along the Humadal stream. The thickest outcrops
of si-EU1 (12-20 m; Figs. 7B and 7C) show
coarse-tail graded deposits hosting dense blocks
and bread-crust bombs at the base and pumiceous
bombs at top (lithofacies mBLA, .j, mALB, .3
Table 1A). The uppermost portions also contain
sparse accidental metamorphic and multicolored
hydrothermally altered accessory lithic lapilli. In
general, grain-size distributions are polymodal
and symmetrical at the base to positive skewed
at the top (Supplemental Materials 1.2 and 1.3).

Figure 7. Landscape and exposures of the Silencio formation, distinguished by its high pumice clasts content. (A) Lower member (si))
deposits smooth the preexisting topography on the southwestern slopes of Young Doiia Juana, partially draping remnants of an elder
(Pleistocene) edifice, and they are covered by sparse blocks of the upper member (vp,) of the Valle de Piedras formation (one of them
indicated by an arrow). Dashed lines mark the contacts between the Humadal, Silencio, and Valle de Piedras formations. (B—C) Eruption
units si;-EU1 and si;-EU2 form thick depositional terraces along the Humadal stream, showing coarse-tail reversely graded lithofacies;
the white arrow points toward a bread-crusted bomb. (D) Proximal exposure of unit si,-EU2 at the western foothill of the Young Dofia
Juana lava domes, which shows reverse grading and sometimes is mixed with bread-crusted bombs. Lithofacies codes are described in

Table 1.
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Large charred wood fragments are abundant at
the base and provided a new radiocarbon age of
146 + 21 C yr B.P. (1780-1906 CE). Lateral
variations were identified at Sofia stream valley,
where unit si-EU1 thins and overlies fluvial and
colluvial deposits found on top of the Las Mesas
formation. There, a 1-m-thick bedded unit occurs;
its base is a dark gray, massive, lithic-crystalline,
very coarse ash showing degassing pipes and
transitioning upward into a 12-cm-thick, mas-
sive, pale gray, crystalline-lithic medium ash bed
(lithofacies mAL; Table 1A) capped by 1-2 cm
of massive very fine ash (lithofacies mA; Table
1A). Grain-size distributions are poorly sorted
and mesokurtic, changing from positive skewed
at the lowermost bed to coarse skewed at the
uppermost bed (Supplemental Materials 1.2 and
1.3). Charred branches embedded in unit si;-
EU1 in this sector gave new radiocarbon ages
of 125 £ 21'C yr B.P. (1802-1937 CE) and
115 £ 21 “C yr B.P. (1805-1928 CE).

Eruption unit si-EU2. Unit si-EU2 is a pum-
ice-rich, massive, reddish-gray tuff-breccia that
overlaps si-EU1 with a sharp erosive contact,
best exposed as a distinctive lobe near the base
of the Young Dofia Juana volcaniclastic apron.
Proximal outcrops (DJ-68; 1.7 km from the sum-
mit) are reversely graded and contain abundant
bread-crust pumiceous bombs forming distinct
levees (lithofacies mALB|,,; Table 1A; Fig. 7D).
Grain-size distributions are polymodal, poorly
sorted, and symmetrical and platykurtic at the
base to positive skewed and mesokurtic at the
top (Supplemental Materials 1.2 and 1.3). In
general, the matrix of massive tuff-breccias in
units si;-EU1 and si;-EU2 shows higher contents
of coarse ash (33-87 vol%) versus fine ash (2-25
vol%). Lateral lithofacies variations of si-EU2
were identified at overbank environments along
the Soffa stream. There, the unit is composed
of a 95-cm-thick ash and fine lapilli deposit,
where its lowermost and uppermost 10 cm
intervals are well-sorted, reddish-gray, weakly
cross-stratified and pumice-bearing deposits
(lithofacies wxsAL; Table 1A). The intermedi-
ate, thicker portion is massive and poorly sorted,
with abundant pumice and hydrothermally
altered fine lapilli (lithofacies mAL; Table 1A),
locally containing gas pipes. In addition, there
are bread-crust to cauliflower pumice bombs
on the present landscape, down to ~6 km west
and southwest from the source, with maximum
diameters of 56 cm. A new radiocarbon age was
obtained in charred branches within unit si-EU2
at 201 £ 21 #C yr B.P. (1653-1927 CE).

At ~6 km downstream from the summit,
units si-EU1 and si-EU2 are separated by a
layer of massive to reversely graded, heterolithic
sandy-muddy gravels (lithofacies mG, SMy,,,
mSGM,; Table 1B) of the si, member. Charred
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trees within the latter were dated by Pardo et al.
(2019) to 127 + 25 “C yr B.P. (1800-1941 CE),
likely relevant to reworked material of si-EU1.

Eruption units si-EU3 and si-EU4. These
are distinctively clast-supported tephras and are
only recognized at location DJ-77 (Supplemen-
tal Material 1.1), 5.6 km southwest from the
volcano summit, capping a 27-cm-thick deposit
of tuffaceous (pumice-bearing), muddy-gravelly
sands (lithofacies mSMG, mSM; Table 1B)
above unit si-EU2. Unit si-EU3 is an ~9 cm-
thick, discontinuous, poorly sorted (symmetri-
cal, leptokurtic), normally graded, and clast-
supported (subangular) pumice lapilli and coarse
ash gray horizon (lithofacies mL, mA; Table
1A), whereas unit si-EU4 is a 2—4-cm-thick,
moderately to well-sorted (positive skewed,
mesokurtic), pumiceous, very coarse ash bed
(lithofacies mA; Table 1A). Units sij-EU3 and
si;-EU4 are capped with transitional contacts by
~30-40-cm-thick, brown, tuffaceous, muddy-
gravelly sands belonging to the si, member
(lithofacies mSMG; Table 1B).

Distal deposits of the si; member were identi-
fied on the high Pleistocene terrace hosting the
Las Mesas village, 10 km from the volcano sum-
mit. There, the si; member is locally represented
by whitish, discontinuous patches (<6 cm thick)
of massive ash or aligned angular pumice fine
lapilli within the uppermost soil profile (lithofa-
cies mA; Table 1A), which cannot be attributed
to a particular eruption unit.

Upper Member (si,)

This volcaniclastic member interfingers with
the pyroclastic member, and it is also recognized
at the junctions of Hueco Seco stream, Huma-
dal stream (Fig. 7B), and Sofia stream with the
Resina River (~3-8 m thick). There, massive
to weakly reversely graded heterolithic gravels
and sandy-muddy gravels of variable round-
ness form low depositional terraces (lithofacies
mG, mGSM[,g], mSGM; Table 1B) beside the si;
member. In addition, and locally on top of the
coarse-tail graded, si-EU1 depositional terrace at
the outflow of Humadal stream into Resina River,
there is a thinly laminated deposit of well-sorted
silt and clay, alternating in color from pale gray
to pinkish brown (lithofacies altSC; Table 1B).

Valle de Piedras Formation

This unit includes the predominantly lava prod-
ucts of the effusive activity reported during 1897—
1936 CE (Table 2). It includes a lower lava mem-
ber (vp,) and upper volcaniclastic member (vp,).

Lower Member (vp)
The lower member comprises the endog-
enous dacitic (65.06 < SiO, wt% < 65.58)
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lava domes and spines forming the Young Dofia
Juana volcano summit, together with their sur-
rounding blocky talus aprons (Figs. 2, 3, and
8A). At least five different eruption units (vp,
EU1-EUS) were recognized by means of cross-
cutting relationships and deformation struc-
tures. The oldest unit, vp,-EU1, corresponds to
the eastern-northeastern lava dome remnants
crosscutting the eastern Phyllo and northeast-
ern Totoral lava domes (Fig. 2). It is composed
of fractured porphyritic dacites with irregular
foliation and blocky surfaces, forming a semi-
cupola exposed at the eastern side of the lava
dome field. Its surrounding monolithologic talus
apron drapes the base of the elder Phyllo and
Totoral lava domes, as well as the Las Mesas
formation within the vc, caldera. At a similar
stratigraphic position, but not in direct contact,
unit vp;-EU2 is another lava dome remnant and
surrounding apron, which is partially exposed
in the northwestern portion of the Young Dofia
Juana lava dome field (Fig. 2). This lava dome
has several spines, which are partly plastered by
a deposit of hydrothermally altered lithic and
angular fine blocks and coarse lapilli (Fig. 8B;
lithofacies mL in Table 1A). Both the vp-EU1
and vp,-EU2 lava domes are cut by the highest
cuspate lava dome of vp,-EU3, which is almost
entirely covered by a talus of lava blocks, and
it deforms the earlier and lithic-covered lava
spines (Fig. 8C). Most of the vp-EU3 talus is
exposed to the north-northwest of the Young
Dofia Juana lava dome field, and meter-sized
dacitic blocks fill the valley between the vp;-
EU1 and vp-EU3 domes. A younger extrusion
is represented by the lava spines of vp,-EU4
crosscutting the previous units along the rim of
the summit lava dome field (Figs. 8C). The cor-
responding apron is exposed to the west, drap-
ing the vp-EU1 and vp,-EU2 talus (Fig. 2), and
overlapping the Silencio formation. Finally, an
inflated, cracked protrusion (Fig. 8D), named by
the locals as the “papa” (i.e., Spanish term for
“potato”), represents the latest lava dome, vp,-
EUS. This inflated dome deforms the preexist-
ing top of vp-EU2.

Upper Member (vp,)

The upper member is a volcaniclastic
deposit comprising sparse, meter-sized angular
megablocks (Figs. 7A and 8E), together with
monolithologic, massive or reversely graded
breccias forming levees (lithofacies mB;;
Table 1A). The vp, member is interlayered
within the talus blocky apron of the vp,-EU4
dome (Fig. 7A), and it forms a distinctive hum-
mocky topography (grass-covered) extending
4.5 km from the volcano summit. Further down
the outflow of this apron into the Resina River,
the vp, member changes into hard, massive,
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TABLE 2. INTEGRATION OF THE GEOLOGIC RECORD AND HISTORICAL CHRONICLES FOR THE 1897-1936 CE ERUPTION EPISODE

Historical chronicles

Inferred processes and evidence in the geologic record

1 and 2 November 1897
Noise and igneous glow.

6 September 1898
Eruption with thunder and incandescence, lasting several days, with lava dome growth accompanied by

violent explosions.

20 April 1899
“Fire clouds,” “lava and hot ash” flowing down the river valleys, causing “more than 33 casualties” in

Las Mesas village. The landscape was “completely perturbed along 3 leagues" (i.e., ~14.5 km from
source).

13 November 1899

The “worst” eruption occurred; 50-60 people were “burned by hot blocks and ashes" and Las Mesas
village was abandoned. This event started in the morning with strong gas emission, followed suddenly
by a “gigantic column that exploded from all sides," producing "igneous clouds," resembling "a castle
of fireworks." Locals described “incandescent material falling over the landscape” and “bright ejecta
that came out of the column travelled a great distance, some falling to the ground causing fires.” It was
reported that “a thick rain of ash began to fall and covered the sun, sinking everything in darkness,"
and “about 5:30 pm, the day began to clear up again." Witnesses described a buoyant eruption
column ascending to >20 km, producing an extensive ash plume dispersed to the north, and lasting at
least for 5.5 h. Ash was reported by Friedrich Karl Lehmann, who was the German consul in Colombia
at the time (Klch, 1892), down to the towns of Guapi and Timbiqui (~170 km to the NW), Buga (~275
km to the N), and Inz& (~150 km to the NNE). A “nueé ardente” flowed down the Resina River valley
towards the southwest for 10 km from the source, and a smaller current flowed down to the western
flanks (unpublished reference of Hantke and Parodi in 1966, reported by Espinosa, 2012).

“The Resina stream was dammed for fifteen days,” and, once it failed, a flood “swept the fields and large
tracts of land” before damaging an old bridge across the Juanambu River. Las Mesas village was
abandoned.

"The growing lava-dome was suddenly blasted by following explosions until 1906." Although the precise
timing of these events could not be confirmed, there are written descriptions of “distinguishable living
lava” and “ash puffs” in 1905 (Pereira-Gamba, 1919).

1936

Regional tectonic earthquakes were documented (MW 5.6 on January 9 and a swarm between July
14 and 18, with a MW 6.3 shake on July 17), with epicenters located 90 km SW of the volcano.
Nearly a month later, at 5 am of 14 August 1936, an “avalanche” triggered from the summit killed
>23 people and caused losses of crops and livestock (El Derecho, Pasto, 8/15/1936 and national
newspapers). “The landslides have an extension of no less than a league and a large part of them fell
on the lagoons, displacing the water they had and even the mud through the Resina stream, which
became in a few moments a mighty river, then passing that flow to the Juanambu River.” “Both in the
place where the lagoons used to be, as in the entire route of the Resina [River], there are immense
extensions of mud that seem to be volcanic with a strong smell of sulphur. The area of the lagoons is
also covered with stones of incredible dimensions, which seem to have detached from the volcano,”
[...] “likewise, hikers verified that landslides continued for several days” (El Derecho, Pasto, 8/22/1936).

Minor Vulcanian explosions accompanied major lava dome
growth phases that are hard to distinguish in the geologic
record.

Vulcanian-type to subplinian eruption column, ejecting ballistics
(pumice bread-crusted bombs in Silencio formation), and
accompanied by column-collapse pyroclastic density
currents (PDCs) running through the main valleys. The two
1899 major events correspond to the PDCs recorded in
eruption units sil-EU1 and sil-EU2. Lehmans’ report fits with
the dominant wind directions in the study area as derived
from the nearest information within the national wind atlas
(http:/atlas.ideam.gov.co/visorAtlasVientos.html)

Also, the geologic record records a volcaniclastic (lahar)
deposit interbedded between si-EU1 and si-EU2.

These processes correspond to one of the major lahars
recorded in the volcaniclastic deposits of the upper
member of the Silencio formation, likely the one
stratigraphically above si-EU2.

Early dome growth events/phases recorded in the Valle de
Piedras formation. Eruption units sil-EU3 and sil-EU4
show that two minor tephra fallouts occurred to the west,
reaching at least 6 km from the vent.

Partial collapse of the summit lava dome spines, rock
avalanche, and subsequent debris flow interpreted here
from the Valle de Piedras formation.

Note: Chronicles were mainly taken from Kiich (1892), Pereira-Gamba (1919), Espinosa (2012), local unpublished essays (Gémez-Bolafios, 2012), national
newspapers (i.e., El Espectador, 1887; El Heraldo, 1899; El Derecho, 1936; El Tiempo, 1936, and interviews with elders (Pulgarin et al., 2015; Arnulfo Bravo, 2015; Maria

Mercedes Mufioz, 2015; Delfina Mufioz, 2015, 2017, personal communications).

heterolithic gravels or local superpositions of
reversely graded, sandy-muddy gravels (litho-
facies mG, mGSM_,)). These deposits form
6-m-high depositional terraces at the inter-
section of the Sofia stream and Resina River,
which are difficult to distinguish from the ear-
lier si, member (Fig. 8E). Overall, no pumice
clasts were found within the Valle de Piedras
formation.

DISCUSSION
Eruption Styles and Chronology

The new stratigraphic reconstruction
allowed us to identify different eruption epi-
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sodes related to the Young Dofia Juana central
vent area in the late Holocene (Figs. 9 and
10A), with at least three main explosive erup-
tion episodes ca. 5 cal. k.y. B.P. (Humadal),
ca. 3 cal. k.y. B.P. (Las Mesas), and 1897-
1936 CE (Silencio—Valle de Piedras). These
occurred simultaneously or alternating with
the activity described by Pardo et al. (2019)
for the adjacent vent areas, (1) Phyllo and (2)
Totoral (Figs. 2 and 3).

The late Holocene Young Dofia Juana pro-
duced alternating effusive and explosive erup-
tions (Fig. 9), typical of many dome-forming
volcanoes (e.g., Samaniego et al., 1998; Platz
et al., 2007, 2012; Lerner et al., 2019; Massaro
et al., 2019). Modern dacitic analogues show-
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ing eruption transitions without development of
Plinian phases include Cayambe (Samaniego
et al., 1998), Imbabura (Andrade et al., 2019),
Soufriere Hills (Druitt et al., 2002; Formenti
et al., 2003; Burgisser et al., 2010; Gottsmann
et al., 2011), Mount Unzen (Nakada and Fujii,
1993), and Mount Merapi (Cronin et al., 2013).
These contrast with similar dacitic lava dome
systems that also produce Plinian eruptions, like
Mount Peleé (Fisher and Heiken, 1982) or Vol-
can de Colima (Sulpizio et al., 2010; Capra et al.,
2016; Pensa et al., 2018).

5 cal. k.y. B.P. Humadal Eruption Episode

This episode is represented by succes-
sive block-and-ash flows produced by lava
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dome collapses, a pyroclastic density current
generated by lava dome explosion (Boudon
et al., 2015) and pyroclastic fountain collapse,
and subsequent lahars. The valley-confined,
massive to weakly reversely graded, poorly
sorted, and monolithologic lithofacies asso-
ciations of the hu; member (lithofacies mBLA,
mBy;, ) LAy, mBLA;, mALB,; Table 1A)
support deposition from block-and-ash flows
(Supplemental Material 1; Figs. 10B and 10C).
The matrix grain-size distributions indicate that
the bulk of the material was transported within
the high-density ground-hugging basal part of
the current (e.g., Schwarzkopf et al., 2005). The
superposition of weakly reversely graded beds
indicates that grain-grain interaction in a gran-
ular flow depositional regime favored kinetic
sieving (Savage and Lun, 1988) and kinematic
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vp-EU5 Youngest
spines

squeezing (Le Roux, 2003), which segregated
the largest blocks to the top of the flows. Their
homogeneous reddish color indicates synerup-
tive oxidation of the collapsed lava domes due
to temperature, which means that they were
likely extruded at a higher temperature com-
pared to the successive ones. The vertical repet-
itive occurrences of reversely graded lithofacies
and horizons of flat-lying blocks parallel to the
base indicate either the stepwise aggradation
of different pulses developed within the same
block-and-ash flow or the recurrence of mul-
tiple, discrete dome collapses in a short time
generating successive block-and-ash flows
(e.g., Sulpizio et al., 2007, 2014; Sulpizio and
Dellino, 2008; Lucchi et al., 2022). Deposition
from successive pulses is best recorded in the
Carmelo catchment area, where the low-angle
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Figure 8. Landscape and ex-
posures of the Valle de Piedras
formation. (A) Lower member
(vp) forms the summit lava
dome complex at the central
vent zone. (B-C) Lobate and
spiny lava domes surrounded
by blocky aprons of the vp-
EU1 and vp,-2 eruption units.
(D) Latest lava dome of unit
vp-EUS inflating below and
deforming older lava domes.
(E) Depositional terraces of the
latest lahar deposits at the up-
per Resina River, including the
ones subsequent to the 1899 CE
eruption (si, member, Silencio
formation) and the 1936 CE
rock avalanche (vp, member,
Valle de Piedras formation).

cross-laminated deposits (lithofacies sLA) sug-
gest traction and deposition from a turbulent
regime in the dilute region at the top of each
high-concentration block-and-ash flow pulse
(Macorps et al., 2018).

The sedimentologic data from the hu,, mem-
ber (lithofacies mBLA;; and mALB) suggest
rapid deposition from the underflow of con-
centrated pyroclastic density currents domi-
nated by granular flow depositional regimes
(Figs. 10B-10C). No fall deposits were recog-
nized, suggesting the pyroclastic density cur-
rents were generated from the collapse of low
pyroclastic fountains associated with ballistic
ejection of bread-crusted bombs. The presence
of bombs, pumice, and accidental lithic clasts
indicates explosive disruption of a lava plug/
dome and the fragmentation of metamorphic

Geological Society of America Bulletin, v. 135, no. 9/10
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Figure 9. Simplified sketch showing the evolution of the youngest Dofia Juana lava dome complex, including Phyllo, Totoral, and
Young Doiia Juana vent zones. The explosive activity has been concentrated at the latter eruptive source. In chronological order: (A)
lava dome collapse block-and-ash flows (BAFs) inferred from the Humadal formation, as well as Caicuanes and Ciénaga formations
reported by Pardo et al. (2019); (B) effusive phases at the easternmost vent area (Phyllo formation); (C) lava dome collapse block-
and-ash flows and Vulcanian pyroclastic density current (PDC) products inferred from Las Mesas formation; (D) violent Vulcanian to
subplinian(?) pyroclastic density current, as inferred from Silencio formation; and (E) dominantly effusive activity products inferred
from the Valle de Piedras formation. All eruption episodes, except those related to Phyllo vent, included syneruptive or posteruptive

lahars.

country rock (e.g., Benage et al., 2014; Macias
et al., 2020). The estimated minimum total
bulk volume for the combined pyroclastic hu,
and hu,, members of the Humadal formation is
9.7 x 106 m?.

The massive to weakly reversely graded,
heterolithic, coarse-grained deposits of the hu,
member (lithofacies mGSM|,; Table 1B) are
interpreted as debris-flow deposits reworking
the hu, pyroclastic member along the main
river valleys. Mud-rich lithofacies mSMG
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and mSM are interpreted as mudflow deposits
(Fig. 9A).

Ca. 3 ka Las Mesas Eruption Episode

This episode was characterized by lava
dome collapses, plug removal upon Vulca-
nian explosions, low columns that partially or
totally collapsed producing pyroclastic den-
sity currents, and lahars. The componentry of
both the Im-EU1 and Im-EU3 eruption units
indicates explosive disruption of a lava plug or
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a fresh lava dome (Fig. 9B), expelling mostly
dense to poorly vesicular juvenile materials.
The presence of metamorphic lithics indi-
cates that the fragmentation depth reached
the country rock or that the violence of the
eruption favored conduit erosion. Matrix-poor
massive lithofacies associations mALB, mAL,
and lensL (Table 1A) of Im;-EU1 and Im-EU3
suggest rapid deposition from the underflow
of highly concentrated pyroclastic density
currents, with a granular flow dominated
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flow-boundary zone (Figs. 10B-10C). Matrix-
rich lithofacies were deposited in a fluid-
escape depositional regime zone (Figs. 10B—
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10C) at high clast concentration, during which
gas retention within the granular mixture was
a function of the porosity of the moving mix-
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ture. The occurrence of gas pipes in places
supports the presence of high quantities of gas
in the eruptive mixture at the time of deposi-
tion. The distinctive reddish-brown Im-EU2
deposits (lithofacies mAL; Table 1A) indicate
rapid deposition and fines entrapment, where
the common occurrence of charred woods and
local tanned pink colors likely indicate high
temperatures of emplacement. The rip-up soil
intraclasts reflect the erosional capability of
these currents, particularly for the uppermost
Im-EU3. The channelized flows of Im-EU1
and lm-EU3 were able to overtop high eleva-
tions, with slightly increasing fines content
and improved sorting toward the front, where
two depositional flow pulses were recorded.
There, and in overbank environments, the
lowermost cross-stratified portions (lithofa-
cies x1A, xsAL, xsLA, wxsLA; Table 1A)
suggest grain-by-grain deposition from the
basal turbulent zone in a flow boundary domi-
nated by traction at the pyroclastic density
current front. Upward transitions in Im-EU2
at overbank environments to weakly stratified
or laminated deposits (lithofacies wsLA, wlA,
wxlA; Table 1A), and embedded clast-sup-
ported lapilli lenses (lensL) suggest enhanced
turbulence upon current dilution. The massive
and thinly laminated ash (lithofacies 1A, mA,
maccrA; Table 1A) found at top of each unit
reflects current waning and subsequent set-
tling from elutriated (decoupled?) ash clouds.
In addition, the poorly preserved clast-sup-
ported (angular) lapilli beds (lithofacies mL;
Table 1A) represent remnants of fall deposits,
thus supporting the hypothesis of low-column-
collapse—derived pyroclastic density currents.
The total estimated (minimum) volume for the
pyroclastic density current deposits of the lm,
member is 24.0 x 106 m3.

The massive and monolithologic tuff-breccias
(lithofacies mALB) of the coeval La Cabaiia for-
mation reported by Pardo et al. (2019) outside
the study area, but which also originated at the
central Young Dofia Juana vent, reflect the accu-
mulation of block-and-ash flow pulses to the
north. Whether these flows occurred as opening
phases or were synchronous with Las Mesas
formation deposition remains unclear due to
the absence of stratigraphic relations in the field
between the two units.

The coarse-grained volcaniclastic deposits of
the Im, member (lithofacies mGSM,,;; Table
1B) are interpreted as debris-flow deposits, while
matrix-rich mSMG lithofacies correspond to
sand-rich mudflow deposits, both reworking the
pyroclastic deposits of the Im; member (Fig. 9C).
The capping paleosol, together with correlative
discontinuous 2—-3-m-thick colluvial and fluvial
deposits, and a proximal angular unconformity
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(Fig. 8A), marks a significant period of quies-
cence between the Las Mesas formation and the
overlying Silencio formation.

1897-1936 CE Silencio-Valle de Piedras
Episode

This episode records lava dome/plug disrup-
tions developing violent, partially to totally col-
lapsing Vulcanian to subplinian columns that
generated pyroclastic density currents and lahars;
this predominantly explosive activity transitioned
into successive lava dome and spine extrusions
that gravitationally collapsed, generating a rock
avalanche and subsequent lahar. Pumice-bear-
ing, massive tuff-breccias (lithofacies mALB)
described for the sij-EU1 and si-EU2 units of
the Silencio formation indicate deposition from
the underflow of high-concentration pyroclas-
tic density currents (Figs. 10B-10C). Proximal
reversely graded levees (lithofacies mALB )
and coarse-tail graded lithofacies (mBLA, .,
mALB, ) suggest strong density segregation
within the currents. Lateral variations at over-
bank environments were found at the edge of the
southwesternmost apron reaching Soffa stream
(DJ-10; Supplemental Material 1.1). There, the
occurrence of lithofacies mAL (Table 1A) in unit
si;-EU1 indicates rapid deposition from valley-
confined pyroclastic density currents dominated
by a fluid escape flow-boundary zone, followed
by current waning. The occurrence of lithofacies
wxsAL at the base and at the top of unit si-EU2
indicates deposition from a traction-dominated
flow-boundary zone at the front and at the end
of the main concentrated pyroclastic density
current body. The total minimum volume of
the pyroclastic density current deposits for the
whole si; member, calculated using the available
data, is 8.7 x 10% m>.

The occurrence of clast-supported lithofacies
mL and mA in units si-EU3 and si-EU4 records
at least two fallout depositional phases from an
associated eruptive column (Fig. 9D). It is clear
that the Silencio activity indicates higher explo-
sivity involving a deeper level of the conduit than
the Humadal and Las Mesas eruption episodes.
However, we do not have enough elements to
confirm a progressive transition into open-con-
duit conditions.

The heterolithic lithofacies mSMG and mSM
of the si, member indicate lahars reworking pre-
vious pyroclastic deposits. Local occurrence of
lithofacies altSC (Table 1B) suggests formation
of ephemeral ponds in distal overbank areas.

The vp, member of Valle de Piedras forma-
tion suggests at least five subsequent phases of
growth of the summit lava domes and spines (vp,
EU1-EUS; Fig. 9E). The total minimum vol-
ume of the lava domes currently exposed at the
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Young Dofia Juana summit area is estimated as
6.8 x 108 m3, subdivided as follows: ~4.3 x 108
m? for vp-EU1, ~5.7 x 10* m? for vp-EU2,
~1.3 x 10° m? for vp-EU3, ~2.4 x 10® m? for
vp-EU4, and ~9.5 x 10° m? for the youngest
(endogenous) vp;-EUS.

The monolithologic hummocky breccias and
sparse blocks described for the vp, member
suggest the accumulation of a rock avalanche
where kinetic sieving was important in form-
ing reversely graded deposits. This event likely
resulted from the gravitational collapse of one or
more lava domes/spines among the most recent
ones in the summit lava dome field (Fig. 9E).
Similar partial collapses of lava domes have
been reported at Soufriere Hills by Watts (2002)
and Stinton et al. (2014). The abrupt change to
heterolithic gravels at the break in slope, 1.4 km
from the lava spines representing the likely
source area, reflects the transformation of the
rock avalanche into a debris flow.

In the case of the Silencio—Valle de Piedras
eruption episode, we can integrate our geo-
logic data with the available historical chroni-
cles (Table 2). Brief written communications
within national and regional journal repositories
describe ballistic ejection during minor Vulca-
nian explosions and lava dome growth in 1897—
1898, followed by two major paroxysms with
ash dispersal beyond ~150 km and a subsequent
lahar in 1899 (Table 2). Historical chronicles
also indicate that some seismic events occurred
over the following decades, but they could not
be confirmed by other sources as accompany-
ing volcanic eruptions (Espinosa, 2012) because
their dates coincide with major regional tectonic
activity noted by the Colombian Geological Sur-
vey (http://sish.sgc.gov.co/visor/). These events
include the MW 8.8 earthquake in 1906 (Pacific
coast epicenter: lat 0.99°N, long 79.35°W), the
MW 6.2 earthquake in 1923 (southern Narifio
epicenter: lat 0.87°N, long 77.78°W, with ash
emission reported from Dofia Juana volcanic
complex 3 h later), and the ML 6.0 earthquake
in 1926 (southern Narifio epicenter: lat 0.87°N,
long 77.78°W). The final collapse event at Dofia
Juana volcanic complex was documented in
1936, but we do not know if it occurred during or
after the growth of the domes/spines, or if there
was an active hydrothermal system. For sure, the
studied deposits do not show any evidence for
associated explosive activity.

Flow Mobility

The mobility ratio (AH/L), based on the
height difference (AH) and horizontal distance
(L) between the source area and the distal limit
of the deposit, captures the ability of gravity-
driven mass flows to move downslope (e.g.,
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Iverson, 1997). The ratio AH/L defines the
coefficient of friction for the mass flow (Hayashi
and Self, 1992) and reflects the Mohr-Coulomb
angle of internal granular friction (Freundt,
1999). The mobility ratio of block-and-ash
flows from Young Doifia Juana has values of
0.21-0.22 (Supplemental Material 3), similar
to parameters calculated for those derived by
lava dome collapse in the Soufriere Hills vol-
cano on Montserrat (Calder et al., 1999). For
pyroclastic density currents related to column
collapse, AH depends on whether the source
area is assumed to correspond to the volcano
summit or to the height where column collapse
occurred (Hayashi and Self, 1992). For Young
Dofia Juana, a column collapse height of 500 m
above the volcano summit produces AH/L val-
ues from 0.18 (along Humadal stream) to 0.24
(along Carmelo stream) for pyroclastic density
currents dominated by dense juvenile material
(Las Mesas formation), and between 0.20 (along
Humadal stream) and 0.24 (along Hueco Seco
stream) for pumice-bearing currents (Silencio
formation). Moreover, along Humadal stream,
where all studied units occur and can be com-
pared to one another, AH/L is lower for fountain/
column-collapse pyroclastic density currents,
consistent with slightly longer runout distances
(AH/L = 0.18-0.20) and slightly lower internal
granular friction than for block-and-ash flows
(AH/L =0.21).

CONCLUSIONS

The Young Dofia Juana central vent within
the Doifia Juana volcanic complex is an excel-
lent example of a dome-dominated, tropical arc
volcano. By merging the late Holocene geo-
logic record, radiocarbon ages, and eyewitness
chronicles from the late nineteenth and early
twentieth centuries, we interpreted the recent-
past eruption behavior to include: (1) summit
lava dome growth associated with occasional
(minor) explosions; (2) gravitational lava dome
collapses, generating rock avalanches or larger
block-and-ash flows reaching >7 km from the
vent; and (3) deep dome collapses and plug dis-
ruptions leading to Vulcanian to subplinian erup-
tions forming pyroclastic density currents from
pyroclastic fountains/column collapses reaching
>10 km from the vent, with rare pyroclastic fall-
out reaching >150 km (see Table 2). Historical
chronicles (Table 2) suggest that cyclic transi-
tions from lava dome growth phases to explosive
phases likely occur over 1-2 yr.

Most of the studied pyroclastic density cur-
rents veered toward the west and were channeled
through a low saddle on the western rim of the
vc, caldera (Figs. 2 and 7A) and then cascaded
into the Humadal stream valley and reached the
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inhabited depositional terrace of the Las Mesas
village (Figs. 2—4). In addition to this main flow
trajectory, most pyroclastic density currents
overflowed through other saddles of the vc, cal-
dera rim toward the west into the upper valleys of
the Florida and Carmelo streams (Fig. 2). Depo-
sition of the studied pyroclastic density currents
mostly occurred under granular flow or fluid
escape depositional regimes at high clast con-
centrations (Figs. 10B-10C), had volumes simi-
lar to those calculated for Vulcanian eruptions
in other volcanoes elsewhere (e.g., Cole et al.,
2014; Capra et al., 2016; Albino et al., 2020),
and are classified as Vulcanian ignimbrites fol-
lowing Giordano and Cas (2021) (see Supple-
mental Material 3; Fig. 10D). The absence of
traction-dominated pyroclastic density current
deposits in the upper slopes of Young Doiia
Juana suggests limited generation of diluted and
turbulent pyroclastic density currents from over-
pressurized jets at the source. Traction structures
occur only sporadically and mostly in overbank
regions, related to more diluted conditions and
accompanying turbulent ash clouds possibly
induced by the interaction with irregular topog-
raphy. All of these processes were associated
with inter- and posteruptive lahars.
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