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Abstract
We present a reconstruction of the physicochemical conditions of melts in the Pleistocene storage and plumbing system 
of the Doña Juana Volcanic Complex (SW Colombia): a poorly known, potentially active polygenetic volcano of dacitic 
composition comprising four major edifices and showing periods of long quiescence. Compositional data for plagioclase, 
amphibole, pyroxene, and Fe-Ti oxides were combined with new and existing whole-rock data from representative eruptive 
products, allowing for the implementation of equilibrium tests and geothermobarometry calculations within an established 
stratigraphic, petrographic, and geochronological framework. Textural and geochemical variabilities of all mineral phases 
suggest the existence of a trans-crustal magmatic system feeding the Pleistocene eruptions of Doña Juana, and cyclic rejuve-
nation of a crystal mush following each volcano edifice collapse. The assemblage of different crystal cargos before magma 
recharge and final eruption is attested by (i) the coexistence of equilibrium and disequilibrium textures and variable compo-
sitions in crystals of all studied species, (ii) felsic cores in antecrysts, (iii) mafic overgrowth rims, and (iv) significantly less 
differentiated microcrysts relative to the composition of meso- and macrocrysts. By integrating multiple mineral-only and 
mineral-liquid geothermobarometers, after careful textural analyses, we estimate the intensive parameters of the mush–melt 
interaction zone of the plumbing system in the middle crust, providing a preliminary view of the architecture of a trans-
crustal magmatic system in a complex tectonic setting at a previously understudied area of the north-Andean volcanic zone.

Keywords Crystal Mush · Dacite · Geothermobarometry · Northern Andes · Trans-Crustal Magmatic System

Introduction

Active calc-alkaline volcanism at the Northern Andean 
Volcanic Zone (Thorpe and Francis 1979; Stern 2004) has 
been extensively explained as related to the oblique subduc-
tion of the oceanic Nazca plate beneath northwestern South 
America (Fig. 1a), at an average rate of 5–7 cm/yr (Penning-
ton 1981; Droux and Delaloye 1996; Trenkamp et al. 2002; 
Monsalve-Bustamante 2020). Here, the Nazca subduction 
system is rather complex (Thorpe and Francis 1979; Stern 
2004) with at least three slab portions plunging at different 
dipping angles and orientations (Pennington 1981; Gutscher 
et al. 1999; Marcaillou et al. 2008; Vargas and Mann 2013; 
Yarce et al. 2014; Idárraga-García et al. 2016; Sun et al. 
2022; Mojica Boada et al. 2022). Their association to tears, 
colliding oceanic ridges and segmented rifts (Hall and Wood 
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Fig. 1  Studied location; (a) Location of Doña Juana Volcanic Com-
plex (DJVC; red triangle) at SW Colombia in the northwestern cor-
ner of South America; (b) Simplified 1:50,000 geological map of the 

DJVC, SW Colombia, modified from Pardo et al (2019, 2023). Pleis-
tocene ages were obtained by 40Ar/39Ar. Holocene ages determined 
by.14C (Pardo et al. 2023)
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1985; Barberi et al. 1988; Gutscher et al. 1999), results in the 
segmentation of the arc in Colombia (Monsalve-Bustamante 
2020). In this context, eruptive products might reveal details 
of complex storage and plumbing systems feeding large, 
Pleistocene–Holocene polygenetic structures (Smith and 
Németh 2017), the evolution of a ~ 50–60-km-thick conti-
nental crust (Mojica Boada et al. 2022), and their subsequent 
implications for volcanic hazard management.

Geophysical and petrological data obtained over the last 
decade at arc volcanoes worldwide consistently reveal that 
large trans-crustal magmatic systems (TCMSs) dominated 
by crystal mushes supply polygenetic volcanism (Bachmann 
and Huber 2016; Cashman et al. 2017; Sparks et al. 2019; 
Giordano and Caricchi 2022; Petrone et al. 2022). Intru-
sion rates, geometry, volumes, and the temperature contrast 
with the surrounding environment dictate the yield strength 
required to initiate melt convection. Reactive flow and com-
paction-driven segregation from the mushes, remobilization, 
and melt segregation, together with density gradients relative 
to the crustal structure, control melt migration into shallower 
depths and the generation of eruptible magma (Humphreys 
et al. 2006; Solano et al. 2012; Ward et al. 2014; Comeau 
et al. 2015). Thus, vertically extensive TCMSs favor open-
system differentiation processes such as crustal assimila-
tion and fractional crystallization (DePaolo 1981; James and 
Murcia 1984; Hildreth and Moorbath 1988), magma mixing 
(Anderson 1976; Sparks et al. 1977; Gardner et al. 1995a, b; 
Smith et al. 2009), and mafic recharge from depth (Annen 
and Sparks 2002; Macías et al. 2017). While the chemi-
cal nature of the magma seems to be defined in the lower 
and middle crust, the final mineralogy and textural diversity 
increase in the shallow reservoirs upon variable ascent and 
crystallization paths (Annen et al. 2006; Sparks et al. 2019).

To contribute to the understanding of the poorly known 
storage and plumbing systems of large polygenetic volca-
noes in Colombia (Northern Andes), we studied the Pleis-
tocene products of the remote Doña Juana Volcanic Com-
plex (DJVC; Fig. 1a, b). The DJVC is a long-dormant but 
potentially active center in SW Colombia, last erupted in 
the late nineteenth century (Pardo et al. 2023). Coeval mafic 
ignimbrites grouped as the Granatífera Tuff (hosting basalt 
to basaltic andesite volcanic bombs, as well as mantle and 
lower-crustal xenoliths exposed to the west of the study area; 
Weber et al. 2002), reveal a hot thermal regime within this 
arc segment related to the youngest lithospheric foundering 
known within the Andes (Bloch et al. 2017; Zieman et al. 
2023, 2024).

Despite the variation between effusive and explosive 
eruptions known for the DJVC in the past million years, 
the mineral association, as well as major and trace element 
compositions of its products, has been monotonously dacitic 
(Pardo et al. 2019). Here, we investigate microscale textural 
and compositional variations within the predominant crystal 

phases of lavas and juvenile pyroclasts produced through-
out the Pleistocene at the DJVC (Pardo et al. 2019). Thus, 
we apply multiple mineral-only as well as mineral-liquid 
geothermobarometers passing phase equilibrium tests, aim-
ing to constrain the intensive parameters (pressure, P; tem-
perature, T; composition, X; logarithm of oxygen fugacity, 
logfO2) characterizing crustal storage levels over multiple 
stages of the volcanic edifice’s growth and collapse before 
the establishment of its most recent (Late Holocene) lava-
dome complex.

Volcanological and stratigraphic 
background

The DJVC is located within the northernmost active volcanic 
segment of the Andes, specifically, as part of the volcanic 
arc in Colombia (Pennington 1981; Gutscher et al. 1999; 
Monsalve-Bustamante 2020; Fig. 1a). The DJVC consists 
of three large Pleistocene volcanic edifices and a Holocene 
lava-dome complex built over a polymetamorphic basement 
of Lower Cretaceous and pre-Mesozoic units intruded by 
Neogene igneous plutons, and locally overlain by a Mio-
cene sedimentary formation (Pardo et al. 2019). Pleisto-
cene DJVC products are coeval to mafic ignimbrites from a 
nearby but unknown source, known as the Granatífera Tuff 
(Weber et al. 2002). Components of this unit are known to be 
samples from the lower crust, sub-arc mantle, and juvenile 
arc magmas; and their composition is regarded as a close 
representative to that of primary melts in the region (Zieman 
et al. 2023, 2024).

The morpho-structural setting of the DJVC, as well as 
the stratigraphic and geochronological record, suggests at 
least five eruptive epochs associated with the construction 
and destruction of the three Pleistocene volcanic edifices 
(Pardo et al. 2019). The destruction stages are marked by 
overlapping volcano-tectonic collapse structures truncating 
each edifice (vt,  vc1, and  vc2, respectively; Fig. 1b). The eld-
est volcanic edifice—Santa Helena  (DJSH)— mostly consists 
of three lava flow formations with groundmass 40Ar/39Ar 
dates of ~ 1.1 ± 0.004 Ma. The  DJSH is followed in age by the 
Ancestral Doña Juana edifice  (DJAn), whose two eldest units 
correspond to lava flow formations with biotite 40Ar/39Ar 
dates of 878 ± 2.8 ka. These lava flows are stratigraphically 
followed by a monolithologic debris avalanche deposit and 
correlated lahar deposits. Biotite retrieved from the predomi-
nant dacitic blocks of the debris avalanche deposits yielded 
an 40Ar/39Ar age of 778 ± 7 ka. The youngest  DJAn formation 
consists of block-and-ash flow deposits and correlated lahar 
deposits. Biotite and amphibole within the predominant 
juvenile blocks of the block-and-ash flows yielded 40Ar/39Ar 
ages between 696 ± 12 ka and 312 ka ± 28.8 ka. Lastly, 
the Old Doña Juana edifice  (DJOld) groups a pyroclastic 
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formation—with 40Ar/39Ar dates of 231 ± 13.3 ka from pla-
gioclase in a pumice block—and three lava flow formations, 
one of which yields an 40Ar/39Ar date of 80.4 ± 1.9 ka.

The Holocene edifice comprises the summit lava-dome 
complex and its correlative pyroclastic products  (DJYn; 
Fig. 1b) filling the youngest  vc2 summit depression, thus 
unconformably overlapping  DJOld products. The last  DJYn 
eruption occurred in the late nineteenth century, with multi-
ple lava-dome growth and explosive-disruption phases, and 
two major Vulcanian to sub-Plinian phases in 1899 CE that 
produced fallout and pyroclastic flows affecting the inhab-
ited Las Mesas village (Pardo et al. 2023). Here, we leave the 
Holocene geochemistry for future work and focus our atten-
tion on describing the storage and plumbing system devel-
oped over the construction and destruction of  DJSH,  DJAn, 
and  DJOld, before the last major volcano-tectonic collapse.

Methods

A whole-rock ICP-MS dataset of 24 samples (Supplemen-
tary Material SMA1) was used in combination with polished 
thin sections prepared at the Servicio Geológico Colombiano 
(SGC; Pardo et al. 2016). Whole-rock analyses were exe-
cuted at ActLabs S.A.S (Colombia) by IFusion CP(WRA) 
for major elements, and Fusion ICP/MS(WRA4B2) for trace 
elements. Major and trace elements were obtained follow-
ing Package 4Lithores (which is a combination of 4B and 
4B2-res methods). Samples were prepared and analyzed in a 
batch system. Each batch contained a method reagent blank, 
certified reference material, and 6% replicates. Samples were 
mixed with a flux of lithium metaborate and lithium tetrabo-
rate and fused in an induction furnace. The molten material 
was immediately poured into a solution of 5% nitric acid 
containing an internal standard and mixed continuously 
until completely dissolved. The samples were run for major 
oxides and selected trace elements (4B) on an ICP-MS. Cali-
bration was performed using 14 prepared USGS and CAN-
MET certified reference materials. One of the 14 standards 
was used during the analysis for every group of ten sam-
ples. Totals between 98.5% and 101% were considered as 
acceptable. If results came out lower, samples were scanned 
for base metals. Low reported totals may indicate sulfate 
being present or other elements (e.g., Li) which would not 
normally be scanned for. Samples with low totals, however, 
were automatically re-fused and reanalyzed.

Samples fused under code 4B2 were diluted and analyzed 
by ICP-MS. Three blanks and five controls (three before 
the natural samples, and two after) were analyzed per group 
of samples. Duplicates were fused and analyzed every 15 
samples. Instrument was recalibrated every 40 samples. The 
loss on ignition (LOI)—which includes  H2O+,  CO2, S, and 
other volatiles—was determined from the weight loss after 

igniting the sample at 1000 °C for 2 h. Concentrations of 
major elements in standard reference materials replicated 
certified values with a precision better than 5.08%. Quality 
Control details, and further information on precision and 
accuracy estimations are presented within the Supplemen-
tary Material SMA1.

Optical petrography was carried out for textural and 
mineralogical inspection, as well as for modal proportion 
counting based on a dense grid of 1000 points per sec-
tion for a total of 14 samples of the DJVC (Supplementary 
Material SMA2). From said total, a subset of representa-
tive samples of the main lithostratigraphic units within the 
complex was chosen for carbon-coating and Electron Probe 
Micro Analysis (EPMA): three (3) samples correspond to 
 DJSH, five (5) to  DJAn, and five (5) to  DJOld. Crystals were 
subdivided by size according to the length of their longest 
visible axis (L) into microcrysts (L ≤ 100 μm), mesocrysts 
(100 μm < L < 300 μm) and macrocrysts (≥ 300 μm).

Carbon-coated polished thin sections were measured with 
a JEOL superprobe JXA-8900 M at the Centro Nacional de 
Microscopía Electrónica of the Universidad Complutense de 
Madrid (UCM, Spain) for mineral chemistry (spot analyses). 
Analysis was carried out with a voltage of 15 kV, 20 nA 
current intensity, and an incident beam diameter of 5 μm 
(10 s at peak and 5 s at valleys) as running conditions. A 
defocused beam (10 μm) was used for amphibole to avoid 
Na loss, and the ZAF correction system was applied (cor-
rections for matrix effects as a function of atomic number, 
Z; absorption of the radiation generated, A; and secondary 
fluorescence, F). At least two spots were analyzed in each 
crystal, distinguishing core, mantle, and rim data when pos-
sible. Spots within patchy zoned crystals whose location and 
characteristics did not match with a ‘core’ or ‘mantle’ label 
were marked as ‘patch’ (Supplementary Material SMA3). 
Analytical precisions between 0.5% and 6% were reached 
for oxides with concentrations higher than 1.5 wt%, and 
less than 10% for oxides with lower concentrations. Stand-
ard reference materials from the Smithsonian Institution 
(Jarosewich et al. 1980) were used for EPMA calibration 
(see further details in Supplementary Material SMA3). 
These standards were checked for internal consistency by 
comparing theoretical k values (from known compositions 
and ZAF corrections) to measured k values, so that the ratio 
between both was close or equal to 1. The length of the 2D 
major axis of each probed mineral was also measured on 
scaled BSE images using ImageJ (Schneider et al. 2012) for 
size-based classification. Glass compositions could not be 
accurately obtained due to the high microcrystalline nature 
of the samples’ groundmass.

After excluding analyses with low totals and verifying 
resulting mineral structural formulas, a total of 942 analyses 
allowed for the compositional classification of the main min-
eral phases (plagioclase, amphibole, biotite, orthopyroxene, 
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clinopyroxene, and Fe-Ti oxides) of representative lavas and 
juvenile pyroclasts.

To obtain realistic results from the application of geother-
mobarometers, we avoided measuring pseudomorphs and 
mafic minerals with textures exhibiting oxidation or other 
reaction rims, clearly indicating disequilibrium conditions 
with the pre-eruptive melt. In the case of plagioclase, we 
probed all crystal textures since most of the Pl crystals show 
subhedral overgrowth rims which could potentially provide 
pre-eruptive equilibrium conditions. Also, oscillatory zon-
ing is common in all Pl textures, and it is worth examining 
the compositional variation between core, mantle, and rims 
potentially growing in equilibrium with the surrounding 
melt. For geothermobarometry models based on mineral-
liquid pairs, only the data that passed equilibrium tests (i.e., 
were in the equilibrium zone of Rhodes or Rhodes-type dia-
grams; Rhodes et al. 1979) were considered for analysis and 
discussion. The nominal melt composition used for these 
equilibrium tests corresponds to that of the bulk rock (deci-
sion that will be further explained in the discussion section). 
Additional information on the composition of pre-eruptive 
melts was obtained from the compositions of clinopyroxene 
and amphibole through the chemometric machine learning 
models of Higgins et al., (2022). Since these chemometric 
models provide the composition of melts in equilibrium with 
different sections within crystals, they were used to track 
the compositional evolution of DJVC melts across different 
stages of fractional crystallization, but not for mineral-liquid 
equilibrium tests.

Results

Whole‑rock geochemistry and petrography

Studied samples are subalkaline, calc-alkaline dacites, and 
rarely andesites (Fig. 2a), with a narrow range of silica con-
tents (59.05 wt% <  SiO2 < 66.82 wt%),  Na2O +  K2O values 
between 4.12 wt% and 6.46 wt%, and Mg# between 55.82 
and 41.96 on anhydrous basis (Supplementary Material 
SMA1). Representative samples within each volcanic edifice 
show oscillations in the concentrations of  SiO2,  K2O,  FeOT, 
and CaO concentrations (Fig. 2b).

Major elements bivariate plots (Fig. 3) show decreas-
ing trends of CaO,  TiO2, MgO,  FeOT, and MnO concentra-
tions with increasing  SiO2 content, suggesting a compat-
ible behavior. In contrast,  K2O contents show an increasing 
trend, reflecting its incompatible behavior, and  Na2O,  Al2O3, 
and  P2O5 concentrations show scattered patterns.

Trace elements (Supplementary Material SMA1) show 
patterns of LREE vs. HREE enrichment when compared 
to the chondrite (Fig. 4a; McDonough and Sun 1995), 
and enriched LILEs vs. HFSE patterns, with a marked 

Pb positive anomaly and a Nb negative anomaly when 
compared to the N-MORB (Fig. 4b; Sun and McDonough 
1989). Typical LILEs and HFSE such as Rb (Fig. 4c), Cs, 
Ba, U, Th, and Pb increase with silica content, whereas 
Zr (Fig. 4d), Hf, and Nb mostly show a dispersed pattern. 
Typical compatible elements, such as V (Fig. 4e) and Sc, 
together with HREE (e.g., Lu, Fig. 4f) and Y (Fig. 4g) 
show clear negative trends, whereas Sr, Eu (Fig.  4h), 
LREE, and MREE show dispersed but slightly negative 
trends.

The negative trends of bivariate plots are consistent 
with the crystallization of the mineral phases identified in 
petrography. Studied thin sections (Supplementary Material 
SMA2) are porphyritic, seriated, and show different propor-
tions of euhedral to anhedral plagioclase (Pl) + amphibole 
(Amp) + clinopyroxene (CPx) ± orthopyroxene (OPx) ± bio-
tite (Bt) ± quartz (Qz) + iron and titanium oxides (Fe-Ti 
oxides) ± apatite (Ap) ± zircon (Zr), and rare olivine (Ol) in 
a groundmass with variable contents of glass, microcrysts, 
and vesicles, occasionally showing flow texture. In some 
samples, the hydrated mafic minerals (i.e., Amp and Bt) 
are completely replaced by Fe-Ti oxides (pseudomorphism: 
pmf). Additionally, most samples exhibit the presence of 
cognate enclaves of CPx + OPx + Pl + Fe-Ti oxides, and 
Pl + Amp + Fe-Ti oxides with variable OPx content, show-
ing a distinctive microphaneritic texture.

The crystal contents within the subset of samples selected 
for EPMA analysis (Supplementary Material SMA3; Fig. 2) 
range from 13% to 29% in  DJSH, 29% to 45% in  DJAn, and 
12% to 37% in  DJOld. In all samples, coexisting equilibrium 
and disequilibrium textures were identified in all mineral 
phases regardless of size (Supplementary Material SMA2, 
Supplementary Material B). The studied  DJAn samples (lavas 
and pyroclasts) exhibit green and brown Amp, and higher 
Bt and Ap contents compared to  DJSH samples (all lavas). 
Additionally, the diversity of textural variation within each 
mineral phase is higher in  DJAn when compared to  DJSH 
samples, including marked Amp and CPx zoning, CPx with 
Amp rims, Bt with Amp rims, and Qz with pyroxene rims. 
However, equilibrium textures are predominant in all phases 
(Supplementary Material SMA2). In comparison,  DJOld sam-
ples (one pyroclast, and mostly lavas) show relatively higher 
contents of Qz macrocrysts with graphic textures, a higher 
occurrence of disequilibrium textures in all phases, and the 
occasional presence of Ol.

Mineral chemistry

Details of mineral compositions obtained in each analyzed 
spot within each textural type and crystal size are compiled 
within Supplementary Material SMA3. We summarize the 
main characteristics below.
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Plagioclase

Pl (n = 437) occurs predominantly as macrocrysts, mesocryst 
aggregates, or as free mesocrysts and microcrysts (Fig. 5). 
We identified four textural types (Fig. 5a–dʹ): (i) PlT1 com-
prises well-preserved crystals with oscillatory zoning and 
a thin overgrowth rim, ranging from euhedral to subhedral 
(PlT1a) and rounded anhedral (PlT1b). (ii) PlT2 includes 
euhedral to subhedral crystals showing a coarse sieved tex-
ture that encompasses most of the crystal or is concentrated 
in a peripheral zone, before an overgrowth rim thicker than 
in PlT1; (iii) PlT3 is distinguished by clean but anhedral 
cores with oscillatory or patchy zoning, surrounded by a 
peripheral mantle with a fine sieved texture and a subhedral 
to anhedral overgrowth rim; (iv) PlT4 groups plagioclases 
with corroded anhedral cores and a fine sieved texture that 
covers most of the crystal, surrounded by an anhedral to 
subhedral overgrowth rim of variable thickness. Some PlT4 
cores are microaggregates and show patchy zoning. Many 
cores of macro- and mesocrysts show deformation twins and 
serrated grain boundaries.

All Pl textures range widely in composition regardless 
of crystal size and the position of the spot analyzed within 

each crystal (Fig. 5e; Supplementary Material SMA3.1). 
Plagioclase ranges in composition from  An19Ab77Or4 to 
 An80Ab19Or1, with PlT1 exhibiting the lowest An contents 
and PlT4 the highest. Most of the data fit into the andesine 
and labradorite fields, with a few data yielding bytownite 
and oligoclase. There are no systematic changes in pla-
gioclase classification throughout stratigraphic position, 
although there are more oligoclase core specimens in  DJOld 
relative to  DJAn and  DJSH. Likewise, there are no variations 
in systematic classification according to size, textural type, 
or position within macro- and mesocrysts.

Compositions of plagioclase macro- and mesocrysts 
group into three main sets: (i)  An20-40, (ii)  An41-60, and 
(iii)  An61-80. Among macro- and mesocrysts, most crystals 
classified as (i)  An20-40 correspond to PlT1 anhedral cores 
and mantles (Fig. 5bʹ). In all samples, these felsic cores 
 (An20-40) commonly show deformation twins and lamel-
lae, and coexist with quartz macrocrysts and Fe-Ti oxides 
microaggregates with exsolution lamellae. Some cores and 
mantles of all textures fall within (ii)  An41-60. Finally, most 
(iii)  An61-80 primarily correspond to PlT4 cores and man-
tles, including a few PlT2 and PlT3 mantles (Fig. 5d–dʹ).

Fig. 3  Bivariate plots for 
anhydrous, whole-rock major 
elements. (Data shown in Sup-
plementary Material SMA1)
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The Pl cores of the oldest units within each edifice are 
slightly displaced toward the felsic endmembers. Crystals 
from  DJSH and  DJOld show a slight increase in An con-
tents within cores and rims of the youngest samples rela-
tive to the eldest. In addition, most PlT1 and PlT2 rims fall 
within sets (i)  An20-40 and (ii)  An41-60, whereas most PlT3 
and PlT4 rims fall within sets (ii)  An41-60 and (iii)  An61-80. 
Also, groundmass microcrysts range in composition from 
 An31Ab66Or3 to  An65Ab34Or2 throughout all analyzed sam-
ples. Most microcrysts fall within set (ii)  An41-60 in  DJSH 
samples, within set (i)  An20-40 in  DJAn, and within sets (ii) 
 An41-60 and (iii)  An61-80 in  DJOld. Finally, for any composi-
tional/textural group in any of the samples, there are several 

examples of crystals where the An component is richer in 
their rims than in their corresponding cores (Supplementary 
Material SMA3.1).

Amphibole

Amp (n = 184) occurs as microaggregates or free mesocrysts 
and mostly microcrysts. We recognized three main textural 
types, many with concentric or patchy zoning (Supplemen-
tary material B): (i) AmpT1 includes clean, subhedral to 
euhedral crystals without reaction rims or showing a very 
thin Fe-Ti oxides rim; (ii) AmpT2 groups subhedral crys-
tals with skeletal textures, some with concentric zoning and 

Fig. 4  Whole-rock trace 
elements diagrams; (a) REE 
normalized to the Chondrite 
(McDonough and Sun 1995); 
(b) Spider diagram of concen-
trations normalized to the com-
position of the N-MORB (Sun 
and McDonough 1989); (c–h) 
Bivariate diagrams for select 
whole-rock trace elements. The 
complete dataset is shown in 
Supplementary Material SMA1
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~10–20-�m-thick Fe-Ti oxides rim; and (iii) AmpT3 com-
prises subhedral to anhedral and corroded crystals, mostly 
replaced by Fe-Ti oxides (pseudomorphs).

The validity of Amphibole analyses and their classifica-
tion was tested using AMFORM (Ridolfi et al. 2018), and 
follows the nomenclature resulted in Amp-TB2 (Ridolfi 
2021). Amp range widely in composition irrespective of 
crystal size and the position of the spot analyzed within each 
crystal. Most of the data fit into the tschermakite-pargasite, 
Mg-hastingsite and Mg-Hornblende classes (Supplementary 
Material SMA3.2). Although there are no systematic clas-
sification changes throughout stratigraphic position, amphi-
bole in  DJSH shows only a tschermakite-pargasite/Mg-hast-
ingsite composition, whereas Mg-hornblende (i.e., a phase 
slightly richer in silica and poorer in Na + K) is dominant 
throughout  DJAn and up to the youngest samples of  DJOld, 
where the content of pargasitic amphibole increases again. 
This is readily observed in Fig. 6a, where bivariate plots of 
 SiO2,  Al2O3, and  Na2O vs. Mg# show two distinct compo-
sitional groups.

Overall, Mg# of macro- and mesocrysts ranges from 57 
to 76, generally overlapping with Mg# 63–75 obtained in 
microcrysts (free and interstitial). Zoned mesocrysts (com-
mon in  DJAn and  DJOld) show cores with Mg# 57–75 and 
corresponding rims of Mg# 72 and 59, respectively. Normal 
and reverse zoning is detected by Mg#. There are no system-
atic changes in Mg# with stratigraphic position, although 
cores and rims of macro- and mesocrysts are generally lower 
in Mg# within the oldest samples of  DJSH and  DJOld than 
in their younger counterparts for each respective edifice. 
Average Amp Mg# is 70 ± 3 in  DJSH (n = 41), 67 ± 5 in  DJAn 
(n = 96), and 68 ± 4 in  DJOld (n = 47; Supplementary Mate-
rial SMA3.2).

Pyroxene

Pyroxene (Px; n = 192) is present mostly as CPx meso- 
and microcrysts (Fig. 6b), along with variable contents of 
OPx (Fig. 6c). We distinguished (i) subhedral to euhedral 
clean crystals (PxT1), some included within Amp, and (ii) 
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subhedral to anhedral crystals with skeletal texture and 
resorbed edges, some with coronae of Amp ± Pl + Fe-Ti 
oxides (PxT2). In addition, there are (iii) Px microaggregates 
bordered by an overgrowth rim (Supplementary Material B).

CPx (Supplementary Material SMA3.3) classi-
fies as augite and ranges between  En42Wo44Fs14—
En48Wo42Fs10 in  DJSH,  En42Wo42Fs14—En66Wo21Fs13 in 
 DJAn, and  En39Wo47Fs15—En57Wo21Fs22 in  DJOld. OPx 
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(Supplementary Material SMA3.4) classifies as enstatite and 
ranges  En64Wo0Fs36—En83Wo2Fs14 in  DJSH,  En71Wo3Fs25—
En83Wo3Fs15 in  DJAn, and  En66Wo12Fs22—En79Wo2Fs18 in 
 DJOld. Average pyroxene Mg# is 76 ± 4 in  DJSH (n = 41), 
82 ± 5 in  DJAn (n = 49), and 76 ± 4 in  DJOld (n = 102). Normal 
and reverse zoning is recorded by Mg#.

There are no clear linear trends in bivariate plots of CPx, 
with  SiO2,  Al2O3, and CaO contents best showing variations 
with Mg# (Fig. 6b). In OPx,  SiO2 and  Al2O3 show the most 
compositional variation with Mg#, although with significant 
scattering (Fig. 6c).

Fe‑Ti oxides

Fe-Ti oxides (n = 129) are Ti-magnetite, magnetite (Mt), 
and ilmenite (Il) (Fig. 6d) appearing as microaggregates 
or free meso- and microcrysts scattered in the groundmass 
of all samples, sometimes forming reaction rims, or totally 
replacing mafic minerals. The largest mesocrysts show 
Mt-Il exsolution lamellae. Magnetite Mg# ranges between 
2.8 and 11.7 ± 3 (n = 16; Supplementary Material SMA3.5) 
and ilmenite Mg# between 6.9 and 22.11 ± 7 (n = 7) in 
 DJSH; 1.5and 3.7 ± 1 (n = 23) and 0.4 and 5.3 ± 2 (n = 8) in 
 DJAn, respectively; and 1.2 and 41.7 ± 8 (n = 50) and 3.8 
and 22.7 ± 4 (n = 25) in  DJOld (Supplementary Material 
SMA3.6).

In  DJSH samples, magnetite shows several variation trends 
with upward stratigraphic position, including increases in 
 TiO2 (8.0–8.5 to 9–13 wt%),  Al2O3 (1.0–1.5 to 3.0–5.0 
wt%), and MgO contents (1.0–1.5 to 2.0–4.0 wt%), along 
with a decrease in MnO (0.7–0.5 to 0.0–0.2 wt%), while 
 Cr2O3 is low and relatively constant (0.1–0.3 wt%) (Sup-
plementary Material SMA3.5). Ilmenite exsolution lamellae 
also mimic these trends, with geikielite (MgO) components 
increasing from 10% to 15% but showing constantly low 
values (< 1%) in their pyrophanite component (MnO) (Sup-
plementary Material SMA3.6).

There is a sharp change in magnetite geochemistry at the 
onset of  DJAn, with a decrease in  TiO2 (4.4–6.6 wt%),  Al2O3 
(1.6–2.6 wt%) and MgO (1.0–1.7 wt%), and a slight increase 
in MnO contents (0.4–0.5 wt%) compared to crystals from 
 DJSH. Ilmenite exsolutions, in turn, are strongly enriched 
in their pyrophanite component (MnO = 6–8%) and almost 
lack a geikielite component (MgO < 2%). These trends are 
followed by an increase in magnetite  TiO2 contents at  DJOld, 
starting from similar, 4.0–5.0 wt% at the onset of this edi-
fice, and rising progressively to 5.0–8.0% and 6.0–10.0% 
toward the youngest sample (NPDJ-12-02), whereas the 
rest of elements do not show a significant variation. This 
youngest  DJOld sample also contains opaque mineral inclu-
sions in olivine crystals, which range from chromium–alu-
minum-rich magnetites (up to 20 wt%  Cr2O3 and 12 wt% 
 Al2O3) to chromium-bearing magnetites (2 wt%  Cr2O3). 

Ilmenites from NPDJ-12-02 are also different from other 
 DJOld samples, containing higher geikielite components 
(MgO = 11–20%) and slightly lower pyrophanite compo-
nents (MnO = 0.8–1.5%).

Other mineral phases

Biotite (Bt) mostly occurs as free macro- and mesocrysts, 
ranging in texture from (i) euhedral to subhedral clean 
crystals, some with a localized skeletal texture (BtT1); to 
(ii) subhedral crystals showing thin coronae of Pl + Fe-Ti 
oxides (BtT2); and (iii) anhedral crystals with skeletal tex-
tures and corroded edges bordered by a thick corona of 
oxidized Amp microcrysts or Amp + Pl + Fe-Ti oxides, or 
Amp + Px + Pl + Fe-Ti oxides (BtT3; Supplementary Mate-
rial B). Despite this textural variation, biotite composition 
is relatively constant, with Mg# mainly ranging between 61 
and 66 in  DJAn and  DJOld but decreasing to between 59 and 
56 in BtT3 oxidized crystals. All biotites contain between 
3.9 and 4.5 wt%  TiO2, 0.2 and 0.8 wt% BaO, and 0.1 and 0.5 
wt% F, the latter rising occasionally to 1 wt% in the rims of 
BtT2 and BtT3 crystals from  DJOld (Supplementary Mate-
rial SMA3.7).

Quartz (Qz) occurs in some samples as free macrocrysts 
and mesocrysts, ranging in textures (Supplementary Mate-
rial B) from (i) anhedral crystals without disequilibrium 
textures, except for some dissolution embayments (QzT1), 
to (ii) anhedral crystals surrounded by a pyroxene corona 
(QzT2), or (iii) pseudomorphs completely replaced by 
pyroxene (QzT3). Remarkably, Qz with disequilibrium tex-
tures coexists with olivine mesocrysts and macrocrysts in 
sample NPDJ-12–02, which belongs to the uppermost lava 
flows sourced from  DJOld.

Discussion

Equilibrium conditions and Geothermobarometry

One of the key quests in Andean dacites with complex 
mineral textures—such as the DJVC products—is to iden-
tify mineral phases in equilibrium with the melt to best 
approach the intensive parameters of pre-eruptive storage 
conditions. To do so, in this contribution, we first excluded 
data from interstitial crystals and microaggregates. In the 
case of plagioclase, we also excluded data with  An20-40, 
mostly corresponding to anhedral cores of macro- and 
mesocrysts, likely corresponding to evolved antecrysts. 
Since measuring melt inclusions was beyond the feasi-
bility of this study, the implementation of mineral-liquid 
pair thermobarometers had to occur after considering 
several restrictions: first, the composition of the residual 
glass in our samples cannot be taken as representative of 
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the melt due to its abundant silica contents in all sam-
ples, and because fractional crystallization seems to be a 
prominent differentiation process in DJVC magmas. These 
factors—along with the high microcrystalline nature of 
the samples’ groundmass—made EPMA measurements of 
glass unreliable. Another available source of melt compo-
sitional information were the chemometric reconstructions 
of melt compositions in equilibrium with Amp and CPx 
from the models of Higgins et al. (2022); however, these 
do not necessarily represent the immediately pre-eruptive 
melt since they may correspond to different sections within 
crystals (i.e., cores, mantles, etc.). Hence, we explored 
the potential state of chemical equilibrium by constructing 
and analyzing Rhodes and Rhodes-type diagrams (Rhodes 
et al. 1979) using bulk rock compositions as nominal rep-
resentatives of the melt.

The limited geochemical variability of our dacitic sam-
ples throughout the geological record of the DJVC implied 
that, unsurprisingly, using the bulk rock composition of a 
sample for the mineral-liquid equilibrium tests of another 
did not yield significant differences in our results. Hence, 
we paired each macrocryst composition with its corre-
sponding host whole rock and, in accordance, only such 
pairs showing compositional equilibrium were further used 
for mineral-melt thermobarometry estimations (Supple-
mentary Material SMA3). In order to establish the com-
positional boundaries for equilibrium in the Rhodes dia-
grams, we used Putirka’s (2008) partition coefficients: (i) 
 KdAn-Ab of 0.1 ± 0.05 for low-temperature (T < 1050 °C) 
and 0.27 ± 0.11 for high-temperature (T > 1050 °C) plagio-
clase, (ii)  KdFe-Mg of 0.29 ± 0.06 for orthopyroxene, and (iii) 
 KdFe-Mg of 0.28 ± 0.08 for clinopyroxene. In addition, we 
used the  KdFe-Mg of 0.39 ± 0.07 reported by Putirka (2016) 
for amphiboles.

After following these procedures, Pl data fit within the 
envelopes of the high (Fig. 7a) and low (Fig. 7b) temper-
ature partition coefficients (Kds) for mineral-melt anor-
thite–albite components. A few cores remained outside the 
lowest limit of the high-temperature Kd (i.e., are more felsic 
than expected for a given nominal melt), and a few PlT4 
data remained above the envelope of the low-temperature Kd 
(i.e., are more mafic than expected for a given nominal melt).

Data distribution in Rhodes’ diagrams for ferromag-
nesian minerals is rather complex, with most of the Amp 
plotting outside equilibrium (Fig. 7c). Clino- and orthopy-
roxene data plotting above and below the equilibrium enve-
lopes are mostly core data (Fig. 7d, e). We validated the 
CPx equilibrium conditions by evaluating the predicted vs. 
observed diopside–hedenbergite (DiHd) mineral compo-
nents, with most data plotting close to the one-to-one line 
(within ± 10%; Fig. 7g; Putirka 2008). Therefore, when 
applying mineral-liquid thermobarometers we excluded all 
data plotting outside the equilibrium boundaries.

To verify the robustness of results from mineral-liquid 
pair thermobarometers, we also implemented multiple 
Amp-only models (Johnson and Rutherford 1989; Thomas 
and Ernst 1990; Schmidt 1992; Ridolfi et al. 2010; Ridolfi 
and Renzulli 2012; Mutch et al. 2016; Ridolfi 2021; Hig-
gins et al. 2022; Médard and Le Pennec 2022) and CPx-
only models (Petrelli et al. 2020; Wang et al. 2021; Higgins 
et al. 2022) to estimate storage pressures and temperatures 
(Fig. 8a, b; Supplementary Material SMA3). Thermobarom-
etry results from models based on mineral-liquid equilibrium 
pairs presented in Fig. 8 (i.e., Putirka et al. 2003; Putirka 
2008, 2016) only include data plotting within compositional 
equilibrium boundaries in Rhodes diagrams. The medians 
of crystallization pressures retrieved from Amp-only barom-
eters published after (and including) Ridolfi and Renzulli 
(2012) and CPx-only barometers (Fig. 8a) range between 
487 and 200 MPa in  DJSH, 336 and 79 MPa in  DJAn, and 
284 and 95 MPa in  DJOld. All mineral-liquid barometers 
fall within these ranges except for Pl-liquid and OPx-liquid 
results, which is consistent with their corresponding estima-
tion errors (± 400 and ± 210 MPa, respectively). Results 
from these last two models were excluded from further 
consideration. The lowest values correspond to those of the 
Amp-only barometer of Ridolfi and Renzulli (2012; 79 MPa) 
in  DJAn, and the Wang et al. (2021) CPx-only barometer 
(95 MPa) in  DJOld. The lowest median value from the amphi-
bole barometer was obtained from the core and mantle of a 
macrocryst, while the one from CPx barometry was obtained 
from a microcryst, facts that could be explained by the intro-
duction of macrocryst-bearing melts into shallow reservoirs 
undergoing microcryst crystallization within the shallow 
plumbing system (Supplementary Material SMA3.8).

Similarly, we compare Amp-only and CPx-only with Pl-
liquid (Putirka 2008), CPx-liquid (Putirka et al. 2003), and 
OPx-liquid (Putirka 2008) thermometers (Fig. 8b; Supple-
mentary Material SMA3). Median crystallization tempera-
tures are 1185–1009 °C for CPx, 1102 °C for Pl, 1077 °C 
for OPx, and 950–940 °C for Amp in  DJSH; 1172–1032 °C 
for CPx, 1080 °C for Pl, and 850–828 °C for Amp in  DJAn, 
where no pyroxenes passed the equilibrium tests in the Rho-
des’ diagrams; and 1132–1106 °C for CPx, 1106 °C for Pl, 
1059 °C for OPx, and 875–840 °C for Amp in  DJOld (Sup-
plementary Material SMA3.8).

In addition—and following Ghiorso and Evans (2008)—
the compositions of coexisting titanomagnetites and ilmen-
ites were used for estimating temperature and logfO2 (Pow-
ell and Powell 1977; Spencer and Lindsley 1981; Andersen 
and Lindsley 1985) after confirming their equilibrium 
conditions (Bacon and Hirschmann 1988; Fig. 7f). Fe-Ti 
oxides pairs (Mt-Il) plotting outside equilibrium bounda-
ries mainly correspond to exsolution lamellae and a few 
inclusions of Mt with Il exsolutions in amphibole. These 
yielded high  TiO2 contents (33 wt%), which we attribute 
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to matrix effects during EPMA analysis, leading us not to 
consider these data in our interpretations. As these tempera-
tures frequently reflect subsolidus reequilibration, they were 
compared with the single-mineral (Mt) geothermometer of 
Canil and Lacourse (2020), which is based on the strong 
temperature dependence of the Mg molar fraction in Mt. 
Magnetite-ilmenite pairs (n = 5 for  DJSH, 9 for  DJAn, and 17 
for  DJOld) yielded 873–838 °C at ranges of logfO2 between 
−11 and −12 for  DJSH; 844–638 °C at logfO2 between −12 

and −19 for  DJAn, and 828 to 747 °C, at logfO2 from −12 
to −15 for  DJOld. These temperatures are in good agreement 
with single-mineral (Mt) temperatures (SEE ± 50 °C) of 
1063–859 °C for  DJSH, and 908–781 °C for  DJAn, whereas 
for  DJOld, single-mineral temperatures display a wider range 
compared to Mt-Ilm temperatures, yielding 1044–745 °C 
(Supplementary Material SMA3.8).

Finally, Amp data passing the equilibrium tests were 
used as an exploratory approach to preliminarily estimate 
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Fig. 7  Equilibrium test diagrams for (a) Plagioclase using 
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pre-eruptive  H2Omelt contents (SEE: ± 14%) between 7 and 
4 wt% at logfO2 (SEE: ± 0.3 log units) of −8 to −11 for 
 DJSH; between 6 and 5 wt% at logfO2 of −8 and −11 for 
 DJAn; and between 6 and 4 wt% at logfO2 of −6 and −10 for 
 DJOld (Supplementary Material SMA3.2). However, these 
results must be handled with caution and should be validated 
through comparison with future work on melt inclusions.

Magma differentiation and pre‑eruptive storage 
conditions

The decreasing linear trends of major and trace elements vs. 
silica content observed in whole-rock compositions indicate 
that fractional crystallization plays a significant role explain-
ing the mineral assemblages identified. This process is eval-
uated as a potential mechanism for magmatic differentiation 
using major elements, aiming to establish (a) the composi-
tion of the potential parental magma for Doña Juana melts, 
(b) the conditions of magma evolution and fractionation 
(crystallization pressures and temperatures) and the extent of 
fractional crystallization required to reproduce DJVC dacitic 

melts, and (c) the fractionated mineral assemblage governing 
the fractional crystallization process.

To analyze magmatic differentiation within the Pleisto-
cene DJVC storage system, a major-element, closed-system, 
fractional crystallization model was implemented using the 
Rhyolite-MELTS v.1.2.0. algorithm (Gualda et al. 2012; 
Ghiorso and Gualda 2015). The coeval basaltic and basaltic 
andesitic bombs of the neighboring Granatífera Tuff (with a 
Mg# range of 56–73) serve as proxies for near-primary arc 
magmas (Zieman et al. 2023, 2024). Consequently, sample 
MXL09-B4 from Zieman et al. (2024)—with a MgO content 
of 9.04 wt%—is considered the most closely resembling, 
natural, major-element composition to a primary magma, 
and was selected as the starting point for the model. Different 
models were tested under isobaric conditions, encompassing 
initial and final pressures between 400 and 200 MPa, initial 
and final temperatures between 1245 °C and 700 °C (with 
cooling steps of 5 °C), variable water contents in accordance 
with the presence of hydrous mineral phases such as Bt and 
Amp (1, 1.5, and 2 wt%), and an oxygen fugacity fixed rela-
tive to the QFM (quartz-fayalite-magnetite) buffer.
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Samples from Pleistocene DJVC are best reproduced by 
an isobaric fractional crystallization model starting at a pres-
sure of ~ 300 MPa, initial  H2O content of 1.5 wt%, initial 
liquidus temperature of 1225 °C, final liquidus temperature 
of 800 °C, and initial and final logfO2 of −7.8 and −14.18, 
respectively. The best-fit model results are displayed in 
Fig. 9 and registered in the Supplementary Material SMA4. 
The model's resulting liquid line of descent (i.e., residual 
melt compositions) closely matches the compositions of 
Pleistocene DJVC magmas. This includes the following 
fractionated mineral sequence (Fig. 9): Ol (1225–1200 °C), 
OPx (1195–765 °C), CPx (1150–800 °C), Pl (1135–800 °C), 
and Sp (1060–805 °C). The model also indicates the crystal-
lization of a second CPx phase at 1075ºC, with lower  TiO2, 
CaO,  Al2O3,  Na2O, and higher  SiO2, MgO, and  FeOT than 
the first CPx, likely representing the hydrated mafic mineral 
phases (Amp and Bt) not included in the Rhyolite-MELTS 
v.1.2.0 database (Ghiorso and Gualda 2015). The calculated 
melts in equilibrium with the analyzed CPx and Amp min-
eral phases reconstructed from the models of Higgins et al. 
(2022) also fit the modeled liquid line of descent for DJVC 
samples, with compositions standing between those of the 
Granatífera Tuff and DJVC magmas.

In addition, the incompatible behavior of  K2O and most 
of the LILEs is consistent with the enrichment of these ele-
ments with magmatic differentiation as the volatile content 
increases. These processes stimulate the crystallization of 
hydrated phases, such as amphibole and biotite, both identi-
fied in the paragenesis of samples. The slightly compatible 
behavior of MREE and strongly compatible HREEs are also 
consistent with the presence of said hydrous mafic phases 
along with apatite and zircon, which are common accessory 
minerals.

In summary, we demonstrate that the basaltic bombs of 
the neighboring Granatífera Tuff likely represent the parental 
magma composition for DJVC. Such magma could evolve 
predominantly by extensive fractional crystallization, with 
degrees between 55% and 75%, toward the DJVC composi-
tions within nearly isobaric conditions (~ 300 MPa). Assum-
ing an average density of 2800 kg/m3 for arc lithosphere in 
the Northern Andes consistent with the density structure 
reported for the region by Sanchez-Rojas and Palma (2014), 
and excluding unreasonable (e.g., negative) Pl-liquid and 
OPx-liquid barometry results, pressures obtained here by 
multiple barometers could only resolve broad storage depths 
in the middle crust, between ~ 18 to ~ 7 km for  DJSH, ~ 12 
to ~ 8 km for  DJAn, and ~ 15 to ~ 5 km for  DJOld. Low Amp-
only and CPx-only barometers resolved shallow crystalliza-
tion conditions (probably microcrysts within the uppermost 
plumbing system) to 3 in  DJAn, and 5 km in  DJOld.

However, even if the available geothermobarometers 
for these compositions do not reach a good resolution for 
the middle crust, the coexistence of similar sized crystals 

showing variable (equilibrium and disequilibrium) textures 
and geochemical compositions points toward the assemblage 
of diverse crystal cargos in the uppermost storage region 
before their final eruption, consistent with the existence of 
a TCMS (Fig. 10). Pl textural types in DJVC best reflect the 
complexity of this TCMS, with felsic  (An20-40 antecrysts) 
core populations showing deformation twins and serrated 
grain boundaries typical of intrusive feldspars. This is con-
sistent with coexisting quartz macrocrysts and Fe-Ti oxides 
microaggregates showing exsolution lamellae. This presence 
of multiple crystal populations has been observed in several 
arc volcanoes and supports evidence of crystal entrainment 
from different textural domains (Ginibre et al. 2002; Cooper 
and Reid 2003; Wallace and Bergantz 2004; Berlo et al. 
2007; Andrews et al. 2008; Claiborne et al. 2010; Ruprecht 
et al. 2012; Cashman and Blundy 2013; Sosa-Ceballos et al. 
2014; Wanke et al. 2019). Different crystallization histories 
suggesting multiple textural domains explain, for instance, 
felsic crystal cores residing in cooler and evolved parts of 
the TCMS before entrainment and transport by a hotter melt 
into shallower levels (Cashman and Blundy 2013; Giordano 
and Caricchi 2022).

Hence, our methodological approach to best apply geo-
thermobarometry resolves the region where the TCMS 
developed in the middle crust, and our major-element, 
closed-system fractional crystallization model explains—
to a large extent—the observed sample paragenesis. 
Crystallization temperatures retrieved here reflect nearly 
similar saturation conditions for Pl (1102–1080 °C), CPx 
(1009–1185 °C), and OPx (1059–1077 °C) throughout the 
Pleistocene. Amp and Mt-Ilm pairs appeared at consist-
ently lower temperatures and suggest slightly hotter satura-
tion conditions in the eldest edifice storage system (Amp: 
950–940 °C; Mt-Il: 873–838 °C) compared to the interme-
diate (Amp: 850–823 °C; Mt-Ilm: 844–638 °C) and young-
est edifices (Amp: 875–845 °C; Mt-Ilm: 828–747 °C) here 
studied.

However, the textural evidence (i.e., coexisting crystals 
of a particular mineral phase and equal size, showing equi-
librium and disequilibrium textures, and coexisting olivine 
and quartz in the same rock), together with the dispersion in 
binary plots of LREE, MREE, most HSFE, some LILEs, Co, 
and some major elements  (Al2O3,  P2O5,  K2O, and  Na2O), 
suggests that magmatic differentiation cannot be explained 
exclusively by fractional crystallization, but requires addi-
tional processes such as crustal contamination, magma 
recharge, and/or magma mixing (Tatsumi and Eggins 1995; 
Couch et al. 2001). In fact, a subtle effect of recharge pro-
cesses in major element binary plots (Fig. 3) could also be 
inferred, as  TiO2,  FeOT, MgO, and CaO contents are always 
slightly higher in average for  DJSH and  DJOld than for  DJAn.

In addition, the significantly higher contents of hydrated 
mafic phases (biotite and amphibole) in  DJAn—along with 
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the presence of Mg-hornblende—indicates that the silica 
content and volatile budget within the TCMS increased after 
the first volcano-tectonic collapse (vt; Pardo et al. 2019). 
Slightly lower Amp temperatures in  DJAn compared to the 
eldest and youngest edifices reflect the effect of silica con-
tent in the maximum temperature for amphibole stability 
(Sato et al. 1999). Moreover, the sharp change in magnetite 
geochemistry recorded by  DJAn samples with lower  TiO2, 
 Al2O3, and MgO contents, and strongly MnO-enriched and 
MgO-depleted ilmenite exsolutions compared to their  DJSH 
counterparts, suggests lower crystallization temperatures 
consistent with a system evolving mainly by fractional crys-
tallization ± assimilation. This contrasts with evidence from 
 DJSH and  DJOld, where recharge and mixing events seem 
more prominent. In similar arc systems elsewhere, mush 
disaggregation and its transition toward eruptible magma 
is commonly induced by injection of deeper, hotter, and/or 
volatile richer melts in the weeks to years before the erup-
tion (Claiborne et al. 2010; Allan et al. 2013; Moore et al. 
2014). In the case of DJVC, the rejuvenation of the mush is 
inferred from decreasing felsic  An20-40 data in Pl cores and 
increasing Mg# in Amp cores over time within each edi-
fice, particularly in  DJSH and  DJOld. The higher presence of 
felsic antecryst cores at the beginning of each stratigraphic 
succession also suggests that the cyclic edifice growth after 
each major collapse seems to be accompanied by a mush 
disaggregation event.

Our results suggest that the Pleistocene storage system 
below the DJVC was subject to the frequent production 
and injection of mafic magmas in a region where arc roots 
exhibit high temperatures (as registered by the lower-crus-
tal xenoliths entrained in the Granatífera Tuff: 720–850 °C 
at ~ 30–40 km, proper of the lower crust; and 920–1280 °C 
at roughly 30–70 km, which corresponds to the lower litho-
sphere; Weber et al. 2002; Bloch et al. 2017; Zieman et al. 
2023). Although further diffusion chronology studies are 
required, final recharge by mafic injection as potential erup-
tion triggering mechanism (Andrews et al. 2008) is attested 
by several examples of crystals with An-and-Mg#-rich rims 
compared to the corresponding cores in all samples. Increas-
ing modal proportions of hydrated (i.e., Bt, Amp) and silica 

saturation-dependent phases (e.g., Mg-hornblende), along 
with sharp changes in magnetite composition and slight 
variations in Amp-recorded temperatures, can be explained 
as a consequence of the injection of hotter, more volatile-
rich melts into crystallizing reservoirs. These injections are 
particularly prevalent in the intermediate volcanic edifice 
 (DJAn) built after the first known volcano-tectonic collapse 
of the complex (vt). In fact, the frequency of these injec-
tions makes them potential eruption-triggering events to be 
studied in future work, as attested by the increasingly higher 
proportional contents of Ca and Mg, respectively, observed 
in plagioclase and amphibole cores within samples of all 
edifices.

In general, our results are consistent with disequilibrium 
textures and petrogenetic models retrieved for neighboring 
dacitic volcanoes in northern Ecuador, where mid-crustal 
(~ 5–20 km) crystal mushes subject to rejuvenation and 
mafic injections are known to feed volcanism (Ridolfi et al. 
2008; Stewart and Castro 2016; Saalfeld et al. 2019; Koch 
et al. 2021).

Conclusions

The Pleistocene history of the remote Doña Juana Volcanic 
Complex adds a new example of the presence of trans-crus-
tal magmatic systems in the poorly documented Colombian 
Andes. For the first time in the study of Colombian compos-
ite volcanoes, we reconstructed the physicochemical condi-
tions of the most likely melt–mush interaction zone involved 
in Pleistocene volcanism. By applying multiple geothermo-
barometers and testing equilibrium conditions, specific, indi-
vidual storage levels within a TCMS cannot be resolved, 
but we were able to establish that the extent of melt–mush 
interaction zone encompasses depths between ~ 18 and 5 km 
under the surface. Under nearly isobaric conditions, geo-
chemical trends of major elements suggest that fractional 
crystallization of Pl + CPx + OPx + Amp + Bt + Mt-Ilm from 
a basaltic primary magma sampled by a neighboring source 
of mafic and xenolith-rich ignimbrite volcanism plays a pre-
dominant role in shaping the composition of the monoto-
nously dacitic eruptive products. The Pleistocene history of 
the Doña Juana Volcanic Complex is—consequently—that 
of a dacitic volcanic center fed by a trans-crustal magmatic 
system where melts accumulate as a crystal mush who 
evolved predominantly through fractional crystallization 
(and crustal assimilation), but was constantly subject to the 
injection of and mixing with more primitive melts whose 
thermodynamic and compositional effects caused disequilib-
rium events leading to mush disaggregation, melt migration, 
and eventually eruption.

Given that geothermobarometry estimations using multi-
ple single-mineral and mineral-melt models cannot resolve 

Fig. 9  Major elements concentrations versus MgO (wt %) for the 
Pleistocene DJVC units. Solid black line represents the evolution path 
of residual melts modeled using the Rhyolite-MELTS v.1.2.0. algo-
rithm (Gualda et  al. 2012; Ghiorso and Gualda 2015); pink crosses 
mark steps of 20% fractional crystallization. The best-fit fractional 
crystallization model (solid black line) has an initial pressure of 
300  MPa (isobaric), initial  H2O content of 1.5 wt%, initial liquidus 
temperature of 1225  °C, final liquidus temperature of 800  °C, and 
initial and final logfO2 of − 7.8 and − 14.18, respectively. Sample 
MXL09-B4 from Zieman et al. (2024) of the neighboring Granatífera 
Tuff was considered as the starting point (closest composition to a 
primary magma). The calculated theoretical melts in equilibrium with 
CPx and Amp (Higgins et al. 2022) are also plotted for comparison

◂
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intensive parameters (i.e., P, T, fO2,  H2Omelt) in the middle 
crust, melt and fluid inclusion analysis should be a major 
task required to realistically address and investigate the pre-
eruptive conditions of the Doña Juana Volcanic Complex 

in the future. Detailed petrographic observations in these 
Andean complex dacitic systems are compulsory to identify 
numerous textures indicative of crystallization in both equi-
librium and disequilibrium with their corresponding melt 
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Fig. 10  Schematic model (not to scale) illustrating the complex 
TCMS expected below the DJVC, with multiple textural domains. 
Mush rejuvenation events by mafic injections allowed the establish-
ment of a shallow storage level, at nearly 300 MPa, where antecrysts 

merged and isobaric crystallization explains most of the mineral 
paragenesis found in the DJVC monotonous dacites. Mafic injec-
tions within this uppermost level might also be responsible for final 
recharge and eruption
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before arbitrarily applying published thermobarometers. In 
these cases, mineral-liquid calibrations applied to phases 
tested for equilibrium fall within the error of mineral-only 
thermobarometers and seem to be valid where whole-rock 
geochemical variations are restricted over geological time, 
only after the consideration of textural and compositional 
constraints.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00410- 024- 02103-6.
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