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The Andahua Group is a distinct cluster of typically monogenetic volcanoes located in the northernmost part of the Central
Volcanic Zone in the Andes, characterized by small-volume lava domes and scoria cones. Seven volcanic clusters have
been distinguished. Using satellite imagery, geological mapping, and fieldwork, we found a total of 103 lava domes, 43 scoria
cones, and 3 small composite volcanoes. Most of the lava domes are monogenetic but 9 were formed by multiple eruptions.
Petrogenetic models have been developed for the magma evolution of the Andahua Group. They show local crustal influ-
ence on the magmas generated, and possible controls on the magma pathway to the surface, and potential segregation. Lo-
cal compositional variation of the crustal rocks is inferred to have a strong influence on the magma that ascends through the
thick continental crust. Assimilation and contamination by deeply seated granitoids of the Arequipa and Paracas massifs are
also inferred to play a role in the final magmatic products. Future activity with gas emissions from the Andahua Group volca-

=

noes may cause hazardous conditions for tourists.
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INTRODUCTION

The western margin of South America is an active plate
boundary where subduction of oceanic lithosphere beneath
continental lithosphere has been occurring since the early Me-
sozoic (Mégard, 1987; Stern, 2004; Fig. 1A, B). Subduction in
the so-called Central Volcanic Zone (CVZ) has been nearly
continuous since 10 Ma (Somoza, 1998), producing a narrow
present-day volcanic arc parallel with the plate boundary and
some 230 km from it (England et al., 2004).

In the CVZ there are 44 composite volcanoes, 18 areas with
small-volume, monogenetic-like, volcanic centres and 11 large
silicic calderas (de Silva and Francis, 1991). In contrast to the
well-studied large volcanoes, the small monogenetic volcanoes
have received less attention. Many of these studies have been
primarily focused on the morphometry of volcanic landforms or
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reconstruction of eruptive styles of individual volcanoes based
on their eruptive products (Haag et al., 2019). However, interest
among the research community of using the source to surface
concept in understanding the evolution of these monogenetic
volcanic fields has recently emerged (e.g., Gutiérrez et al.,
2005; Guzman et al., 2006; Cabrera and Caffe, 2009; Ureta et
al., 2020). The small (in terms of eruptive volume) volcanoes,
though, have received relatively limited attention. Good exam-
ples of such research in South America are investigations of
small mafic and silicic volcanoes in Colombia (Borrero et al.,
2017; Botero-Gomez et al., 2018; Murcia et al.,, 2019;
Sanchez-Torres et al., 2019, 2022), research on several
small-volume mafic to intermediate volcanoes in the CVZ in
northern Chile (Ureta et al., 2019) and documentation of a few
small, dispersed volcanoes in the Southern Volcanic Zone of
Chile (Salas et al., 2017).

Recognition of the Andahua Group in Peru as a volcanic
field is relatively recent (Delacour et al., 2007; Sgrensen and
Holm, 2008). This volcanic group is in the northern part of the
CVZ (Fig. 1A), scattered across an area of 12,000 km” As
many as 103 small lava domes and 43 scoria cones have been
described during field research conducted between 2003 and
2017, aided by satellite image analysis (Gatas, 2011, 2013). By
comparison with the composite volcanoes, the Andahua Group
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Fig. 1A — location of the Central Volcanic Zone in South America (CVZ); B — general tectonic context and research area, the red
rectangle is the zoom shown in (C); C — Global Multi-Resolution Topography image showing distribution and age of the main
volcanic and structural features of the Andahua Group and composite volcanoes in the region

The Andahua Group clusters have been grouped according to the bounding lineaments, relief, and tectonic settings: A — Valley of the
Volcanoes, B — Antapuna, C — Rio Molloco Valley, D — Lagoon Pariuhuana, E — Rio Colca Valley, F — Pampa Jaran, G —
Huambo-Cabanaconde; the red rectangle shows location of Figure 2
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morphological forms are much simpler. Their volumes are typi-
cally within the range attributed to monogenetic volcanoes
(<1 km®). Geochemically, products of Andahua Group volca-
noes are mainly intermediate (trachyandesite) as regards their
silica content and correspond to the high-K calc-alkaline series
(Delacour et al., 2007; Gatas, 2014). The chemical range of the
Andahua Group volcanic products shows some similarity to that
of the widespread composite volcanoes in this region (e.g.,
SiO; wt.%: Andahua Group 52.8-67.8, Coropuna 55.5-71.7 —
Venturelli et al., 1978; Hualca Hualca 55.8-63.1 — Mamani et
al., 2010; Ampato 56.7-70.6 — Samaniego et al., 2016; see
Fig. 1 for location of the volcanoes). The eruptive products in
the CVZ mostly display high-K calc-alkaline andesitic and
dacitic compositions. Petrological studies suggest that the un-
derlying reasons for why minor volcanoes erupt in this part of
the Andes are related to ascent through the crust without inter-
cepting or developing large magma reservoirs (Worner et al.,
2018). Studies such as Mamani et al. (2010) and Delacour et al.
(2007) provide information on two types of magma forming the
Andahua Group. One of these (Delacour et al., 2007) was, most
likely, modified by processes of assimilation by lower-crustal
partial melts in the MASH (Melting, Assimilation, Storage, Ho-
mogenization) zone. These magmas on their way to the surface
assimilated the Charcani Gneisses (from the Arequipa Massif)
and other shallow crustal rocks (Delacour et al., 2007). The
other magma type is related to two-component mixing and vari-
ous fractional crystallization (FC) processes (Sgrensen and
Holm, 2008; Huang et al., 2017). The magmas of monogenetic
centres, like the Andahua Group, display a primitive character
(Worner et al., 2018).

In this paper, we provide the first comprehensive summary
of the volcanic fields of the Andahua Group from a
source-to-surface perspective, with a general characterization
of the 149 identified volcanoes. We: (1) provide physical
volcanological descriptions of their eruptive products, (2) estab-
lish their relative chronology based on of fundamental volcano
morphometry, also (3) provide petrographic and geochemical
characterization of the volcanic products and (4) establish an
overall evolutionary trend of the volcanoes. A better under-
standing of the magma regime of the scattered Andahua Group
volcanoes can provide valuable information to help volcanic risk
assessment.

GEOLOGICAL SETTING

The study area is located in the Central Andes in South
America (Fig. 1A). The magmatic arc of the Central Andes is
the result of convergence between the Nazca and South Ameri-
can plates, the former moving at a rate of ~9 cm/yr (Romanyuk,
2009) in a N80° direction (Sebrier and Soler, 1991, Fig. 1A, B).
The continental crust in the central sector of the Central Andes
displays the greatest thickness (up to 70 km) along the entire
plate boundary (Beck et al., 1996). The Central Andean orocline
has been active since the Jurassic Period with a culmination of
volcanic eruptions from the Miocene (e.g., Thorpe et al., 1984;
Trumbull et al., 1999). The magmatic arc has moved from the
north-east to the south-west several times, in turn changing the
composition (Mamani et al., 2010). Today the active CVZ arc is
2000 km long (England et al., 2004).

Magma in the Central Volcanic Zone (14-27°S, CVZ) dis-
plays a composition that is strongly affected by interaction with
crustal material (Klerxs et al., 1979; Kay et al., 2005; Mamani et
al., 2010, Godoy et al., 2014; Rivera et al., 2017). The man-
tle-derived magmas assimilated 20—40 vol.% of crustal rocks
(Trumbull et al., 1999; Mamani et al., 2010). However, for the
Quaternary magmas, the crustal contamination was estimated
to be less significant — at 7-18 vol.% (Mamani et al., 2010). Itis

generally accepted that the CVZ magmas evolved by a range of
possible processes such as: (1) assimilation-fractional crystalli-
zation (AFC), (2) fractional crystallization (FC), and (3) magma
mixing (DePaolo, 1981; Gerbe and Thouret, 2004; Tepley et al.,
2013). The processes of MASH are also thought to have been
important for magma evolution (Delph et al., 2017; Huang et al.,
2017).

The basement of the Central Andes in the study area is
made of the Arequipa and the Paracas crustal domains
(Ramos, 2008). The Proterozoic Arequipa domain (southern
part of the study area) is characterized by gneisses with some
Cretaceous and Paleogene granitoid intrusions. The Paleozoic
Paracas domain is composed of a variety of gneisses and am-
phibolites and is thinner with a more sialic comparison than the
Arequipa basement (Yuan et al., 2002; Mamani et al., 2008).
The boundary between the two domains is delineated by differ-
ent isotopic compositions of Pb (Mamani et al., 2010). This part
of Central Andes consists of epicontinental Jurassic and Creta-
ceous strata, terrestrial detrital (sandstone, mudstone, and
shale) and primary pyroclastic rocks (tuff and lapilli tuffs), Ceno-
zoic deposits including coherent volcanic rocks in various for-
mal stratigraphic units (ignimbrite, tuff, andesite and dacite
lavas and conglomerates), and Upper Cretaceous—Neogene
intrusive rocks (granitoids; Mégard, 1987; Sébrier and Soler,
1991; Swanson et al., 2004). The high-relief erosional surfaces
reveal significant volumes of dacitic ignimbrites (Thouret et al.,
2016; de Silva and Kay, 2018) and the common presence of
andesitic lava flows spatially associated with dacitic dome and
composite volcanoes (Thorpe and Francis, 1979; Klerkx et al.,
1979; Trumbull et al., 1999; Kay et al., 2005).

The Andahua Group has been active from the Pleistocene
until historical time. Three volcanic intervals have been distin-
guished (Figs. 1C and 2): the oldest one named Andagua —
0.5 £0.07 Ma (Pleistocene — generation I), with an eruption of
Calera at 0.23 +0.02 Ma (K/Ar, Kaneoka and Guevara, 1984),
an intermediate interval known as Antaymarca at 60 ka (Pleis-
tocene—Holocene — generation IlI) and the youngest one at
1451 to 1523 A.D. (Cabrera and Thouret, 2000) knowing as
Chilcayoc (Holocene to historical times - generation Il1).

GEOPARK COLCA AND VOLCANOES
OF ANDAGUA

The study area is in the Geopark Colca y Volcanoes de
Andagua; Fig. 1C). This geopark belongs to the UNESCO
Global Geopark network, established to exhibit and protect the
various volcanic landforms (Gatas and Gatas, 2017).
Geotourism in the geopark is organized according to rules en-
suring preservation, exhibition and explanation of unique rock
outcrops, landscape diversity and geological processes. Eco-
nomic activities are also directed towards sustainable develop-
ment.

The area of geopark can be divided into three main parts:
the Colca Valley, Colca Canyon and Valley of the Volcanoes.
119 geosites are documented (Zavala and Churata, 2016), with
a clear record of structural and sedimentary environments, tec-
tonic deformation, evolution of the area through time, transfor-
mation of the surface and deeper in the crust, hot springs, gey-
sers, conditions of soil development, the fluvio-lacustrine net-
work, and various topographic landforms (Gatas et al., 2018).
The youngest volcanic forms of the Andahua Group, which
have the highest scientific and aesthetic value, are concen-
trated in the Valley of the Volcanoes (cluster A). The geopark
also includes the youngest, and most recently active in Peru,
Sabancaya composite volcano. The possibility of close exami-
nation of small volcanoes (scoria cones) is a unique attraction,
which is enhanced for field-active visitors.
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METHODOLOGY

GEOMORPHOLOGY

The geomorphological analyses performed were based on
field studies and 3D models of the volcanic structures created
with the SfM (Structure-from-Motion) method: analysis of im-
ages taken with a hand-held camera by the authors in 2017. 3D
models of the volcanic forms were constructed using the Struc-
ture-from-Motion software Agisoft Metascan (https://www.agi-
soft.com/pdf/metashape-pro_1_5_en.pdf). SfM is the name of
the group of algorithms that allows for conversion of 2D images
into 3D models (Mali and Kuiry, 2018; Park et al., 2019). SfM al-
gorithms recognise high-contrast features of the objects photo-
graphed objects, following their movement through a series of
images; this produces a sparse point cloud based on the place-
ments of features (Rayan, 2015). The object surveyed should
feature highly contrasted elements that project onto at least a
few pictures. JPG and other standard photo files contain em-
bedded metadata making it possible to calculate and imple-
ment camera calibration files within the software. Although SfM
algorithms allow the construction of 3D models with strong geo-
metrical features, the resulting scales are inaccurate (Lewinska
et al., 2021). To create a model with the correct scale, the di-
mensions or coordinates of certain elements (e.g., GCPs —
ground control points) of the object must be provided. In the
case of the Valley of the Volcanoes, GCPs were designed as
black and white chessboards of exactly 20 x 20 cm (each black
or white square was 1010 cm; Strach et al., 2017). Their coordi-
nates were measured using GNSS dual-frequency units. One
was used as a base station (the Arequipa permanent base was
used for establishing precise location) and another one as a
rover unit (Maciuk, 2016; Maciuk and Szombara, 2018). The
GCPs had an average accuracy for XYZ of 4.4 cm.

The SfM survey was conducted in July 2017 and covered a
broad area of the Valley of the Volcanoes including the outer
slopes of the Chilcayoc, Chilcayoc Grande and Jechapita vol-
canoes (Fig. 2). These models covered two-thirds of the cones.
In addition, a 3D model of the crater and cone of the Chilcayoc
Chico and Nifiamama volcanoes (Fig. 2) was produced. For the
Puca Mauras volcano (Fig. 2), a model of the crater and the
cone was created. Additionally, a model of the south and east
lava flow that originates from the Puca Mauras volcano was
created. For the smaller cones, the accuracy is between 2 and
5 m while for the craters it is 0.5-2 m (XYZ error). For Puca
Mauras the cones model had an average XYZ accuracy of
~7 m, and the error for the lava flow models varied from 2 to
15 m. The models were used for better representation of the
area, for cross-sections and for validating other spatial data in-
cluding volume calculations, heights, and slope measure-
ments.

For the volume calculations, SfM models were used along
with satellite-based Digital Elevation Models (DEMs) from Shut-
tle Radar Topography Mission SRTM-X (1") with a resolution of
30 m (Kavanagh et al., 2017). SRT missions give (a) 16 m ab-
solute vertical height accuracy, (b) 10 m relative vertical height
accuracy and (c) 20 m absolute horizontal accuracy (Wessling,
1999; Gonzalez et al., 2011; Fornaciai et al., 2012). Addition-
ally, the ALOS DEM obtained from the Alaska Satellite Facility
(ASF) Distributed Active Archive Center (DAAC), was also
used. This DEM has a cell size of 12.5 x 12.5 m (Niipele and
Chen, 2019). The height accuracy has been estimated at 5 m
(Tadono et al., 2014). Results of all calculations were cross-val-
idated by each DEM and where possible, by the Struc-
ture-from-Motion models. A validation process checked

whether the numerical results are similar within their respective
accuracies.

The DEMs were primarily used for calculating the total vol-
ume of each volcanic structure. All calculations were done with
QGIS software (https://qgis.org/pl/site/). Since there is no infor-
mation on how the land looked before each eruption or on the
relative ratios between various eruptive products, the calculated
volumes are only considered as rough estimates of the bulk vol-
umes. While we have not performed detailed textural analysis
on the vesicularity of the pyroclastic and coherent eruptive
products, nor determined the possible effects of the surface
roughness of lava flows, the volume values provided here, be-
ing at least 20% higher than the dense rock equivalent values,
are based on analogous volcanic fields elsewhere (Kereszturi
etal., 2013). We use two surfaces: the top (the current morphol-
ogy of the landforms) and the bottom (base surface on what the
volcanoes erupted) of the volcanoes. The bottom surface can-
not be established directly as it is covered by the lava. Thus, a
theoretical surface was created for the volcanoes and lava
flows by picking at least 20 reference points on the area close to
the cone. Based on the measured elevation and their geo-
graphic positions a theoretical bottom reference surface was in-
terpolated and used for further volume calculations of volcanic
landforms.

CHRONOLOGICAL CORRELATION

To establish the chronology and relative ages of volcanic
activity of the Andahua Group we used published data
(Kaneoka and Guevara, 1984; Cabrera and Thouret, 2000;
Delacour et al., 2007), geological information that we obtained
during field trips (seasons 2003—-2017) and remote sensing in-
formation utilizing photography, ASTER DEM, and Landsat
Satellite images (e.g., Google EarthTM).

A Normalised Difference Vegetation Index (NDVI) esti-
mated the boundaries between volcanic products of different
generations. The NDVI enables comparison of seasonal and
inter-annual changes in biomass growth and activity (Huete,
1988) using the ratio of the near infrared and red channels
(Jensen, 1986). We used it to show the development of soils
and vegetation, which reflects the time that has passed since
the eruption.

PETROLOGICAL ANALYSES

The petrogenetic models that are given in this paper are
based on the chemical analyses of samples collected by the
first author (Gatas, 2014) and supplemented by new samples
(collected in 2017) and data published by Delacour et al. (2007,
e.g., sample vol6) for rocks located outside of the Valley of the
Volcanoes. A total of 130 samples gathered from seven re-
gions, in which the Andahua Group rocks occur, were studied.
50 thin sections for transmitted light microscopy were prepared
and analysed. 45 samples were further analysed by ICP-MS
and ICP-OES at ACTLABS Activation Laboratories Ltd. (Can-
ada). Major oxides were subsequently normalised to 100%.
Trace elements were determined with the following detection
limits (ppm): Cr, Ni = 20; Zr = 4; Rb = 2; La, Th = 0.1. Selected
samples (14) were analysed by means of Quanta FEG and
NOVA NANO SEM 200 electron probe micro-analysers. These
comprised initial research into the olivine, amphibole, pyroxene,
plagioclase and garnet crystals. Sr-, Nd-isotope TIMS analyses
of 9 samples from lavas and Pb-isotope TIMS analyses of 2
samples from lavas were performed using the triton multi-col-
lector mass spectrometer in the static mode. Rb and Sr were
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Table 1
Quantitative characteristics of Andahua Group volcanoes

s | b | | e | S| R | e
A. Valley of the Volcanoes 12 41 23 1 19.3 0.5 Ma-recent
B. Antapuna 4 6 3 1 6.4 0.5 Ma—recent
C. Rio Molloco Valley 3 10 1 0 1.7 60 ka
D. Lagoon Parihuana 0 0 6 0 0.07 60 ka
E. Rio Colca Valley 2 1" 0 0 0.8 172-0.23 ka
F. Pampa Jaran 5 14 10 1 7.7 0.5 Ma—60 ka
G. Huambo-Cabanaconde 3 21 0 0 5.9 0.5 Ma-2650 BP
Total 29 103 43 3 41.87

The ages are based on individual dating (Kaneoka and Guevara, 1984; Eash and Sandor, 1995; Cabrera and
Thouret, 2000) correlated with fieldwork data (Gatas, 2011, modified)

separated by ion-exchange extraction chromatography. Sm
and Nd were separated by extraction chromatography on
HDEHP-covered teflon powder. Pb was separated using the
ion-exchange technique with Bio-Rad 1 x 8. During the analy-
ses the %'Sr/®Sr ratio of the NBS 987 standard was
0.710248 +0.000008 and the "**Nd/"**Nd JNd-1 standard ratio
was 0.5121049 £0.000018. External reproducibility of lead iso-
tope ratios — “°Pb/”*Pb = 0.1%, *’Pb/’Pb = 0.1%,
208pp2%ph = 0.2% — at the 2o level has been demonstrated
through multiple analyses of standard BCR-1.

Three samples from Mamani et al. (2008), namely BAS21
(Charcani gneisses — Arequipa domain), OCO0708 (amphibo-
lite — Paracas domain) and OCOQ0703 (granite — Paracas do-
main; Appendix 1), were also included in model calculations.

The petrological model calculations were made using the
Petrograph program  (https://petrograph.software.informer.
com/2.0/; Petrelli et al., 2005).

RESULTS

MORPHOLOGY OF VOLCANIC LANDFORMS AND AGE CORRELATION

The Andahua Group’s seven clusters of volcanic eruption
centres is located on both sides of the Colca Canyon (Fig. 1C).
Each cluster contains several lava fields composed of succes-
sive lava flows, small lava domes, lava vents and pyroclastic
cones. The total number of volcanic centres identified in this
study is 149 (Table 1 and Appendix 2).

As many as 29 lava vents (all Pleistocene) were not as-
signed to the types defined due to erosion and uncertainties re-
garding their original shape. Several may be cryptodomes or
tumuli (Mattsson and Hoskuldsson, 2005; Németh et al., 2008),
previously described as vents (Gatas, 2011).

LAVA DOMES

These volcanoes are aligned along feeding fissures that
can be recognized in the field and from satellite imagery by the
presence of distinct fracture zones, the radial dip directions of
lava spatter piles and coherent lava units. Morphological analy-
sis indicates that the domes have structural differences varying
from platy and spiny to axisymmetrical landforms (Fig. 3). They
can be the source of a single flow (type 1A), several lava flows

that poured out in different directions or multiple injection—con-
trolled, Christmas tree-types of domes (type 1B), and lava
domes that were active more than once with visible stages of
growth (type 1C). Type 1A: the flow of relatively viscous lava re-
sulted in the formation of a dome ~100 metres high. The lava
then flowed in one direction, following the slope, or to form a
wide fan. A breached crater with sharp lava walls on its inner
parts is often seen. On the surface of the dome, the lava flows
have agglutinated characteristics. Type 1B is characterized by
more than one lava flow that originated from a single dome.
Flow structures indicate that the lava did not tear the dome
apart but continued to flow in different directions from the dome.
The 1C-type dome has visible structures inside the crater.
These indicate the inflow of the next batch of lava and the for-
mation of a smaller structure inside the older one. The structure
of the lava flow also indicates more than one outflow event from
the dome.

Some landforms that are incised by erosion show an interior
that is built of massive lava. These are distinct hills, and the lo-
cation of the lava flows indicates that they were their source.
The Andahua Group domes, with limited erosion, are 20-150 m
in height. The slope angles of the lava domes measured range
between 28 and 39°.

As an example, the total edifice bulk volume of a lava dome
(type 1A) such as the Chipchane dome (Fig. 4), is 0.3 km®. The
lava field created from the two V8C-D lava domes (type 1B) has
a volume of ~1.5 km®.

A few volcanic forms of different shape and size have also
been observed. A unique feature for the Andahua Group is
seen in the lava dome called Cerro Coropuna in cluster C
(Fig. 1C). It breaks through the lava cover in a small hanging
valley above the Rio Molloco Valley. It reaches a relative height
of 250 m, and its slope angle ranges between 39 and 43°. It is
composed of lava blocks, and closely resembles Pelean-type
lava domes (Fink and Griffiths, 1998).

Of the lava domes, 40 are type 1A domes (Fig. 5), while 26
were classified as type 1B domes and 7 as type 1C.

SCORIA CONES

Other volcanic landform types are small to medium sized
scoria cones, which can be divided into the following groups
(Fig. 6, Table 1 and Appendix 2): simple, symmetrical volca-
noes (type 2A), cones breached by lava flow (type 2B), and
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complex shape - multi-active cones (type 2C). The 2A type is
built by alternations of lapilli-to block size pyroclasts and/or lava
spatter. The sides of the scoria cones are steep, and they have
shallow craters. They are dominated by collars of lava spatter
around their craters and are typically dominated by pyroclastic
material along their base (Doniz-Paez et al., 2012). Type 2B
originally developed as a cone type 2A, followed by injection of
lava into the crater. Lava could flow out if it compromised the
stability of the walls and breached the cone. Or when it poured
over the rim of the crater, it breached the cone’s wall and flowed
out. Type 2C is distinguished by structures that indicate a
change in the strength of eruption and a change in its character.
Crater edges inserted into larger craters, or lava effusions that
flowed out of the cone after its partial breach, are observed. The
Andahua Group scoria cones have a relative height of 50 to
170 m. The cones were formed by repeated Strombolian-style
explosive eruptions. The external slope angle for most of the
measured cones (31 from 42) ranges between 28 and 36°. The
edifice volume of the scoria cones is usually small, on the order
of 0.002—0.1 km® with only two exceptions. The largest one,
Puca Mauras (Fig. 4), has a volume of 0.15 km® and Cerro
Mauras 0.13 km?®. In total, 23 cones are type 2A, while only 5 are
type 2B cones (Ucuya, Pampalquita, Chilcayoc, Cerro
Pucqguada), 3 type 2C (Cerro Mauras, Ticsho, Jenchafia) and
a single cone (Chico) shows features of type B and C.

Only five cones could be described as having a compound
eruption history: Strombolian type eruption and effusive activity
(type 2B).

Twelve other cones of different age were also observed
(Smoall et al., 1997; Gatas, 2011). However, they were observed
as parts of previous volcanic structures. Therefore, none of
them could be classified according to types A-C.

Next to the cones there are plains of black volcanic ash. Ash
from older eruptions is overlain by soil and in places colluvium.
The youngest ashes appear at the surface. The thickness of the
cover is usually 0.5 m, but it can reach up to 2 m (e.g., near the
Gloriahuasi volcano; Fig. 1). In addition to the ash, the cover
also contains lapilli and small volcanic bombs.

POLYGENETIC VOLCANOES

Some volcanoes of the Andahua Group are classified as
monogenetic based on their edifice/eruptive volume, simplicity
of volcanic architecture and the lack of evidence for time hia-
tuses within their eruptive products (Delacour et al., 2007).
However, not all the volcanoes share these monogenetic char-
acteristics. The greater part volume of the products of volcanic
activity and the rejuvenation of activity after thousands of years
indicates that there are volcanoes with polygenetic features in
the Andahua Group. There are several complex volcanoes that
cannot be classified as a typical monogenetic volcano, such as
Gloriahuasi, Puca Mauras and Ticsho (Figs. 1, 4 and 6,
Table 1, Appendix 2).

There are also two volcanoes (Antapuna and Gloriahuasi)
built of layers of lava and pyroclastic rocks. Their heights are
190 m for Antapuna and 412 m for Gloriahuasi — 412 m. Lo-
cated within clusters B and F, respectively (Fig. 1C), they are
rather small composite volcanoes.

Puca Mauras in the Valley of the Volcanoes can be consid-
ered as the best example of a typical complex volcano with a
few eruption phases, a changing eruption style and a larger vol-
ume than those of monogenetic (Fig. 4). Lava occupies the en-
tire width (~4—-6 km) and length of a 16 km long valley to the
north of the village of Andagua. The main eruption centres are
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Fig. 4. Map of Puca Mauras complex, active during Late Pleistocene (Generation Il)

Lava flows emplaced during I-lll eruptive episodes; for location of cross-section A-B see Figure 7

located at the eastern edge of the valley near the inactive Santa
Rosa antimony mine (Fig. 4). They can also consist of volumi-
nous and extensive lava flows that were erupted from either
one or a group of vents or are derived from breached scoria
cones. The lava flows from the V8B lava dome (type 1C), cre-
ated in separate episodes (Figs. 2 and 4), and running into the
Puca Mauras cone, have a bulk volume of >3 km?®. Lava flows
and volcanic ash cover an area of ~70 km?. The lava flows origi-
nated from three large (V8B, V8C, V8D) and one small lava
domes (V8E). The lava flowed radially to the north, west and
south to form a 100—150 m thick cover with numerous lobes
(Fig. 7). The longest flow is ~10 km long and 2 km wide (Gatas,
2008). Three pyroclastic cones, including the largest in the Val-
ley of the Volcanoes — Puca Mauras — formed the youngest
eruptions. The Puca Mauras cone has a relative height of
350 m, a crater with a diameter of 300 and a depth of 80 m. The
crater’s rim has a 50 m-deep breach through which lava exited.
The lower part of the cone is made of strongly weathered volca-

nic rocks, as clasts 1 mm across or smaller. The younger, upper
part of the cone is made of fresh lapilli, blocks and bombs. The
other two monogenetic cones, Santa Rosa (100 m high) and
Santa Rosa Sur (50 m), form the perimeter of the Valley of the
Volcanoes’ ditch. Compared to the other Andahua Group volca-
noes, the presence of the most complex lava domes and the
largest scoria cones suggest that these eruptions were the most
voluminous and potentially the longest-lived in the area.

PETROGRAPHY AND GEOCHEMISTRY

The lavas of the Andahua Group have hypocrystalline-por-
phyritic texture. The phenocrysts and microphenocrysts are
mainly represented by plagioclase although olivine,
clinopyroxene and amphibole are also present. The plagioclase
reaches sizes up to 5 mm, olivine up to 2 mm, clinopyroxene up
to 1.5 mm and amphibole to 4 mm. The groundmass is intergra-
nular, pilotaxic, felty or hyalopilitic with microlites composed of
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Fig. 5. Ninamama dome

A — mesh model with photo-realistic texture; height from the base to the preserved rim 60 m; yellow, dotted line means reconstruction;
view from the north; B — lava flow poured from Nifiamama dome highlighted on a Red Relief Image Map; the place where photo C was
taken is marked; C — view from the western rim of the collapsed part of the dome with a feeder dike (analogue photo)

Type 2A

Type 2B

m Jurasic sedimentary formation
ium
Quaternary alluviu Pe—

cross-section line -~=+ reconstruction of crater rim

Holocene

Fig. 6. View and simplified geological cross-section of Andahua Group scoria cones types

For location of selected scoria cones see Figure 2
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plagioclase, pyroxene, oxides and locally olivine. In contrast,
the dominant phenocrysts within the lavas from the Puca
Mauras lava field are plagioclase and minor amphibole al-
though magnetite is also present. Most of the amphibole crys-
tals are replaced by secondary oxides. They contain magnetite
as phenocrysts, microphenocrysts and microlites.

In petrological terms, the products of the Andahua Group
volcanoes are basaltic andesites, andesites and dacites
(Fig. 8). Using the TAS diagram (Le Maitre et al., 1989) these
are respectively classified as basaltic andesites, basaltic
trachyandesites, trachyandesites (latites) and trachydacites
(Gatas, 2014).

In the basaltic trachyandesites, amphibole and olivine com-
prise the dominate phenocrysts and microphenocrysts but are
also accompanied by plagioclase. The euhedral olivine crystals
exhibit numerous cracks and fragmented edges (Fig. 9A) and
are covered by rims of iddingsite and goethite. The composition
of the olivine ranges from Fo74 (core) to Fog, (rim). The compo-
sition of plagioclase phenocrysts ranges from Ang to Anzy
(Delacour et al., 2007) and from Ang to Ang; in the
microcrystalline groundmass (Gatas, 2014). Occurrences of
pyroxene in the form of diopside, augite (WosgEns7Fs43) and en-
statite (Wo4En;3Fsy3) have also been recorded.

In the trachyandesites, plagioclase dominates, with minor
amphibole and pyroxene. The plagioclase shows signs of melt-
ing and contains fluid inclusions, rarely showing marked zoning
(Fig. 9B). In addition, the amphibole shows signs of changes
and corrosion with embayments that are filled with a finely crys-
talline groundmass (Fig. 9C). The grains of clinopyroxene are
hipautomorphic (small pyroxenes are also present in the
groundmass)  with small compositional changes:
W03643En43.52Fs10_15 (Ga%aé, 2014)

The trachydacites contain plagioclase and amphibole. The
plagioclase has a chemical composition in the oligoclase-ande-
sine field and contains more Ca than the plagioclase of the
groundmass.

Several samples contain various types of upper crustal xe-
noliths. Thes represent rock fragments of granodiorite with di-
verse crystal sizes from the Arequipa Massif (Proterozoic)
(sample from  Gloriahuasi volcano) and quartzite
(Cochapampa) as well as broken metamorphic quartz crystals
(Marhuas volcano) derived from Mesozoic quartzites (Yura or
Murco formations). In lavas from the Huajana lava dome (V8C,
Fig. 3), andraditic garnet glomerocrysts (Puca Mauras lava
field) are common. They show a complex zoning pattern with
mottled cores, oscillatory mantles (enriched in Ca and Al) and
unzoned rims. They host a few inclusions of anhydrite, halite, S-
and Cl-bearing silicate glass, quartzite, anorthite, wollastonite
and magnetite (Gatas et al., 2021).

The SiO, content of the Andahua Group lavas ranges from
52 to 68 vol.% (Fig. 8). The rocks lie within the high-K calc-alka-
line series with a prevalence of sodium over potassium. The
Andahua Group lavas are enriched in light REE. More details
on the samples and petrology of Andahua Group are available
in Gatas (2014).

PETROGENETIC MODELLING

The models presented here are based on a representative
set of samples (Appendix 2) taken from the Andahua Group vol-
canic clusters (Fig. 1C). The models consider the Charcani
Gneisses from the Arequipa domain and granitoids from the
Paracas domain as possible sources of contamination. Meso-
zoic sedimentary rocks are also treated as contaminants (al-
though not strictly included in the models). They also consider
the wide dispersion of Andahua Group volcanic activity in both
time (generations I-ll) and space (clusters A—G).

FRACTIONAL CRYSTALLIZATION (FC)

Fractional crystallization equations (Rayleigh equation)
were applied to the modelling of trace elements. Fractional
crystallization of plagioclase, amphibole and Ti-magnetite was
inferred in the primitive, basic magma. The role of fractional
crystallization suggests: the presence of zoned plagioclase
phenocrysts and correlation between incompatible elements. A
relatively narrow range of Sr/*®Sr values (Appendix 3) indi-
cates initially one source of primitive magma. The most primi-
tive lava in this part of the CVZ (sample vol6, Delacour et al.,
2007) fits perfectly between the projections of the components
of the rock samples from the Andahua Group lavas. The “vol6”
sample, with 7.3 vol.% content of MgO (Appendix 1), was used
to model the initial magma in the deep crustal reservoir. Similar
assumptions have been made in other analyses, regarding the
parental magmas of the Central Andes reveal basaltic rocks
(James et al., 1976; Klerkx et al., 1979; Wilson, 1989).

The partition coefficients used for the basalts and basaltic
andesites are shown in Table 2. Using the mass-balance algo-
rithm of Stormer and Nicholls (1978), the ratio of the minerals
crystallising from the magma was calculated to be 50.22 vol.%
Pl + 46.97 vol.% Amp + 2.81 vol.% Ti-Mag. The values of
>r2 = 0.8814 show acceptable correlation between the model
and data (Janousek et al., 2015). The result of these calcula-
tions is that: (a) olivine and pyroxene do not play a significant
role in the fractional crystallisation process; and (b) fractional
crystallization of plagioclase, clinopyroxene and amphibole
from basaltic andesites to trachyandesites is very likely.

The first section of the FC-trend (Fig. 10A) does not coin-
cide with the projection of samples. This is due to the low-Zr AG
lavas that are also relatively poor in Cr (Appendix 2). The Cr vs.
Zr curves only partly correlate with the FC-modelled trend, i.e.,
that regarding to the most basic and Zr-poor rocks of the AG
(Fig.10A). Since, in olivine and clinopyroxene, Zr is an incom-
patible element and Cr is a compatible element, this supports
the thesis that fractionation of these mineral phases is not of
great importance. Considering the Sr vs. Rb and Zr vs. Rb
trends, their FC model curves provides no fit whatsoever
(Fig. 11A, B).

The fractional crystallization of potentially important miner-
als (plagioclase and amphibole) has a supporting or minimal
role in differentiation of magmas that is observed in lavas of the
Andahua Group. Figures 10 and 11 suggest that fractional crys-
tallization has been recorded in the first generation of lavas
from the Pampa Jarn cluster.

ASSIMILATION AND FRACTIONAL CRYSTALLIZATION (AFC)

The distinct positive correlations of ®’Sr/*Sr ratios to SiO,
content and negative '**Nd/'*Nd ratios to SiO, content in lavas
of the Andahua Group (Gatas, 2014) suggest the important role
of crustal contamination in magma evolution. One of the indica-
tions of contamination by sedimentary rocks, xenocrysts, which
contain andraditic garnet, has been discovered in the Andahua
Group lava agglomerates. These are only found in one place
and were determined to be a product of interaction of the
magma with evaporites (Gatas et al., 2021).

The calculation of the AFC model was based on equations
from De Paolo (1981). The same sample vol6 magma as previ-
ously considered in the FC model was used for the parent ma-
terial in this model. The AFC equation was derived considering
that both parameters, r (the ratio of the rate of assimilation to
the rate of fractional crystallization) and D (the bulk distribution
coefficient), are constant (Wilson, 1989).

James (1982) prepared the first AFC models for the north-
ern part of the CVZ. As a contaminant, he identified the Char-
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Fig. 8. Plot of K,O versus SiO, contents (wt.%) for Andahua Group

Calcalkaline series classification is from Le Maitre (1989); oxide contents are recalculated to
100% on a volatile — free basis; generation: | — Pleistocene, |l — Pleistocene—Holocene, Il —
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cani Gneisses belonging to the Arequipa Massif. A similar AFC
model (the Charcani Gneiss being considered as a contami-
nant) was also proposed (Samaniego et al., 2016) for the
Sabancaya stratovolcano, which is located south of Colca Can-
yon (Fig.1C). Subsequent authors (Delacour et al., 2007;
Sgrensen and Holm, 2008) did the same to describe the AFC
processes for the Andahua Group. We considered here the
possibility of another contaminant, i.e., the granites and amphi-
bolites of the Paracas Massif that occur in the basement of the
central and northern part of the study area (Mamani et al.,
2008). The AFC1 submodel assumes the Charcani Gneisses
as a contaminant, while the AFC2 sub-model assumes
granitoids of the Paracas Massif as a contaminant.

The Paracas Massif is characterized by a thinner underlying
crust that is described as less mafic than that located to the
south of the Arequipa Massif (Mamani et al., 2008). Distinct dif-
ferences between “®®*Pb/?**Pb and ¥ Sr/*®Sr ratios (Delacour et
al., 2007 and Appendix 2) for the eruption products from the
Huambo region (Fig. 12; cluster G) and those from the Valley of
the Volcanoes (A) or Antapuna (cluster B) suggest the pres-

Table 2

Mineral/melt partition coefficients
(Anderson and Greenland, 1969;
Burke et al., 1982; Bacon and Druitt,
1988; Baker and Wyllie, 1992;
Rollinson, 1993; Ewart and Griffin,
1994; Dun and Sen, 1999) used for
the FC, AFC1 and AFC2 magma evo-
lution models

PI Amp Mag
Sr 0.28 0.01 0.1
zr 0.2 0.5 0.38
Rb | 0.056 | 0.02 -
La 0.075 | 0.045 0.0029
cr | 0.25 25 66
v 0.47 3 4
Th | 0.01 0.16 -

ence of a suture between these two massifs along the Colca
Canyon line (Mamani et al., 2010). The Paracas domain rocks,
considered here as contaminants, are significantly different in
their content of trace elements to the lavas of the Andahua
Group. They contain higher amounts of Zr, Nb and Th (Appen-
dix 1).

Interestingly, the Puca Mauras volcano (cluster A Valle of
the Volcanoes) and its products show a ratio of *°Pb/***Pb iso-
topes (Fig. 12; Delacour et al. 2007) typical of the transition
zone between the Arequipa and Paracas domains. Additionally,
south of Puca Mauras, although a continuation of the transition
zone could be expected, the lavas of the Andahua Group up to
the south side of the Colca Canyon show the same chemical
features as those of the Paracas domain (Fig. 12). Probably the
northern boundaries of the transition zone (Mamani et al., 2010)
are defined by the lava flows of the Sora Valley (APS4) and the
Puca Mauras (Fig. 2), which have values typical of the Paracas
domain.

These are indications that the Paracas Massif has a domi-
nant role in the contamination of the magma feeding the volca-
noes of the Andahua Group. The southern boundary of the
Paracas Massif possibly lies south of the Colca Canyon.

A low ratio of ¥Sr/*®*Sr (Appendix 3) likely implies a low
amount of contamination as the Charcani Gneisses and
Paracas granitoids have a higher Sr isotopic ratio. The melting
of these rocks could have contaminated the magmas that were
supplying the volcanoes of the AG, leading to elevated Sr and
Pb isotope ratios (Mamani et al., 2010; Gatas, 2014).

From the relations between Cr, La and Zr, it is possible to
draw conclusions regarding the evolution of the assimilation
processes (Fig. 10). In the AFC submodels considered here,
the ratio (r) between the assimilation and fractional crystalliza-
tion rates has been set at 0.15 (Aitcheson and Forrest, 1994).

Evaluation of the fit of the numerical models on the plot indi-
cates that assimilation and fractional crystallization are most
probably both significant to the evolution of the Andahua Group
lavas. The course of the curves of both models is relatively
close, which is not surprising due to the geochemical similarity
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Fig. 9. Photomicrographs of trachyandesite lavas
of the Andahua Group

A —olivine in no. H44 (F cluster); B — feldspar with marked zoning

in no. VO2 (G cluster); C — latite from the Valley of the Volcanoes

(sample no. DK3), oxyhornblende phenocrysts in microcrystalline
groundmass with weakly expressed fluidal texture

of these two massifs. In both models the AFC1 and AFC2 fit rel-
atively well into the Andahua Group product point cloud
(Figs. 10 and 11). The AFC2 submodel is the slightly better fit-
ted (Figs. 10 and 11), in both space (correlates with samples
from several of the Andahua Group clusters) and in time (corre-
lates with samples from all Andahua Groupgenerations). This

Fig. 10. Variation diagrams for a suite of Andahua Group
rocks with the curves of petrogenetic models

FC - fractional crystallization, AFC(1-2) — assimilation and frac-
tional crystallization, Mix1 and Mix2 — mixing; clusters of the
Andahua Group rocks (Fig. 1C): A — Valley of the Volcanoes, B —
Antapuna, C — Rio Molloco, D — Laguna Pariuhuana, E — Rio Colca
Valley, F — Jaran, G — Huambo (vol6 after Delacour et al., 2007)

indicates a higher degree of contamination from the Paracas
granitoids. A change follows to AFC1 for the youngest erup-
tions, where they are better fitted to other contaminants such as
the Charcani Gneisses.

The Andahua Group magmas possibly formed in several
chambers located at various depths and were consequently
surrounded by rocks with different compositions. As a result,
the magmas in the separate chambers could assimilate various
components from the local country rocks and the resulting pro-
portions of molten components could also vary. The lack of
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Fig. 13. Plot of highly incompatible trace element

A — Th/Nd vs. Nd with linear correlation; B — Rb vs. Rb/V for the
Andahua Group lavas with mixing hyperbola

clear differences between AFC1 and AFC2 is due to the pres-
ence of a wide transition zone (between the Arequipa and
Paracas domains), where both domains affect (Fig. 12), albeit
to a different degree, magma differentiation.

MAGMA MIXING

The linear correlation of the Andahua Group lavas on Fig-
ure 13A and curves on Figure 13B show the theoretical melt
composition produced by mixing. When data lie on straight lines
(Fig. 13A) they represent partial melting or mixing, although mi-
nor fractionation can contribute to the scatter. Relationships on
Figure 13B define curve arrays, which can be interpreted as
mixing hyperbolas.

We accepted that a deep located reservoir was filled with
mantle magma of hypothetical vol6 composition, i.e., the compo-
sition already applied in previous (FC and AFC, Appendix 1) con-
siderations. We tested the case of basaltic magma mixing in an
open magma chamber with dacitic magma. The possibility of
mixing with dacitic magma, which had features like Charcani
Gneisses (Mix1) and Paracas granitoids (Mix2), was tested. As a
result, new hybrid magmas could form due to the mixing of man-
tle magma with the more silicic magma. The trends of both mod-
els (Mix1 and Mix2) do not fit well, although the Mix1 model cor-
relates to some degree with the samples with a low Zr content,
and the Mix2 model with the samples with a high Zr content.

Despite many attempts, it was not possible to work out a
mixing model that would better fit the data. In the Andahua
Group magmas, probably the mixing of magma takes place at a
very small scale, and other processes may exert more influence
on the lava composition.
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VOLCANIC EVOLUTION

In this section we attempt a temporal ordering of events, vol-
canic landform generation and associated magma composi-
tions. The volcanic centres of the Andahua Group formed in
three evolutionary steps. In chronological order, these genera-
tions occurred in (I) Pleistocene, (ll) Pleistocene/Holocene and
(1) Late Holocene time.

GENERATION [ (0.5-0.126 MA)

The first generation of the Andahua Group activity formed in
the central and northern part of the Valley of the Volcanoes
(cluster A, see Fig. 1), Antapuna (B), Rio Colca Valley (E),
Pampa Jaran (F) and in Huambo-Cabanaconde (G). K-Ar
whole-rock analysis of the old volcanic products (Kaneoka and
Guevara, 1984) showed that the age of Andahua Group lavas
can be estimated as 0.5 Ma for the central part of the Valley of
the Volcanoes (Appendix 2). Lava from the opposite end of the
field, around the Ticsho volcano (Fig. 4), was dated by the K-Ar
whole-rock method and its age estimated at 0.27 Ma (Kaneoka
and Guevara, 1984). These dates should be interpreted as sep-
arate periods of activity, as the lava in the Colca Valley was
dated at 0.4 and 0.23 Ma (Kaneoka and Guevara, 1984). The
lava surfaces are weathered and soil-covered. The old genera-
tion (Pleistocene) of lavas in the AG are vegetation-covered
and often transformed into agricultural fields (Fig. 2).

Despite significant erosion of volcanic forms of the first gen-
eration, 33 lava domes, 29 lava vents (undefined type) and 17
scoria cones were recognized (Table 1). In the central part of
the Valley of the Volcanoes lava flow fields are present in the
area of Andagua and the village of Misahuanca (Figs. 1C and
2). A lava flow field is also known in the side valley of the Rio
Tambo (Appendix 2 — D10, Dk8) and it is inferred to be sourced
from monogenetic vents above Soporo (Fig. 2). There are also
scoria cones (Pampalquita, Ucuya) that were formed during the
same period above Soporo. However, during this time, scoria
cones (6) also formed in the Pampa Jaran (cluster F). A much
greater intensity of eruptions is confirmed by the presence of
two complex volcanic landforms. These are the Gloriahuasi
(cluster F) and Antapuna (4890 m a.s.l., cluster B) volcanoes,
both built as typical composite volcanoes (Fig. 1C). In the
strongly glacially eroded Antapuna massif, parasitic cones are
observed on the southeastern flank of the complex Antapuna
volcano. It is the largest volcanic form of the AG formed in this
period.

The products of this eruptive generation correspond to ba-
saltic trachyandesites — trachyandesites, which are the most
basic (52.13-53.51 vol.% of SiO,) in the whole population of the
Andahua Group products (Gatas, 2014). Delacour et al. (2007)
described lavas from Pampa Jaran (cluster F) as olivine-rich
basaltic andesites. The mineralogical-geochemical nature of
the lava from Pampa Jaran suggests that probably they came
from little-differentiated magma, evolved during fractional
crystallisation (Fig. 10).

In the rest of the lava from this Andahua Group, the pres-
ence of olivine, and the geochemical and isotopic composition,
suggest a low degree of crustal contamination during the mag-
matic evolution of the Andahua Group volcanoes (Appendix 2).
The results obtained suggest the influence of contamination
from both the Arequipa and Paracas domains (Fig. 14).

GENERATION Il (172-10 KA)

This generation represents activity in all the clusters of the
Andahua Group with the exception of the Antapuna Massif (B
cluster). Published ages (K-Ar analysis by Kaneoka and
Guevara, 1984; Eash and Sandor, 1995) indicate possible
eruptive activity at 172 ka, 95 ka, 64 ka and 60 ka. The previ-
ously mentioned Antaymarca volcano was dated 60 ka. For
lavas from Puca Mauras, a relative eruption time of <13,000
years BP was determined (Huang et al., 2017).

In the second generation, 31 lava domes and 13 scoria
cones were identified (Table 1). Large eruptions are inferred to
have taken place in the Valley of the Volcanoes and
Huambo-Cabanaconde (clusters A and G, Fig. 1C). In the Val-
ley of the Volcanoes, north of Andagua, there is a large lava
flow field previously described as the Puca Mauras complex
(Figs. 2, 4 and 7). The lava flow field covers an area of ~70 km?
with a maximum thickness up to 400 m. The total volume of the
volcanic complex is estimated to be ~5 km®. Similar, but
smaller, volcanic complexes are composed of several lava
flows that entered the neighbouring Sora Valley (Fig. 2) and on
the southern side of the Colca Canyon in the “cluster G”.

In this generation, unusual for this Group, the classic
Peleean lava dome type (Francis and Oppenheimer, 2004) de-
serves attention. Six isolated monogenetic scoria cones around
the Lagoon Parihuana, scattered over a large area, with no tec-
tonic relationship, are also obvious volcanic landforms in the “D
cluster”.

The mineralogical and geochemical compositions of the
analysed samples from the llI-generation of the Andahua Group
products show an increased degree of magma evolution
(Figs. 8, 10 and 11). The rocks of this stage include both
trachyandesites and more silicic derivatives — trachydacites,
which petrographically indicate a transitional character between
stages | and Il. An increase in Rb content indicates a larger
amount of continental crust contamination or can also occur by
magma fractionation. The most contaminated melts are the
silicic lavas from the Rio Molloco Valley (CM, C cluster, Appen-
dix 2) and the Valley of the Volcanoes (ARCH1, A cluster, Ap-
pendix 2).

Based on the ratio of 2°Pb/?**Pb isotopes the Pampa Jaran
volcanoes show clear influence of the Arequipa and Paracas
domains (Figs. 12 and 13). Accordingly, on the north side of the
Colca Canyon there is a transition zone (Mamani et al., 2010)
bounded by the Puca Mauras volcano (AND-99-01,
AND-99-10, Dealour et al., 2007) and the lava flows of the Sora
Valley (APS4). The youngest products of such contamination
cross the border of the transition zone marked by the Puca
Mauras volcano and the lava flows in the Sora Valley. Every-
thing indicates that the influence of the Gneiss Charcani as a
contaminant is limited to the | of the Colca Canyon (Fig. 14).

Products from the Puca Mauras complex are more evolved
compared to the other rocks of the AG and andraditic xenoliths
are observed in the Huajana lava dome, that show mixed meta-
morphic-magmatic origin (Gatas et al., 2021).

GENERATION Il (10 KA-RECENT)

Numerous vents in the Valley of the Volcanoes (cluster A)
and a single vent in both the Antapuna Massif (B cluster) and
Huambo-Cabanaconde (G cluster) were formed in the past
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FC — fractional crystallization of olivines, clinopyroxenes and pla-
gioclases; AFC — assimilation and fractional crystallization; Mix —
magma mixing, MASH (Melting, Assimilation, Storage, Homogeni-
zation)

10 ka (Fig. 1C, Table 1, "C analysis by Cabrera and Thouret,
2000). The ™C, K/Ar and U-series disequilibria analyses of
products from this stage (Kaneoka and Gewarra, 1984;
Delacour et al., 2007), provided eruption ages of 4050, 2900,
2650 and 520 years BP. For the Pumaranra lava domes, a rela-
tive eruption time of <10,000 years BP was determined
(Bromley et al., 2019). Different volcanic materials from the
Ticsho volcano (Fig. 2) were dated with the K/Ar method to
0.27 Ma and with "C to 4050 y BC (Kaneoka and Guevara,
1984; Cabrera and Thouret, 2000). The last dated eruption is
the Chilcayoc Chico volcano 370 £50 a (Cabrera and Thouret,
2000). A fresh lava surface and sparse vegetation coverage
(Fig. 2) shows that the youngest volcanic landform is a
Nifiamama lava dome.

Only 9 lava domes and 9 scoria cones are recognized in to-
tal for this youngest generation. Three lava fields were formed
in the Valley of the Volcanoes. They are (Fig. 2) the Chilcayoc,
Sucna and Accompampa volcanoes. In the Chilcayoc field, ini-
tial outpouring points for lava flows are located at breached sco-
ria cones such as the Chico, Chilcayoc and Chilcayoc Grande
volcanoes. The Chico scoria cone is breached by a lava flow,
and the edges of the older eruptive products are exposed in the

walls of the main crater (Lewinska and Gatas, 2021). The clas-
sic and regular monogenetic scoria cone of Jechapita has a
small volume of 0.02 km® and probably stands at the top of a
lava vent. The Chilcayoc lava field blocked the Andagua River,
which created the Chachas Lagoon. The lava flows of this gen-
eration cover the southern part of the Valley of the Volcanoes
from the line of Jenchafa-Nifiamama connecting with the Colca
Canyon. Lava domes and fissure vents feed the Accompampa
and Sucna lava flow fields (Fig. 2). Two lava domes, near
Sucna, emitted lava, which cascaded towards Colca Canyon.
The highest of the lava domes is 70 m high and the longest lava
flow is 20 km long. The small lava dome Nifiamama is the typi-
cal form of the Andahua Group vents. The lava flow, out of the
Nifiamama lava dome is 4 km long, 1 km wide, and 33 m high,
with a volume up to 0.25 km? (Figs. 2 and 5).

Lava flows of this generation show intermediate chemical
character, and comprise only trachyandesites. They are also
characterised by the highest ratio of "**Nd/"*Nd (Gatas, 2014).
The geochemical and isotopic compositions (Appendix 3), and
petrogenetic modelling, suggest reduced crustal contamination
during this magmatic evolution stage. This probably indicates
that an AFC1-type process was a dominant control for the evo-
lution of this generation.

IMPLICATIONS FOR VOLCANIC HAZARD ASSESSMENT

During the Holocene 27 vents were active including 17
small lava domes or fissures and 8 scoria cones. They were lo-
cated in clusters: A — Valley of the Volcanoes, B — Antapuna
and G — Huambo-Cabanaconde (Fig. 1C). There are five scoria
cones and two lava domes dated from 4050 to 370 years old
(Cabrera and Thouret, 2000; Delacour et al., 2007). The activity
zone is located between the Ticsho volcano in the north and the
group of lava domes near Sucna in the south. The most likely
region of volcanic reactivation is expected along three align-
ments of vents of previous Holocene eruption. In this area, the
village of Andagua is located, the second most populated set-
tlement in the Valley of the Volcanoes. Also in proximity are
Chachas, Soporo and Sucna villages (Fig. 2).

Lava effusion and scoria eruption should be considered as
a most likely eruption scenario for future volcanic activity.
Strombolian style explosive activity is more hazardous than
pure lava effusions (Vilches et al., 2022) due to the explosive
nature of the former. The Andagua and Soporo settlements
could suffer ashfall events as they are near to the sites of these
expected future eruptions. The agricultural terraces around the
villages would then be exposed both to falling volcanic bombs
and tephra. Destruction of the areas and even temporary sus-
pension of agricultural activity would deprive inhabitants of the
settlements of their sole source of income.

All magmas contain dissolved gases that are released dur-
ing effusive or extrusive type eruptions as well as between erup-
tive episodes. The agglomerates with andraditic garnet discov-
ered on Huajana lava dome (Fig. 4) host numerous inclusions
of anhydrite, halite, S- and Cl-bearing glass, anorthite,
wollastonite and spinel (Gatas et al., 2021). We speculate that
volcanic activity of the Andahua Group might have produced
substantial emission of sulphur in oxide and acidic form that
could have caused formation of a volcanic fog that, in turn,
might have been lethal (if concentrations of sulphur dioxide, hy-
drogen sulphide and sulphuric acid exceeded 20 ppm in air) to
inhabitants or at least a source of irritation. This applies to two
areas where evaporites are to be expected in the basement, i.e.
Valley of the Volcanoes (cluster A) and Huambo-Cabana-
conde (G).



Andrzej Gatas et al. / Geological Quarterly, 2022, 66: 25 17
[ma.s.l]
8 000
SO,
CO,
NNE SSW
4 500
Puca Mauras
1 EMu = SO
4 0001 UTDO ......... HV H E‘f [ma.s.l]
| o e 2 Yemellos L
15001 : CE — ,V“ano U7 '\f.,:L w= 1 3 500
J G.Yura 8
3000 L L F 3 000
== = R i = = desulphataion -
B = T el T = o = = =t e o |
.- ettt T o pmmitde g GrSEr
2 500 | o o o e T e S L
B [ e ) T R __ ; |
= L 2 000
2.5km sulphur fr1 n subducted plate I \

Fig. 15. Geological cross-section of the Puca Mauras volcano and possible scenario of the eruption with a cloud of toxic gases
with a high content SO, and H,S

There is no archaeological data on why the settlements of
Antaymarca, Pajareta and Jello Jello in the valley were aban-
doned. Whether the abandonment resulted from the river being
dammed causing disruption of the established irrigation system
for agriculture, or the continuous degassing caused disease or
even death, is still under debate. The possibility of an eruption is
enhanced by the fact that exhalation of hydrogen sulphide was
observed in the vicinity of the Nifamama dome in 2003 (Gatas,
2011). Archive data and inclusions in crystals from the sus-
tained lava eruption of the 1783-84 Laki Fissure in Iceland
demonstrated that gas emissions were the direct and indirect
cause of death on the island and in Europe (Thordarson et al.,
2003; Gatas, 2016). Just like the volcanoes of AG the Turrialba
volcano (Costa Rica) also exhibited its latest activity with a max-
imum level of VEI 2. The volcano is dormant now but the contin-
uous gas emission created a “death zone” in the immediate vi-
cinity of the crater (Tortini et al., 2017). Initial research of sul-
phur-rich inclusions of garnet from AG lava indicates that wher-
ever there are evaporites below ground, for example at Murco,
Ashua and Huanca (Mayta et al., 2002), resumed volcanism
can generate significant amounts of toxic gases (Gafas et al.,
2021). Therefore, even though volcanoes of the Andahua
Group are inferred to have a low VEI, such eruptions have po-

tential to pose a serious hazard to people and animals in the
area (Fig. 15).

In the south, the Keyoc lava dome and the Mojonpampa
lava field are ~10 km away from residential areas, hence the re-
juvenation of volcanic eruptions from these regions would have
lesser effect. The volcanic hazard that the Pumaranra vents
can also pose is small due to the large distance between them
and human settlements (Fig. 1C). The area, in the high Andes,
is sparsely inhabited and underdeveloped, while the under-
ground working silver mine of Arcata is separated by a moun-
tain massif which would be a natural barrier against lava inun-
dation or small scoria eruptions.

CONCLUSIONS

The minor volcanic centres of the Central Volcanic Zone,
which are best represented by the Andahua Group volcanoes
(149 centres), represent an extensive and variable magmatic
history. Most of the volcanic centres are monogenetic, which
means that the location of the eruption centres within a volcanic
field changes their position over the lifespan of the system. Sin-
gle eruption centres show the features of small complex forms.
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The Andahua Group lavas compositionally range from basaltic
andesites to trachydacite. The assumption that the volcanoes
of the Andahua Group were fed from multiple magma reser-
voirs strongly limits the possibility of creating a single, consis-
tent model for the evolution of the source magmas for this vol-
canic group. It also explains the relatively weak fit of magma
evolution models developed by the authors and earlier workers.
This situation results from an attempt to make models for the
entire vent population, dispersed in both space and time. In this
case, the change of the location of the volcanic activity is more
important. This means that changes in the composition of the
crustal rocks could influence small portions of magma that
would consequently ascend in different ways. Very similar mod-
els are plausible for other monogenetic volcanoes of the North-
ern Andean segments, considering the possible effect of vari-
ous compositions generated by crustal wall rock contamination
on the ascending magmas (Murcia et al., 2019).

At substantial depths, a reservoir fed by a magma melted
from a supra-subduction wedge in the presence of ascending
fluids must have been formed. The low variability of the
8S1/%Sr ratio suggests the presence of a single reservoir with a
primitive magma. Conditions within the major, deep reservoir
favoured the fractional crystallization of olivine, clinopyroxene
and perhaps plagioclase. During the subsequent stages, some
portions of magma were transported towards the surface, in
these conditions crystallizing plagioclase, amphibole, and mag-
netite. The magmas were simultaneously contaminated to dif-
ferent degrees either by wallrocks in direct contact with the ris-
ing magmas, or by the rocks surrounding the reservoirs, i.e., the
rocks of which the crystalline Paracas (AFC2) and Arequipa
(AFC1) massifs are composed. Most of the samples show influ-
ence of the Paracas domain and is possible that the transition
zone could be fed by magma reservoirs located exactly at the
suture between the massifs, as suggested by Mamani et al.
(2010). This means that there are two (or more) reservoirs,

where magma is contaminated by different domains, or the
same reservoir can be contaminated by one or the other massif.
Processes involving the AFC2 and AFC1 models were the most
significant. However, locally the fractional crystallization and
Mix models can be inferred for the lavas.

The volcanoes of the Andahua Group are much smaller
than the surrounding composite volcanoes. Their products
show a much lower degree of source magma evolution. How-
ever, the same processes and magma regime are responsible
for their creation. The pristine, extensive lava domes of
Nifiamama, and Pumaranra, and the scoria cones of Chico, and
Chilcayoc Grande suggest that the Andahua Group is young
(Pleistocene to Holocene) and potentially an active mag-
matic-volcanic system. The last activity at Chico occurred, at
most, only 300 years ago. Long-lived Strombolian or Hawaiian
type eruptions constitute a unique tourist attraction. All efforts
should be made to ensure that such activity is under the watch-
ful eye of specialists. Hence, it seems advisable to expand the
monitored zone within the Valley of the Volcanoes similarly to
other dispersed, potentially active volcanic fields such as the
Auckland Volcanic Field in New Zealand (Hopkins et al., 2020).
It is likely that gas emissions from the Andahua Group scoria
cones and flood lava eruptions may create hazardous condi-
tions for tourists visiting the Geopark Colca and Andagua Vol-
canoes in the case of future eruptions.
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APPENDIX 1

Representative analyses used as inputs for petrological modelling

Sample vol6* BAS 21** OCO0708** OCO0703**
Oxide contents (wt.%):
SiO, 51.43 67.1 61.77 69.97
TiO, 1.21 0.5 1.1 0.63
Al,Os 16.71 15.4 22.73 13.24
Fe,O3 9.03 4.09 7.81 4.2
MnO 0.12 0.07 0.09 0.08
MgO 7.30 1.87 1.73 1.02
CaO 8.72 3.44 0.26 1.89
Na,O 3.37 3.62 0.4 3.21
K20 1.38 2.63 3.15 4.29
P,0s 0.29 0.14 0.04 0.21
LOI 0.38 n.d. n.d. n.d.
Total 99.94 n.d. n.d. n.d.
Trace elements (ppm):
Nb 5 9 24.8 11.7
Ti 7260 n.d. n.d. n.d.
Zr 137 161 327 287
Th 2.21 1.5 24.1 7.9
La 19.54 30.8 76 49
Cr 372 30 114 9
Ni 134 20 54 12
\% 215 67 107 58
P 1763 n.d. n.d. n.d.
¥Sr1®sr 0.7067 0.7303 0.7076 0.7242
“INd/M**Nd 0.5124 0.5115 0.5115 0.5117
Sample vol6* BAS 21** OCO0708** OCO0703**
Oxide contents (wt.%):
SiO, 51.43 67.1 61.77 69.97
TiO, 1.21 0.5 1.1 0.63
AlLOs 16.71 15.4 22.73 13.24
Fe,O3 9.03 4.09 7.81 4.2
MnO 0.12 0.07 0.09 0.08
MgO 7.30 1.87 1.73 1.02
CaO 8.72 3.44 0.26 1.89
Na,O 3.37 3.62 0.4 3.21
K20 1.38 2.63 3.15 4.29
P,0s 0.29 0.14 0.04 0.21
LOI 0.38 n.d. n.d. n.d.
Total 99.94 n.d. n.d. n.d.
Trace elements (ppm):
Nb 5 9 24.8 11.7
Ti 7260 n.d. n.d. n.d.
Zr 137 161 327 287
Th 221 1.5 24.1 7.9
La 19.54 30.8 76 49
Cr 372 30 114 9
Ni 134 20 54 12
\% 215 67 107 58
P 1763 n.d. 0.7303 n.d. 0.7076 n.d. 0.7242
¥Sr1®sr 0.7067 0.5115 0.5115 0.5117
“INd/M**Nd 0.5124

* — Delacour et al. (2007); ** — Mamani et al. (2008); n.d. — not detected




APPENDIX 2

Lava dome and lava vents of the Andahua Group

(Smoll et al., 1997; Gatas, 2011)

No. | Cluster Name/ GPS Generation/ Tvpe
) sample position age yp
784855 | .
1 I1S1 8286570 0.5 Ma* unrecognized
2 An - [ unrecognized
76282
3 D10 86137 | 1A
4 DK8 - | 1A
5 vco (veo) | 8072 | 1A
6 Vool Jele | 1A
780819
7 VCO1 283754 | 1A
780821
8 VCO3 283576 | 1A
9 TK2(TK2) | 52537 | 1A
782105
10 T3 287631 | 1C
Pra 0781375 |
1 Ticscho/PT | 8286482 | 0.27 Ma* 1c
12 PT1 — | 1B
13 Soporo - [ unrecognized
7878 .
14 Tororocsa 82987+ | unrecognized
15 Jullulluyoc 8;?1:}12* | unrecognized
16 8 A13 (A13) — M unrecognized
17 S Al131 (Al4) - I/l unrecognized
L Cerros
18 g Umajala - 11 1B
Q
9] = cerro - [ 1A
5 AnF:haJoIIa
o & | e [T 0 |
()
21 = V8B - 1l 1C
22 i V8C — 1l 1B
23 |E V8D — 1l 1B
24 < V8E — 1l 1A
25 MS2 — 1l 1A
26 MS5 — 1l 1A
27 MS6 — 1l 1B
28 MS7 - I 1B
29 C. Ashillo - 1l 1A
30 LS - 1l 1A
Cochapampa | 0782708
31 (C1A) 8284695 I 1C
32 Jochane 8:733)22* 1l 1C
33 MS1 (MS1) ;ﬁgﬁg I 1A
34 APS4
785639
35 A6 283277 1 1A
Ninamama 0786545
36 (A7) 8284465 i 1A
37 Antaymarca g;ggggg 1 1B
784971
38 A26 282792 1 1B
39 Accopampa — 1 1B
40 J2 — 11 1B
41 S61 — 11 1B
42 S62 — 11 1B
Cerro
43 Antapuna ggg%g | unrecognized
o (Anta2)
44 S Tanca - I unrecognized
45 g PP1 — | 1A
46 5 PP2 - I 1A
47| @ | AR2(AR2) | go00o% |
Pumaranra 783680
48 (Puml) | 8340670 I 1A
Cerro
49 Coropuna gé‘;gﬂ 1l Pelean
(C™m)
50 o C - [ unrecognized
51 3 T - | unrecognized
52 3 CM1 — 1l 1A
53 = M1 - Il 1A
54| &£ M2 - [ 1A
55 G M3 - 1l 1A
56 M4 — 1l 1A
57 U2 — 1A
58 Uchuychaca Bégég* Il 1A
59 Cano 1 8222747695519 | unrecognized
60 Canl 224605 | unrecognized
(CAN1) 8277815 9
. 220737 .
61 Chi2 8270021 | unrecognized
222305 .
62 Cal3 8271721 | unrecognized
63 S Lari2 203782 | unrecognized
3 (LARI12) | 8269446 9
.09: 11 172 ka
22164 BP i 64k
64| 5 Cal2 (CAL2) 8271%703 ||3(F5> a 1C
3 0.23 Ma**
<
65| > 0C4 (CC4) ggggj‘l‘ I 1B
ui
220368 1l
66 OC2(0C1) | 575337 | 0.095 Ma* B
220643
67 OC5 273977 1l 1B
Canb 223263
68 (CAN5) | 8275703 I 1B
223355
69 Can6 8275064 1l 1B
70 P010 (HO10) 882216722a‘; | 1A
71 PO11 — | 1A
72 P012 — | 1A
802582
73 CP5 8242444 | 1A
0802312
74 MG1 8243872 | 1A
75 MBK2 gg;gg; | 1B
c
6| £ MBK21 - | 1B
77 i MBK22 - | 1B
w 792253 .
78 GL9 8244556 | unrecognized
794679 .
79 GL4 242847 | unrecognized
GL91 .
80 (GU12) - | unrecognized
807552 .
81 H45 8233126 | unrecognized
82 Q1 - | unrecognized
83 Q2 (Pel) - [ unrecognized
84 MOK3 gég;gg | unrecognized
85 MOK4 géggg? | unrecognized
()
2 810654 )
c
86 § SO6 265835 | unrecognized
c 810447
87 _r.:: UP1 268128 | 1A
88| so8 oy | 1B
89 _g SO11 — | 1B
90| S SO12 - [ 1B
91| T FU5 — [ 1A
92| © FUG - [ 1A
93 S021 (LE3) — I 1A
815085
94 LE1 268021 | 1A




813120
95 FU2 268292 | 1A
813282 .
96 FU3 268291 | unrecognized
813640 .
97 FU4 268348 | unrecognized
814695 .
98 014 8261821 | unrecognized
815065 .
99 015 (HO15b) 8261593 | unrecognized
819671 .
100 MJ3 262627 1l unrecognized
101 MJ32 - Il 1B
Jajacuchu 0807944
102 (HU2) 8258557 I 1A
103 HU21 - Il 1A
I}
104 Keyoc 2650 year 1A
BP*

GPS position: * — Smoll et al. (1997); age: * — Cabrera and Thouret (2000); **
— Eash and Sandor (1995)



Scoria cone and composite volcanoes of Andahua Group
(Smoll et al., 1997; Gatas, 2011)

Name/Sample

Generation/A

No. Cluster GPS position ge Type
1 Panahua g | 2A
2 Ucuya (AC3) ;gigig | oB
3 Pampalquita (CM2) 72888f350076 | 2B
4 Yanamauras Sur 872883693]& 1] 2A
5 Yanamauras 8728; 6261542 1] 2A
6 eroded 8728837925761 1] unrecognized
7 Cerro Puca Mauras 8728953702320 1] corsr1n;;§!ite
8 Cerro Mauras 8738072?52221 1] 2C
9 ) Santa Rosa Goonos I 2A
10 % Santa Rosa Sur 822231* 1] 2A
11 § Challhue Mauras 8;?)32* 1] 2A
12 E Misahuana Mauras 770325 I oA
5 (V9a, VIb) 8311264
13 % Pabellon Mauras 82?)28?1* I 2A
14 g Yana Mauras (YM1) 8737055611621 29%(:)1 I}*/*ear 2A
15 < Tiesho i 4050 I)I/ear* ¢
7840 I
16 Mauras (Mau2) 83124* 2900 year 2A
BP**
17 Jenchana 8728;26322 ] 2C
18 Jechapita (J1) Aot 1 2A
19 Chilcayoc Grande 790847 1] oA
(CH2S) 8280756 A.D. 1500%*
20 Chilcayoc 8728882103093 i 2B
21 Chilcayoc Chico 87288726390311 370 iglo*year 2BC
ago
22 Cerro Pucamauras 8;%;* | 2A
23 Cerro Ticlla No data | unrecognized
24 o Cerro Antopuna 8738283965159 | cosmn;;!i te
25 % Cerro Antapuna 8739212289766 | parasitic?
26 i Ares | 8232323:5:3:1 I unrecognized
27 Ares Il 8335962 I unrecognized
28 C. Molloco Marhuas (VM21) 8830305993662 1] 2A
29 Antaymarca (HT1) 815%66057378 yggﬁgol | 2A
30 é Saigua 82321%23* I unrecognized
31 E Challpo 83075+ I unrecognized
32 % Andallullo 8%232* 1l unrecognized
33 2 Antaccollo 8%?)?12* 1] unrecognized
34 Sani 8%8952* I unrecognized
35 Gloriahuasi (H58) 872%1238766% | cosmn;)g!ite
36 Gloriahuasi Sur 791856 |
(GL8) 8242754
37 San Cristobal 8;?13:;* | 2A
38 Honfja 8;%:.?)* | 2A
39 . Marbas(f\:ﬂtg():o Norte 88204%1147904 n oA
40 g Marba(?: ﬁg;:o Sur 8820473420784 I oA
a1 W Cerro (I?:upc%guada 8820431373056 I -
42 Marb(zﬁBC;r)ande 8820424191712 n oA
43 Llajuapampa 8820477113871 1] 2A
44 Uchan Sur 8820373353763 | 2A
45 Tururunca (H44) 88203655268% | 2A

GPS position: * — Smoll et al. (1997); age: * — Cabrera and Thouret (2000); ** — Eash and
Sandor (1995)




APPENDIX 3

Major (wt.%) and selected trace (ppm) element contents in samples from Andahua Group rocks

Cluster A. Valley of the Volcanoes B. Antapuna
GPS 792385 | 795273 795735 | 790751 | 773179 | 800840 | 783680 | 779944

position | 8275084 | 8259586 - 8289204 | 8280573 | 8296462 | 8335778 | 8340670 | 8322476

Sample AS1 AYO5 | MAM3 Al4 CH2S APS4 AR2 PUM1 ANTA2
SiO;, 60.30 61.09 | 58.61 54.36 57.75 59.78 55.28 57.88 58.88
TiO, 1.09 1.05 1.21 1.50 1.34 1.21 1.43 1.22 1.22
Al,O5 16.19 16.41 | 16.81 16.98 17.04 16.51 17.09 17.18 16.48
Fe,Os 6.44 5.64 6.63 8.01 6.75 5.9 7.56 6.62 6.69
MnO 0.08 0.07 0.08 0.10 0.08 0.07 0.10 0.08 0.09
MgO 3.03 2.35 2.90 4.00 2.85 2.16 3.36 2.71 2.65
CaO 5.28 5.37 5.93 6.92 6.16 4.59 6.50 6.05 5.63
Na,O 3.99 4.63 457 4.80 5.43 4.49 5.16 4.86 4.66
K20 2.91 2.90 2.64 1.78 2.52 2.95 2.05 2.63 2.83
P20s 0.39 0.50 0.57 0.54 0.65 0.52 0.61 0.65 0.59
LOI 0.75 0.13 0.49 0.17 0.10 2.41 0.29 1.01 0.82
Total 100.40 | 100.10 | 100.40 99.15 | 100.70 100.5 99.43 100.9 100.5
Rb 77 77 53 29 43 60 33 59 70
Zr 196 186 214 163 219 293 192 224 260
Th 5.6 4.4 2.9 2.1 2.6 4.0 3.3 4.0 6.2
La 45.5 56.6 62 35.7 59.9 47.4 51.5 59.6 59.9
Cr 60 30 40 70 30 20 50 50 40
Ni - - - 40 - - 30 - -
¥sr/%sr 0.706187 0.705836
“SNd/M*Nd 0.512480 0.512543

LOI - loss on ignition (Gatas, 2014, supplemented)



D. Laguna

Cluster C. Rio Molloco Valley E. Rio Colca Valley
Parihuana

GPS position 813961 800936 195981 220260 223066 224605 | 221640 | 203782

8287058 | 8335962 8306352 8275352 | 8275754 | 8277815 | 8271073 | 8269446

Sample CM VM21 HT1 OC1 CAN5 CAN1 CAL2 LAR12

SiO; 67.00 59.60 54.51 59.21 59.78 58.61 57.35 57.41
TiO, 0.53 1.19 151 1.19 1.18 121 1.36 0.97
Al,O3 14.73 16.65 16.34 16.66 16.76 16.81 16.36 15.82
Fe,03 3.02 5.92 8.11 6.15 6.19 6.63 6.68 5.69
MnO 0.05 0.07 0.11 0.08 0.07 0.08 0.08 0.07
MgO 111 2.39 4.32 2.61 244 2.90 2.52 221
CaO 2.89 5.29 6.81 5.38 5.30 5.93 5.78 5.18
Na,O 4.40 5.15 4.39 4.64 4.84 4.57 4.74 4.53
K20 3.51 2.87 2.09 2.75 3.05 2.64 2.60 2.95
P,0s 0.20 0.58 0.63 0.59 0.59 0.57 0.71 0.48
LOI 1.33 0.27 0.52 0.39 0.00 0.49 -0.01 0.18
Total 98.77 99.98 99.35 99.65 100.2 100.40 98.19 95.50
Rb 141 67 38 70 73 58 56 89
Zr 159 253 184 266 234 232 202 194
Th 115 4.5 4.4 5.7 5.5 54 4.5 10.5
La 35.8 61 45.4 66 76.4 747 70.6 58
Cr - 20 110 30 30 30 30 40
Ni - - 50 - - - - -
¥Sr1®sr 0.705965
“INd/MNd 0.512501




Cluster F. Pampa Jaran

&PS posiion 788685 | 792926 | 807336 | 791760 | 806254 | 802015 | 802791
8249704 | 8243683 | 8233573 | 8242573 | 8247247 | 8244791 | 8242138

Sample GU12 H58 H44 GL8 HO10 MBS CP4
SiO;, 53.51 55.55 52.35 52.13 57.66 55.72 58.89
Tio, 1.57 1.63 1.40 1.97 1.27 1.43 1.15
Al,O3 16.14 16.62 17.2 15.97 16.73 16.71 16.54
Fe,Os 7.14 7.37 8.22 9.04 6.38 7.51 5.82
MnO 0.09 0.08 0.11 0.11 0.08 0.09 0.07
MgO 2.84 2.98 3.69 3.91 2.51 3.35 2.34
CaO 6.72 6.46 7.38 7.12 5.52 6.64 5.80
Na,O 4.84 5.23 4.57 4.01 5.18 4.21 5.06
K20 2.45 2.33 2.11 2.02 2.97 1.94 2.94
P20s 0.84 0.80 0.56 1.06 0.66 0.66 0.59
Lol 0.10 0.33 1.40 0.60 0.49 1.30 1.70
Total 96.23 99.38 98.99 97.94 99.44 99.56 | 100.90
Rb 44 40 25 39 62 34 62
Zr 201 208 223 165 269 185 263
Th 2.4 2.3 3.3 4.3 3.5 2 3.9
La 65.1 60 53.2 715 65.9 41.4 62
Cr 30 30 70 70 30 60 20
Ni - 40 - - -
¥sr/®sr 0.705933
YSNdM*Nd 0.512541

Cluster G. Huambo-Cabanaconde
&PS positon 811457 | 807848 | 819574 | 816198 ~

8269200 | 8258375 | 8262445 | 8267803

Sample SO8 HU2 MJ3 LE3 KEY1
SiO;, 58.78 55.39 58.69 59.57 | 56.42
Tio, 0.99 121 1.02 0.98 1.41
AlL,O; 16.2 16.25 16.46 16.19 | 17.21
Fe,Os 6.20 6.82 7.09 6.24 7.75
MnO 0.10 0.08 0.09 0.09 0.09
MgO 2.78 3.31 3.06 2.98 3.57
Ca0 5.40 7.28 5.49 5.73 7.20
Na;O 3.66 3.27 3.57 3.98 4.04
K20 3.34 1.73 2.98 3.29 1.99
P20s 0.34 0.55 0.33 0.32 0.50
Lol 1.00 3.53 1.41 1.38 0.46
Total 98.82 99.43 100.20 | 100.80 | 100.70
Rb 92 35 84 89 36
Zr 223 161 225 243 169
Th 10.4 4.2 10.4 9.7 3.8
La 46.7 33.6 51 45.7 35.5
Cr 30 20 40 30 50
Ni - - - 20 -
¥sr/®sr 0.706633
“SNd/MNd 0.512393




