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The Andahua Group is a dis tinct clus ter of typ i cally monogenetic vol ca noes lo cated in the north ern most part of the Cen tral
Vol ca nic Zone in the An des, char ac ter ized by small-vol ume lava domes and sco ria cones. Seven vol ca nic clus ters have
been dis tin guished. Us ing sat el lite im ag ery, geo log i cal map ping, and field work, we found a to tal of 103 lava domes, 43 sco ria 
cones, and 3 small com pos ite vol ca noes. Most of the lava domes are monogenetic but 9 were formed by mul ti ple erup tions.
Petro gen etic mod els have been de vel oped for the magma evo lu tion of the Andahua Group. They show lo cal crustal in flu -
ence on the mag mas gen er ated, and pos si ble con trols on the magma path way to the sur face, and po ten tial seg re ga tion. Lo -
cal compositional vari a tion of the crustal rocks is in ferred to have a strong in flu ence on the magma that as cends through the
thick con ti nen tal crust. As sim i la tion and con tam i na tion by deeply seated granitoids of the Arequipa and Paracas mas sifs are
also in ferred to play a role in the fi nal mag matic prod ucts. Fu ture ac tiv ity with gas emis sions from the Andahua Group vol ca -
noes may cause haz ard ous con di tions for tour ists.

Key words: monogenetic vol ca noes, small lava dome, pet ro log i cal mod el ling, An des.

INTRODUCTION

The west ern mar gin of South Amer ica is an ac tive plate
bound ary where subduction of oce anic litho sphere be neath
con ti nen tal litho sphere has been oc cur ring since the early Me -
so zoic (Mégard, 1987; Stern, 2004; Fig. 1A, B). Subduction in
the so-called Cen tral Vol ca nic Zone (CVZ) has been nearly
con tin u ous since 10 Ma (Somoza, 1998), pro duc ing a nar row
pres ent-day vol ca nic arc par al lel with the plate bound ary and
some 230 km from it (Eng land et al., 2004).

In the CVZ there are 44 com pos ite vol ca noes, 18 ar eas with 
small-vol ume, monogenetic-like, vol ca nic cen tres and 11 large
silicic cal de ras (de Silva and Fran cis, 1991). In con trast to the
well-stud ied large vol ca noes, the small monogenetic vol ca noes 
have re ceived less at ten tion. Many of these stud ies have been
pri mar ily fo cused on the morphometry of vol ca nic land forms or

re con struc tion of erup tive styles of in di vid ual vol ca noes based
on their erup tive prod ucts (Haag et al., 2019). How ever, in ter est 
among the re search com mu nity of us ing the source to sur face
con cept in un der stand ing the evo lu tion of these monogenetic
vol ca nic fields has re cently emerged (e.g., Gutiérrez et al.,
2005; Guzmán et al., 2006; Cabrera and Caffe, 2009; Ureta et
al., 2020). The small (in terms of erup tive vol ume) vol ca noes,
though, have re ceived rel a tively lim ited at ten tion. Good ex am -
ples of such re search in South Amer ica are in ves ti ga tions of
small mafic and silicic vol ca noes in Co lom bia (Borrero et al.,
2017; Botero-Gómez et al., 2018; Murcia et al., 2019;
Sánchez-Torres et al., 2019, 2022), re search on sev eral
small-vol ume mafic to in ter me di ate vol ca noes in the CVZ in
north ern Chile (Ureta et al., 2019) and doc u men ta tion of a few
small, dis persed vol ca noes in the South ern Vol ca nic Zone of
Chile (Salas et al., 2017).

Rec og ni tion of the Andahua Group in Peru as a vol ca nic
field is rel a tively re cent (Delacour et al., 2007; SÝrensen and
Holm, 2008). This vol ca nic group is in the north ern part of the
CVZ (Fig. 1A), scat tered across an area of 12,000 km2. As
many as 103 small lava domes and 43 sco ria cones have been
de scribed dur ing field re search con ducted be tween 2003 and
2017, aided by sat el lite im age anal y sis (Ga³aœ, 2011, 2013). By
com par i son with the com pos ite vol ca noes, the Andahua Group
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Fig. 1A – location of the Cen tral Vol ca nic Zone in South Amer ica (CVZ); B – general tec tonic con text and re search area, the red
rect an gle is the zoom shown in (C); C – Global Multi-Res o lu tion To pog ra phy im age show ing dis tri bu tion and age of the main

vol ca nic and struc tural fea tures of the Andahua Group and com pos ite vol ca noes in the re gion

The Andahua Group clus ters have been grouped ac cord ing to the bound ing lin ea ments, re lief, and tec tonic set tings: A – Val ley of the
Vol ca noes, B – Antapuna, C – Río Molloco Valley, D – Lagoon Pariuhuana, E – Río Colca Val ley, F – Pampa Jarán, G –

Huambo-Cabanaconde; the red rect an gle shows lo ca tion of Fig ure 2



mor pho log i cal forms are much sim pler. Their vol umes are typ i -
cally within the range at trib uted to monogenetic vol ca noes
(<1 km3). Geochemically, prod ucts of Andahua Group vol ca -
noes are mainly in ter me di ate (trachyandesite) as re gards their
sil ica con tent and cor re spond to the high-K calc-al ka line se ries
(Delacour et al., 2007; Ga³aœ, 2014). The chem i cal range of the
Andahua Group vol ca nic prod ucts shows some sim i lar ity to that 
of the wide spread com pos ite vol ca noes in this re gion (e.g.,
SiO2 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 lo ca tion of the vol ca noes). The erup tive prod ucts in
the CVZ mostly dis play high-K calc-al ka line andesitic and
dacitic com po si tions. Pet ro log i cal stud ies sug gest that the un -
der ly ing rea sons for why mi nor vol ca noes erupt in this part of
the An des are re lated to as cent through the crust with out in ter -
cept ing or de vel op ing large magma res er voirs (Wörner et al.,
2018). Stud ies such as Mamani et al. (2010) and Delacour et al. 
(2007) pro vide in for ma tion on two types of magma form ing the
Andahua Group. One of these (Delacour et al., 2007) was, most 
likely, mod i fied by pro cesses of as sim i la tion by lower-crustal
par tial melts in the MASH (Melt ing, As sim i la tion, Stor age, Ho -
mog e ni za tion) zone. These mag mas on their way to the sur face 
as sim i lated the Charcani Gneiss es (from the Arequipa Mas sif)
and other shal low crustal rocks (Delacour et al., 2007). The
other magma type is re lated to two-com po nent mix ing and var i -
ous frac tional crys tal li za tion (FC) pro cesses (SÝrensen and
Holm, 2008; Huang et al., 2017). The mag mas of monogenetic
cen tres, like the Andahua Group, dis play a prim i tive char ac ter
(Wörner et al., 2018).

In this pa per, we pro vide the first com pre hen sive sum mary
of the vol ca nic fields of the Andahua Group from a
source-to-sur face per spec tive, with a gen eral char ac ter iza tion
of the 149 iden ti fied vol ca noes. We: (1) pro vide phys i cal
volcanological de scrip tions of their erup tive prod ucts, (2) es tab -
lish their rel a tive chro nol ogy based on of fun da men tal vol cano
morphometry, also (3) pro vide petrographic and geo chem i cal
char ac ter iza tion of the vol ca nic prod ucts and (4) es tab lish an
over all evo lu tion ary trend of the vol ca noes. A better un der -
stand ing of the magma re gime of the scat tered Andahua Group
vol ca noes can pro vide valu able in for ma tion to help vol ca nic risk 
as sess ment.

GEOLOGICAL SETTING

The study area is lo cated in the Cen tral An des in South
Amer ica (Fig. 1A). The mag matic arc of the Cen tral An des is
the re sult of con ver gence be tween the Nazca and South Amer i -
can plates, the for mer mov ing at a rate of ~9 cm/yr (Romanyuk,
2009) in a N80° di rec tion (Sébrier and Soler, 1991, Fig. 1A, B).
The con ti nen tal crust in the cen tral sec tor of the Cen tral An des
dis plays the great est thick ness (up to 70 km) along the en tire
plate bound ary (Beck et al., 1996). The Cen tral An dean orocline 
has been ac tive since the Ju ras sic Pe riod with a cul mi na tion of
vol ca nic erup tions from the Mio cene (e.g., Thorpe et al., 1984;
Trumbull et al., 1999). The mag matic arc has moved from the
north-east to the south-west sev eral times, in turn chang ing the
com po si tion (Mamani et al., 2010). To day the ac tive CVZ arc is
2000 km long (Eng land et al., 2004).

Magma in the Cen tral Vol ca nic Zone (14–27°S, CVZ) dis -
plays a com po si tion that is strongly af fected by in ter ac tion with
crustal ma te rial (Klerxs et al., 1979; Kay et al., 2005; Mamani et
al., 2010, Godoy et al., 2014; Rivera et al., 2017). The man -
tle-de rived mag mas as sim i lated 20–40 vol.% of crustal rocks
(Trumbull et al., 1999; Mamani et al., 2010). How ever, for the
Qua ter nary mag mas, the crustal con tam i na tion was es ti mated
to be less sig nif i cant – at 7–18 vol.% (Mamani et al., 2010). It is

gen er ally ac cepted that the CVZ mag mas evolved by a range of 
pos si ble pro cesses such as: (1) as sim i la tion-frac tional crys tal li -
za tion (AFC), (2) frac tional crys tal li za tion (FC), and (3) magma
mix ing (DePaolo, 1981; Gerbe and Thouret, 2004; Tepley et al., 
2013). The pro cesses of MASH are also thought to have been
im por tant for magma evo lu tion (Delph et al., 2017; Huang et al., 
2017).

The base ment of the Cen tral An des in the study area is
made of the Arequipa and the Paracas crustal do mains
(Ramos, 2008). The Pro tero zoic Arequipa do main (south ern
part of the study area) is char ac ter ized by gneiss es with some
Cre ta ceous and Paleogene granitoid in tru sions. The Pa leo zoic
Paracas do main is com posed of a va ri ety of gneiss es and am -
phi bo lites and is thin ner with a more sialic com par i son than the
Arequipa base ment (Yuan et al., 2002; Mamani et al., 2008).
The bound ary be tween the two do mains is de lin eated by dif fer -
ent iso to pic com po si tions of Pb (Mamani et al., 2010). This part
of Cen tral An des con sists of epicontinental Ju ras sic and Cre ta -
ceous strata, ter res trial de tri tal (sand stone, mudstone, and
shale) and pri mary pyroclastic rocks (tuff and lapilli tuffs), Ce no -
zoic de pos its in clud ing co her ent vol ca nic rocks in var i ous for -
mal strati graphic units (ignimbrite, tuff, an de site and dacite
lavas and con glom er ates), and Up per Cre ta ceous–Neo gene
in tru sive rocks (granitoids; Mégard, 1987; Sébrier and Soler,
1991; Swanson et al., 2004). The high-re lief ero sional sur faces
re veal sig nif i cant vol umes of dacitic ig nim brites (Thouret et al.,
2016; de Silva and Kay, 2018) and the com mon pres ence of
andesitic lava flows spa tially as so ci ated with dacitic dome and
com pos ite vol ca noes (Thorpe and Fran cis, 1979; Klerkx et al.,
1979; Trumbull et al., 1999; Kay et al., 2005).

The Andahua Group has been ac tive from the Pleis to cene
un til his tor i cal time. Three vol ca nic in ter vals have been dis tin -
guished (Figs. 1C and 2): the old est one named Andagua –
0.5 ±0.07 Ma (Pleis to cene – gen er a tion I), with an erup tion of
Calera at 0.23 ±0.02 Ma (K/Ar, Kaneoka and Guevara, 1984),
an in ter me di ate in ter val known as Antaymarca at 60 ka (Pleis -
to cene–Ho lo cene – gen er a tion II) and the youn gest one at
1451 to 1523 A.D. (Cabrera and Thouret, 2000) know ing as
Chilcayoc (Ho lo cene to his tor i cal times - gen er a tion III).

GEOPARK COLCA AND VOLCANOES 
OF ANDAGUA

The study area is in the Geopark Colca y Vol ca noes de
Andagua; Fig. 1C). This geopark be longs to the UNESCO
Global Geopark net work, es tab lished to ex hibit and pro tect the
var i ous vol ca nic land forms (Ga³aœ and Ga³aœ, 2017).
Geotourism in the geopark is or ga nized ac cord ing to rules en -
sur ing pres er va tion, ex hi bi tion and ex pla na tion of unique rock
out crops, land scape di ver sity and geo log i cal pro cesses. Eco -
nomic ac tiv i ties are also di rected to wards sus tain able de vel op -
ment.

The area of geopark can be di vided into three main parts:
the Colca Val ley, Colca Can yon and Val ley of the Vol ca noes.
119 geosites are doc u mented (Zavala and Churata, 2016), with 
a clear re cord of struc tural and sed i men tary en vi ron ments, tec -
tonic de for ma tion, evo lu tion of the area through time, trans for -
ma tion of the sur face and deeper in the crust, hot springs, gey -
sers, con di tions of soil de vel op ment, the fluvio-lac us trine net -
work, and var i ous top o graphic land forms (Ga³aœ et al., 2018).
The youn gest vol ca nic forms of the Andahua Group, which
have the high est sci en tific and aes thetic value, are con cen -
trated in the Val ley of the Vol ca noes (clus ter A). The geopark
also in cludes the youn gest, and most re cently ac tive in Peru,
Sabancaya com pos ite vol cano. The pos si bil ity of close ex am i -
na tion of small vol ca noes (sco ria cones) is a unique at trac tion,
which is en hanced for field-ac tive vis i tors.
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METHODOLOGY

GEOMORPHOLOGY

The geomorphological anal y ses per formed were based on
field stud ies and 3D mod els of the vol ca nic struc tures cre ated
with the SfM (Struc ture-from-Mo tion) method: anal y sis of im -
ages taken with a hand-held cam era by the au thors in 2017. 3D
mod els of the vol ca nic forms were con structed us ing the Struc -
ture-from-Mo tion soft ware Agisoft Metascan (https://www.agi -
soft.com/pdf/metashape-pro_1_5_en.pdf). SfM is the name of
the group of al go rithms that al lows for con ver sion of 2D im ages
into 3D mod els (Mali and Kuiry, 2018; Park et al., 2019). SfM al -
go rithms re cog nise high-con trast fea tures of the ob jects pho to -
graphed ob jects, fol low ing their move ment through a se ries of
im ages; this pro duces a sparse point cloud based on the place -
ments of fea tures (Rayan, 2015). The ob ject sur veyed should
fea ture highly con trasted el e ments that pro ject onto at least a
few pic tures. JPG and other stan dard photo files con tain em -
bed ded metadata mak ing it pos si ble to cal cu late and im ple -
ment cam era cal i bra tion files within the soft ware. Al though SfM
al go rithms al low the con struc tion of 3D mod els with strong geo -
met ri cal fea tures, the re sult ing scales are in ac cu rate (Lewiñska
et al., 2021). To cre ate a model with the cor rect scale, the di -
men sions or co or di nates of cer tain el e ments (e.g., GCPs –
ground con trol points) of the ob ject must be pro vided. In the
case of the Val ley of the Vol ca noes, GCPs were de signed as
black and white chess boards of ex actly 20 ́  20 cm (each black
or white square was 1010 cm; Strach et al., 2017). Their co or di -
nates were mea sured us ing GNSS dual-fre quency units. One
was used as a base sta tion (the Arequipa per ma nent base was
used for es tab lish ing pre cise lo ca tion) and an other one as a
rover unit (Maciuk, 2016; Maciuk and Szombara, 2018). The
GCPs had an av er age ac cu racy for XYZ of 4.4 cm.

The SfM sur vey was con ducted in July 2017 and cov ered a
broad area of the Val ley of the Vol ca noes in clud ing the outer
slopes of the Chilcayoc, Chilcayoc Grande and Jechapita vol -
ca noes (Fig. 2). These mod els cov ered two-thirds of the cones.
In ad di tion, a 3D model of the crater and cone of the Chilcayoc
Chico and NiÔamama vol ca noes (Fig. 2) was pro duced. For the 
Puca Mauras vol cano (Fig. 2), a model of the crater and the
cone was cre ated. Ad di tion ally, a model of the south and east
lava flow that orig i nates from the Puca Mauras vol cano was
cre ated. For the smaller cones, the ac cu racy is be tween 2 and
5 m while for the crat ers it is 0.5–2 m (XYZ er ror). For Puca
Mauras the cones model had an av er age XYZ ac cu racy of
~7 m, and the er ror for the lava flow mod els var ied from 2 to
15 m. The mod els were used for better rep re sen ta tion of the
area, for cross-sec tions and for val i dat ing other spa tial data in -
clud ing vol ume cal cu la tions, heights, and slope mea sure -
ments.

For the vol ume cal cu la tions, SfM mod els were used along
with sat el lite-based Dig i tal El e va tion Mod els (DEMs) from Shut -
tle Ra dar To pog ra phy Mis sion SRTM-X (1") with a res o lu tion of
30 m (Kavanagh et al., 2017). SRT mis sions give (a) 16 m ab -
so lute ver ti cal height ac cu racy, (b) 10 m rel a tive ver ti cal height
ac cu racy and (c) 20 m ab so lute hor i zon tal ac cu racy (Wessling,
1999; González et al., 2011; Fornaciai et al., 2012). Ad di tion -
ally, the ALOS DEM ob tained from the Alaska Sat el lite Fa cil ity
(ASF) Dis trib uted Ac tive Ar chive Cen ter (DAAC), was also
used. This DEM has a cell size of 12.5 ´ 12.5 m (Niipele and
Chen, 2019). The height ac cu racy has been es ti mated at 5 m
(Tadono et al., 2014). Re sults of all cal cu la tions were cross-val -
i dated by each DEM and where pos si ble, by the Struc -
ture-from-Mo tion mod els. A val i da tion pro cess checked

whether the nu mer i cal re sults are sim i lar within their re spec tive
ac cu ra cies.

The DEMs were pri mar ily used for cal cu lat ing the to tal vol -
ume of each vol ca nic struc ture. All cal cu la tions were done with
QGIS soft ware (https://qgis.org/pl/site/). Since there is no in for -
ma tion on how the land looked be fore each erup tion or on the
rel a tive ra tios be tween var i ous erup tive prod ucts, the cal cu lated 
vol umes are only con sid ered as rough es ti mates of the bulk vol -
umes. While we have not per formed de tailed tex tural anal y sis
on the vesicularity of the pyroclastic and co her ent erup tive
prod ucts, nor de ter mined the pos si ble ef fects of the sur face
rough ness of lava flows, the vol ume val ues pro vided here, be -
ing at least 20% higher than the dense rock equiv a lent val ues,
are based on anal o gous vol ca nic fields else where (Kereszturi
et al., 2013). We use two sur faces: the top (the cur rent mor phol -
ogy of the land forms) and the bot tom (base sur face on what the
vol ca noes erupted) of the vol ca noes. The bot tom sur face can -
not be es tab lished di rectly as it is cov ered by the lava. Thus, a
the o ret i cal sur face was cre ated for the vol ca noes and lava
flows by pick ing at least 20 ref er ence points on the area close to 
the cone. Based on the mea sured el e va tion and their geo -
graphic po si tions a the o ret i cal bot tom ref er ence sur face was in -
ter po lated and used for fur ther vol ume cal cu la tions of vol ca nic
land forms.

CHRONOLOGICAL CORRELATION

To es tab lish the chro nol ogy and rel a tive ages of vol ca nic
ac tiv ity of the Andahua Group we used pub lished data
(Kaneoka and Guevara, 1984; Cabrera and Thouret, 2000;
Delacour et al., 2007), geo log i cal in for ma tion that we ob tained
dur ing field trips (sea sons 2003–2017) and re mote sens ing in -
for ma tion uti liz ing pho tog ra phy, ASTER DEM, and Land sat
Sat el lite im ages (e.g., Google EarthTM).

A Nor mal ised Dif fer ence Veg e ta tion In dex (NDVI) es ti -
mated the bound aries be tween vol ca nic prod ucts of dif fer ent
gen er a tions. The NDVI en ables com par i son of sea sonal and
inter-an nual changes in bio mass growth and ac tiv ity (Huete,
1988) us ing the ra tio of the near in fra red and red chan nels
(Jensen, 1986). We used it to show the de vel op ment of soils
and veg e ta tion, which re flects the time that has passed since
the erup tion.

PETROLOGICAL ANALYSES

The petro gen etic mod els that are given in this pa per are
based on the chem i cal anal y ses of sam ples col lected by the
first au thor (Ga³aœ, 2014) and sup ple mented by new sam ples
(col lected in 2017) and data pub lished by Delacour et al. (2007,
e.g., sam ple vol6) for rocks lo cated out side of the Val ley of the
Vol ca noes. A to tal of 130 sam ples gath ered from seven re -
gions, in which the Andahua Group rocks oc cur, were stud ied.
50 thin sec tions for trans mit ted light mi cros copy were pre pared
and ana lysed. 45 sam ples were fur ther ana lysed by ICP-MS
and ICP-OES at ACTLABS Ac ti va tion Lab o ra to ries Ltd. (Can -
ada). Ma jor ox ides were sub se quently nor mal ised to 100%.
Trace el e ments were de ter mined with the fol low ing de tec tion
lim its (ppm): Cr, Ni = 20; Zr = 4; Rb = 2; La, Th = 0.1. Se lected
sam ples (14) were ana lysed by means of Quanta FEG and
NOVA NANO SEM 200 elec tron probe mi cro-analysers. These
com prised ini tial re search into the ol iv ine, am phi bole, pyroxene, 
plagioclase and gar net crys tals. Sr-, Nd-iso tope TIMS anal y ses
of 9 sam ples from lavas and Pb-iso tope TIMS anal y ses of 2
sam ples from lavas were per formed us ing the tri ton multi-col -
lec tor mass spec trom e ter in the static mode. Rb and Sr were
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Fig. 2. Age dis tri bu tion of vol ca nic prod ucts of clus ter A (Val ley of the Vol ca noes; ex tent 
of Andahua Group lavas by Ga³aœ, 2011) in ter preted from the state of veg e ta tion by means 

of a nor mal ized veg e ta tion in dex NDVI (Nor mal ised Dif fer ence Veg e ta tion In dex)

Cal cu lated from data from the Land sat 8



sep a rated by ion-ex change ex trac tion chro ma tog ra phy. Sm
and Nd were sep a rated by ex trac tion chro ma tog ra phy on
HDEHP-cov ered tef lon pow der. Pb was sep a rated us ing the
ion-ex change tech nique with Bio-Rad 1 ´ 8. Dur ing the anal y -
ses the 87Sr/86Sr ra tio of the NBS 987 stan dard was
0.710248 ±0.000008 and the 143Nd/144Nd JNd-1 stan dard ra tio
was 0.5121049 ±0.000018. Ex ter nal reproducibility of lead iso -
tope ra tios – 206Pb/204Pb = 0.1%, 207Pb/204Pb = 0.1%,
208Pb/204Pb = 0.2% – at the 2s level has been dem on strated
through mul ti ple anal y ses of stan dard BCR-1.

Three sam ples from Mamani et al. (2008), namely BAS21
(Charcani gneiss es – Arequipa do main), OCO0708 (am phi bo -
lite – Paracas do main) and OCO0703 (gran ite – Paracas do -
main; Ap pen dix 1), were also in cluded in model cal cu la tions.

The pet ro log i cal model cal cu la tions were made us ing the
Petrograph pro gram (https://petrograph.soft ware.in former.
com/2.0/; Petrelli et al., 2005).

RESULTS

MORPHOLOGY OF VOLCANIC LANDFORMS AND AGE CORRELATION

The Andahua Group’s seven clus ters of vol ca nic erup tion
cen tres is lo cated on both sides of the Colca Can yon (Fig. 1C).
Each clus ter con tains sev eral lava fields com posed of suc ces -
sive lava flows, small lava domes, lava vents and pyroclastic
cones. The to tal num ber of vol ca nic cen tres iden ti fied in this
study is 149 (Ta ble 1 and Ap pen dix 2).

As many as 29 lava vents (all Pleis to cene) were not as -
signed to the types de fined due to ero sion and un cer tain ties re -
gard ing their orig i nal shape. Sev eral may be cryptodomes or
tumuli (Mattsson and Hoskuldsson, 2005; Németh et al., 2008), 
pre vi ously de scribed as vents (Ga³aœ, 2011).

LAVA DOMES

These vol ca noes are aligned along feed ing fis sures that
can be recognized in the field and from sat el lite im ag ery by the
pres ence of dis tinct frac ture zones, the ra dial dip di rec tions of
lava spat ter piles and co her ent lava units. Mor pho log i cal anal y -
sis in di cates that the domes have struc tural dif fer ences vary ing
from platy and spiny to axisymmetrical land forms (Fig. 3). They
can be the source of a sin gle flow (type 1A), sev eral lava flows

that poured out in dif fer ent di rec tions or mul ti ple in jec tion–con -
trolled, Christ mas tree-types of domes (type 1B), and lava
domes that were ac tive more than once with vis i ble stages of
growth (type 1C). Type 1A: the flow of rel a tively vis cous lava re -
sulted in the for ma tion of a dome ~100 metres high. The lava
then flowed in one di rec tion, fol low ing the slope, or to form a
wide fan. A breached crater with sharp lava walls on its in ner
parts is of ten seen. On the sur face of the dome, the lava flows
have ag glu ti nated char ac ter is tics. Type 1B is char ac ter ized by
more than one lava flow that orig i nated from a sin gle dome.
Flow struc tures in di cate that the lava did not tear the dome
apart but con tin ued to flow in dif fer ent di rec tions from the dome. 
The 1C-type dome has vis i ble struc tures in side the crater.
These in di cate the in flow of the next batch of lava and the for -
ma tion of a smaller struc ture in side the older one. The struc ture
of the lava flow also in di cates more than one out flow event from
the dome.

Some land forms that are in cised by ero sion show an in te rior 
that is built of mas sive lava. These are dis tinct hills, and the lo -
ca tion of the lava flows in di cates that they were their source.
The Andahua Group domes, with lim ited ero sion, are 20–150 m 
in height. The slope an gles of the lava domes mea sured range
be tween 28 and 39°.

As an ex am ple, the to tal ed i fice bulk vol ume of a lava dome
(type 1A) such as the Chipchane dome (Fig. 4), is 0.3 km3. The
lava field cre ated from the two V8C-D lava domes (type 1B) has
a vol ume of ~1.5 km3.

A few vol ca nic forms of dif fer ent shape and size have also
been ob served. A unique fea ture for the Andahua Group is
seen in the lava dome called Cerro Coropuna in clus ter C
(Fig. 1C). It breaks through the lava cover in a small hang ing
val ley above the Rio Molloco Val ley. It reaches a rel a tive height
of 250 m, and its slope an gle ranges be tween 39 and 43°. It is
com posed of lava blocks, and closely re sem bles Pelean-type
lava domes (Fink and Griffiths, 1998).

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

SCORIA CONES

 Other vol ca nic landform types are small to me dium sized
sco ria cones, which can be di vided into the fol low ing groups
(Fig. 6, Ta ble 1 and Ap pen dix 2): sim ple, sym met ri cal vol ca -
noes (type 2A), cones breached by lava flow (type 2B), and
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Re gions Lava
fields

Lava domes 

and vents

Sco ria 

cones

Com pos ite
vol ca noes

Vol ume

[km3]
Age

A. Val ley of the Vol ca noes 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 Val ley   2 11   0 0   0.8 172–0.23 ka

F. Pampa Jarán   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

To tal 29 103  43 3   41.87

The ages are based on in di vid ual dat ing (Kaneoka and Guevara, 1984; Eash and Sandor, 1995; Cabrera and
Thouret, 2000) cor re lated with field work data (Ga³aœ, 2011, mod i fied)

T a  b l e  1

Quan ti ta tive char ac ter is tics of Andahua Group vol ca noes



com plex shape - multi-ac tive cones (type 2C). The 2A type is
built by al ter na tions of lapilli-to block size pyroclasts and/or lava
spat ter. The sides of the sco ria cones are steep, and they have
shal low crat ers. They are dom i nated by col lars of lava spat ter
around their crat ers and are typ i cally dom i nated by pyroclastic
ma te rial along their base (Dóniz-Páez et al., 2012). Type 2B
orig i nally de vel oped as a cone type 2A, fol lowed by in jec tion of
lava into the crater. Lava could flow out if it com pro mised the
sta bil ity 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 dis tin guished by struc tures that in di cate a
change in the strength of erup tion and a change in its char ac ter. 
Crater edges in serted into larger crat ers, or lava ef fu sions that
flowed out of the cone af ter its par tial breach, are ob served. The 
Andahua Group sco ria cones have a rel a tive height of 50 to
170 m. The cones were formed by re peated Strombolian-style
ex plo sive erup tions. The ex ter nal slope an gle for most of the
mea sured cones (31 from 42) ranges be tween 28 and 36°. The
ed i fice vol ume of the sco ria cones is usu ally small, on the or der
of 0.002–0.1 km3 with only two ex cep tions. The larg est one,
Puca Mauras (Fig. 4), has a vol ume of 0.15 km3 and Cerro
Mauras 0.13 km3. In to tal, 23 cones are type 2A, while only 5 are 
type 2B cones (Ucuya, Pampalquita, Chilcayoc, Cerro
Pucqguada), 3 type 2C (Cerro Mauras, Ticsho, JenchaÔa) and
a sin gle cone (Chico) shows fea tures of type B and C.

Only five cones could be de scribed as hav ing a com pound
erup tion his tory: Strombolian type erup tion and ef fu sive ac tiv ity
(type 2B).

Twelve other cones of dif fer ent age were also ob served
(Smoll et al., 1997; Ga³aœ, 2011). How ever, they were ob served 
as parts of pre vi ous vol ca nic struc tures. There fore, none of
them could be clas si fied ac cord ing to types A–C.

Next to the cones there are plains of black vol ca nic ash. Ash 
from older erup tions is over lain by soil and in places col lu vium.
The youn gest ashes ap pear at the sur face. The thick ness of the 
cover is usu ally 0.5 m, but it can reach up to 2 m (e.g., near the
Gloriahuasi vol cano; Fig. 1). In ad di tion to the ash, the cover
also con tains lapilli and small vol ca nic bombs.

POLYGENETIC VOLCANOES

Some vol ca noes of the Andahua Group are clas si fied as
monogenetic based on their ed i fice/erup tive vol ume, sim plic ity
of vol ca nic ar chi tec ture and the lack of ev i dence for time hi a -
tuses within their erup tive prod ucts (Delacour et al., 2007).
How ever, not all the vol ca noes share these monogenetic char -
ac ter is tics. The greater part vol ume of the prod ucts of vol ca nic
ac tiv ity and the re ju ve na tion of ac tiv ity af ter thou sands of years
in di cates that there are vol ca noes with poly gen etic fea tures in
the Andahua Group. There are sev eral com plex vol ca noes that
can not be clas si fied as a typ i cal monogenetic vol cano, such as
Gloriahuasi, Puca Mauras and Ticsho (Figs. 1, 4 and 6,
Table 1, Ap pen dix 2).

There are also two vol ca noes (Antapuna and Gloriahuasi)
built of lay ers of lava and pyroclastic rocks. Their heights are
190 m for Antapuna and 412 m for Gloriahuasi – 412 m. Lo -
cated within clus ters B and F, re spec tively (Fig. 1C), they are
rather small com pos ite vol ca noes.

Puca Mauras in the Val ley of the Vol ca noes can be con sid -
ered as the best ex am ple of a typ i cal com plex vol cano with a
few erup tion phases, a chang ing erup tion style and a larger vol -
ume than those of monogenetic (Fig. 4). Lava oc cu pies the en -
tire width (~4–6 km) and length of a 16 km long val ley to the
north of the vil lage of Andagua. The main erup tion cen tres are
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Fig. 3. View and sim pli fied geo log i cal cross-sec tion of Andahua Group dif fer ent lava dome types

For lo ca tion of se lected lava domes see Fig ure 4



lo cated at the east ern edge of the val ley near the in ac tive Santa 
Rosa an ti mony mine (Fig. 4). They can also con sist of vo lu mi -
nous and ex ten sive lava flows that were erupted from ei ther
one or a group of vents or are de rived from breached sco ria
cones. The lava flows from the V8B lava dome (type 1C), cre -
ated in sep a rate ep i sodes (Figs. 2 and 4), and run ning into the
Puca Mauras cone, have a bulk vol ume of >3 km3. Lava flows
and vol ca nic ash cover an area of ~70 km2. The lava flows orig i -
nated from three large (V8B, V8C, V8D) and one small lava
domes (V8E). The lava flowed ra di ally to the north, west and
south to form a 100–150 m thick cover with nu mer ous lobes
(Fig. 7). The lon gest flow is ~10 km long and 2 km wide (Ga³aœ,
2008). Three pyroclastic cones, in clud ing the larg est in the Val -
ley of the Vol ca noes – Puca Mauras – formed the youn gest
erup tions. The Puca Mauras cone has a rel a tive height of
350 m, a crater with a di am e ter of 300 and a depth of 80 m. The
crater’s rim has a 50 m-deep breach through which lava ex ited.
The lower part of the cone is made of strongly weath ered vol ca -

nic rocks, as clasts 1 mm across or smaller. The youn ger, up per 
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 per im e ter of the Val ley of the
Vol ca noes’ ditch. Com pared to the other Andahua Group vol ca -
noes, the pres ence of the most com plex lava domes and the
larg est sco ria cones sug gest that these erup tions were the most 
vo lu mi nous and po ten tially the lon gest-lived in the area.

PETROGRAPHY AND GEOCHEMISTRY

The lavas of the Andahua Group have hypocrystalline-por -
phy ritic tex ture. The pheno crysts and microphenocrysts are
mainly rep re sented by plagioclase al though ol iv ine,
clinopyroxene and am phi bole are also pres ent. The plagioclase 
reaches sizes up to 5 mm, ol iv ine up to 2 mm, clinopyroxene up
to 1.5 mm and am phi bole to 4 mm. The groundmass is inter gra -
nu lar, pilotaxic, felty or hyalopilitic with microlites com posed of
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Fig. 4. Map of Puca Mauras com plex, ac tive dur ing Late Pleis to cene (Gen er a tion II)

Lava flows emplaced dur ing I–III erup tive ep i sodes; for lo ca tion of cross-sec tion A–B  see Fig ure 7
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Fig. 5. NiÔamama dome

A – mesh model with photo-re al is tic tex ture; height from the base to the pre served rim 60 m; yel low, dot ted line means re con struc tion;
view from the north; B – lava flow poured from NiÔamama dome high lighted on a Red Re lief Im age Map; the place where photo C was

taken is marked; C – view from the west ern rim of the col lapsed part of the dome with a feeder dike (an a logue photo)
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Fig. 6. View and sim pli fied geo log i cal cross-sec tion of Andahua Group sco ria cones types

 For lo ca tion of se lected sco ria cones see Fig ure 2
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plagioclase, pyroxene, ox ides and lo cally ol iv ine. In con trast,
the dom i nant pheno crysts within the lavas from the Puca
Mauras lava field are plagioclase and mi nor am phi bole al -
though mag ne tite is also pres ent. Most of the am phi bole crys -
tals are re placed by sec ond ary ox ides. They con tain mag ne tite
as pheno crysts, microphenocrysts and microlites.

In pet ro log i cal terms, the prod ucts of the Andahua Group
vol ca noes are ba saltic andesites, andesites and dacites
(Fig. 8). Us ing the TAS di a gram (Le Maitre et al., 1989) these
are re spec tively clas si fied as ba saltic andesites, ba saltic
trachyandesites, trachyandesites (latites) and trachydacites
(Ga³aœ, 2014).

In the ba saltic trachyandesites, am phi bole and ol iv ine com -
prise the dom i nate pheno crysts and microphenocrysts but are
also ac com pa nied by plagioclase. The euhedral ol iv ine crys tals
ex hibit nu mer ous cracks and frag mented edges (Fig. 9A) and
are cov ered by rims of iddingsite and goethite. The com po si tion
of the ol iv ine ranges from Fo74 (core) to Fo62 (rim). The com po -
si tion of plagioclase pheno crysts ranges from An44 to An71

(Delacour et al., 2007) and from An48 to An67 in the
microcrystalline groundmass (Ga³aœ, 2014). Oc cur rences of
pyroxene in the form of di op side, augite (Wo38En47Fs13) and en -
sta tite (Wo4En73Fs23) have also been re corded.

In the trachyandesites, plagioclase dom i nates, with mi nor
am phi bole and pyroxene. The plagioclase shows signs of melt -
ing and con tains fluid in clu sions, rarely show ing marked zon ing
(Fig. 9B). In ad di tion, the am phi bole shows signs of changes
and cor ro sion with embayments that are filled with a finely crys -
tal line groundmass (Fig. 9C). The grains of clinopyroxene are
hipautomorphic (small py rox enes are also pres ent in the
groundmass) with small compositional changes:
Wo36-43En43-52Fs10-15 (Ga³aœ, 2014).

The trachydacites con tain plagioclase and am phi bole. The
plagioclase has a chem i cal com po si tion in the oligoclase-an de -
sine field and con tains more Ca than the plagioclase of the
groundmass.

Sev eral sam ples con tain var i ous types of up per crustal xe -
no liths. Thes rep re sent rock frag ments of granodiorite with di -
verse crys tal sizes from the Arequipa Mas sif (Pro tero zoic)
(sam ple from Gloriahuasi vol cano) and quartz ite
(Cochapampa) as well as bro ken meta mor phic quartz crys tals
(Marhuas vol cano) de rived from Me so zoic quartzites (Yura or
Murco for ma tions). In lavas from the Huajana lava dome (V8C,
Fig. 3), andraditic gar net glomerocrysts (Puca Mauras lava
field) are com mon. They show a com plex zon ing pat tern with
mot tled cores, os cil la tory man tles (en riched in Ca and Al) and
un zoned rims. They host a few in clu sions of anhydrite, ha lite, S- 
and Cl-bear ing sil i cate glass, quartz ite, an or thite, wollastonite
and mag ne tite (Ga³aœ et al., 2021).

The SiO2 con tent of the Andahua Group lavas ranges from
52 to 68 vol.% (Fig. 8). The rocks lie within the high-K calc-al ka -
line se ries with a prev a lence of so dium over po tas sium. The
Andahua Group lavas are en riched in light REE. More de tails
on the sam ples and pe trol ogy of Andahua Group are avail able
in Ga³aœ (2014).

PETROGENETIC MODELLING

The mod els pre sented here are based on a rep re sen ta tive
set of sam ples (Ap pen dix 2) taken from the Andahua Group vol -
ca nic clus ters (Fig. 1C). The mod els con sider the Charcani
Gneiss es from the Arequipa do main and granitoids from the
Paracas do main as pos si ble sources of con tam i na tion. Me so -
zoic sed i men tary rocks are also treated as con tam i nants (al -
though not strictly in cluded in the mod els). They also con sider
the wide dis per sion of Andahua Group vol ca nic ac tiv ity in both
time (gen er a tions I–III) and space (clus ters A–G).

FRACTIONAL CRYSTALLIZATION (FC)

Frac tional crys tal li za tion equa tions (Ray leigh equa tion)
were ap plied to the mod el ling of trace el e ments. Frac tional
crys tal li za tion of plagioclase, am phi bole and Ti-mag ne tite was
in ferred in the prim i tive, ba sic magma. The role of frac tional
crys tal li za tion sug gests: the pres ence of zoned plagioclase
pheno crysts and cor re la tion be tween in com pat i ble el e ments. A
rel a tively nar row range of 87Sr/86Sr val ues (Ap pen dix 3) in di -
cates ini tially one source of prim i tive magma. The most prim i -
tive lava in this part of the CVZ (sam ple vol6, Delacour et al.,
2007) fits per fectly be tween the pro jec tions of the com po nents
of the rock sam ples from the Andahua Group lavas. The “vol6”
sam ple, with 7.3 vol.% con tent of MgO (Ap pen dix 1), was used
to model the ini tial magma in the deep crustal res er voir. Sim i lar
as sump tions have been made in other anal y ses, re gard ing the
pa ren tal mag mas of the Cen tral An des re veal ba saltic rocks
(James et al., 1976; Klerkx et al., 1979; Wil son, 1989).

The par ti tion co ef fi cients used for the bas alts and ba saltic
andesites are shown in Ta ble 2. Us ing the mass-bal ance al go -
rithm of Störmer and Nicholls (1978), the ra tio of the min er als
crystallising from the magma was cal cu lated to be 50.22 vol.%
Pl + 46.97 vol.% Amp + 2.81 vol.% Ti-Mag. The val ues of
Sr2 = 0.8814 show ac cept able cor re la tion be tween the model
and data (Janoušek et al., 2015). The re sult of these cal cu la -
tions is that: (a) ol iv ine and pyroxene do not play a sig nif i cant
role in the frac tional crystallisation pro cess; and (b) frac tional
crys tal li za tion of plagioclase, clinopyroxene and am phi bole
from ba saltic andesites to trachyandesites is very likely.

The first sec tion of the FC-trend (Fig. 10A) does not co in -
cide with the pro jec tion of sam ples. This is due to the low-Zr AG
lavas that are also rel a tively poor in Cr (Ap pen dix 2). The Cr vs.
Zr curves only partly cor re late with the FC-mod elled trend, i.e.,
that re gard ing to the most ba sic and Zr-poor rocks of the AG
(Fig.10A). Since, in ol iv ine and clinopyroxene, Zr is an in com -
pat i ble el e ment and Cr is a com pat i ble el e ment, this sup ports
the the sis that frac tion ation of these min eral phases is not of
great im por tance. Con sid er ing the Sr vs. Rb and Zr vs. Rb
trends, their FC model curves pro vides no fit what so ever
(Fig. 11A, B).

The frac tional crys tal li za tion of po ten tially im por tant min er -
als (plagioclase and am phi bole) has a sup port ing or min i mal
role in dif fer en ti a tion of mag mas that is ob served in lavas of the
Andahua Group. Fig ures 10 and 11 sug gest that frac tional crys -
tal li za tion has been re corded in the first gen er a tion of lavas
from the Pampa Jarn clus ter.

ASSIMILATION AND FRACTIONAL CRYSTALLIZATION (AFC)

The dis tinct pos i tive cor re la tions of 87Sr/86Sr ra tios to SiO2

con tent and neg a tive 143Nd/144Nd ra tios to SiO2 con tent in lavas
of the Andahua Group (Ga³aœ, 2014) sug gest the im por tant role 
of crustal con tam i na tion in magma evo lu tion. One of the in di ca -
tions of con tam i na tion by sed i men tary rocks, xeno crysts, which
con tain andraditic gar net, has been dis cov ered in the Andahua
Group lava ag glom er ates. These are only found in one place
and were de ter mined to be a prod uct of in ter ac tion of the
magma with evaporites (Ga³aœ et al., 2021).

The cal cu la tion of the AFC model was based on equa tions
from De Paolo (1981). The same sam ple vol6 magma as pre vi -
ously con sid ered in the FC model was used for the par ent ma -
te rial in this model. The AFC equa tion was de rived con sid er ing
that both pa ram e ters, r (the ra tio of the rate of as sim i la tion to
the rate of frac tional crys tal li za tion) and D (the bulk dis tri bu tion
co ef fi cient), are con stant (Wil son, 1989).

James (1982) pre pared the first AFC mod els for the north -
ern part of the CVZ. As a con tam i nant, he iden ti fied the Char -
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cani Gneiss es be long ing to the Arequipa Mas sif. A sim i lar AFC
model (the Charcani Gneiss be ing con sid ered as a con tam i -
nant) was also pro posed (Samaniego et al., 2016) for the
Sabancaya stratovolcano, which is lo cated south of Colca Can -
yon (Fig.1C). Sub se quent au thors (Delacour et al., 2007;
SÝrensen and Holm, 2008) did the same to de scribe the AFC
pro cesses for the Andahua Group. We con sid ered here the
pos si bil ity of an other con tam i nant, i.e., the gran ites and am phi -
bo lites of the Paracas Mas sif that oc cur in the base ment of the
cen tral and north ern part of the study area (Mamani et al.,
2008). The AFC1 submodel as sumes the Charcani Gneiss es
as a con tam i nant, while the AFC2 sub-model as sumes
granitoids of the Paracas Mas sif as a con tam i nant.

The Paracas Mas sif is char ac ter ized by a thin ner un der ly ing 
crust that is de scribed as less mafic than that lo cated to the
south of the Arequipa Mas sif (Mamani et al., 2008). Dis tinct dif -
fer ences be tween 206Pb/204Pb and 87Sr/86Sr ra tios (Delacour et
al., 2007 and Ap pen dix 2) for the erup tion prod ucts from the
Huambo re gion (Fig. 12; clus ter G) and those from the Val ley of
the Vol ca noes (A) or Antapuna (clus ter B) sug gest the pres -

ence of a su ture be tween these two mas sifs along the Colca
Can yon line (Mamani et al., 2010). The Paracas do main rocks,
con sid ered here as con tam i nants, are sig nif i cantly dif fer ent in
their con tent of trace el e ments to the lavas of the Andahua
Group. They con tain higher amounts of Zr, Nb and Th (Ap pen -
dix 1).

In ter est ingly, the Puca Mauras vol cano (clus ter A Valle of
the Vol ca noes) and its prod ucts show a ra tio of 206Pb/204Pb iso -
topes (Fig. 12; Delacour et al. 2007) typ i cal of the tran si tion
zone be tween the Arequipa and Paracas do mains. Ad di tion ally, 
south of Puca Mauras, al though a con tin u a tion of the tran si tion
zone could be ex pected, the lavas of the Andahua Group up to
the south side of the Colca Can yon show the same chem i cal
fea tures as those of the Paracas do main (Fig. 12). Prob a bly the
north ern bound aries of the tran si tion zone (Mamani et al., 2010) 
are de fined by the lava flows of the Sora Val ley (APS4) and the
Puca Mauras (Fig. 2), which have val ues typ i cal of the Paracas
do main.

These are in di ca tions that the Paracas Mas sif has a dom i -
nant role in the con tam i na tion of the magma feed ing the vol ca -
noes of the Andahua Group. The south ern bound ary of the
Paracas Mas sif pos si bly lies south of the Colca Can yon.

A low ra tio of 87Sr/86Sr (Ap pen dix 3) likely im plies a low
amount of con tam i na tion as the Charcani Gneiss es and
Paracas granitoids have a higher Sr iso to pic ra tio. The melt ing
of these rocks could have con tam i nated the mag mas that were
sup ply ing the vol ca noes of the AG, lead ing to el e vated Sr and
Pb iso tope ra tios (Mamani et al., 2010; Ga³aœ, 2014).

From the re la tions be tween Cr, La and Zr, it is pos si ble to
draw con clu sions re gard ing the evo lu tion of the as sim i la tion
pro cesses (Fig. 10). In the AFC submodels con sid ered here,
the ra tio (r) be tween the as sim i la tion and frac tional crys tal li za -
tion rates has been set at 0.15 (Aitcheson and For rest, 1994).

Eval u a tion of the fit of the nu mer i cal mod els on the plot in di -
cates that as sim i la tion and frac tional crys tal li za tion are most
prob a bly both sig nif i cant to the evo lu tion of the Andahua Group
lavas. The course of the curves of both mod els is rel a tively
close, which is not sur pris ing due to the geo chem i cal sim i lar ity
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Fig. 8. Plot of K2O ver sus SiO2 con tents (wt.%) for Andahua Group

Calcalkaline se ries clas si fi ca tion is from Le Maitre (1989); ox ide con tents are re cal cu lated to
100% on a vol a tile – free ba sis; gen er a tion: I – Pleis to cene, II – Pleis to cene–Ho lo cene, III –

Ho lo cene
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of these two mas sifs. In both mod els the AFC1 and AFC2 fit rel -
a tively well into the Andahua Group prod uct point cloud
(Figs. 10 and 11). The AFC2 submodel is the slightly better fit -
ted (Figs. 10 and 11), in both space (cor re lates with sam ples
from sev eral of the Andahua Group clus ters) and in time (cor re -
lates with sam ples from all Andahua Groupgenerations). This

in di cates a higher de gree of con tam i na tion from the Paracas
granitoids. A change fol lows to AFC1 for the youn gest erup -
tions, where they are better fit ted to other con tam i nants such as 
the Charcani Gneiss es.

The Andahua Group mag mas pos si bly formed in sev eral
cham bers lo cated at var i ous depths and were con se quently
sur rounded by rocks with dif fer ent com po si tions. As a re sult,
the mag mas in the sep a rate cham bers could as sim i late var i ous 
com po nents from the lo cal coun try rocks and the re sult ing pro -
por tions of mol ten com po nents could also vary. The lack of
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Fig. 9. Pho to mi cro graphs of trachyandesite lavas
 of the Andahua Group

A – ol iv ine in no. H44 (F clus ter); B – feld spar with marked zon ing
in no. VO2 (G clus ter); C – latite from the Val ley of the Vol ca noes
(sam ple no. DK3), oxyhornblende pheno crysts in microcrystalline

groundmass with weakly ex pressed fluidal tex ture

Fig. 10. Vari a tion di a grams for a suite of Andahua Group
rocks with the curves of petro gen etic mod els

FC – frac tional crys tal li za tion, AFC(1–2) – as sim i la tion and frac -
tional crys tal li za tion, Mix1 and Mix2 – mix ing; clus ters of the
Andahua Group rocks (Fig. 1C): A – Val ley of the Vol ca noes, B –
Antapuna, C – Río Molloco, D – Laguna Pariuhuana, E – Río Colca
Val ley, F – Jaran, G – Huambo (vol6 af ter Delacour et al., 2007)



clear dif fer ences be tween AFC1 and AFC2 is due to the pres -
ence of a wide tran si tion zone (be tween the Arequipa and
Paracas do mains), where both do mains af fect (Fig. 12), al beit
to a dif fer ent de gree, magma dif fer en ti a tion.

MAGMA MIXING

The lin ear cor re la tion of the Andahua Group lavas on Fig -
ure 13A and curves on Fig ure 13B show the the o ret i cal melt
com po si tion pro duced by mix ing. When data lie on straight lines 
(Fig. 13A) they rep re sent par tial melt ing or mix ing, al though mi -
nor frac tion ation can con trib ute to the scat ter. Re la tion ships on
Fig ure 13B de fine curve ar rays, which can be in ter preted as
mix ing hy per bo las.

We ac cepted that a deep lo cated res er voir was filled with
man tle magma of hy po thet i cal vol6 com po si tion, i.e., the com po -
si tion al ready ap plied in pre vi ous (FC and AFC, Ap pen dix 1) con -
sid er ations. We tested the case of ba saltic magma mix ing in an
open magma cham ber with dacitic magma. The pos si bil ity of
mix ing with dacitic magma, which had fea tures like Charcani
Gneiss es (Mix1) and Paracas granitoids (Mix2), was tested. As a 
re sult, new hy brid mag mas could form due to the mix ing of man -
tle magma with the more silicic magma. The trends of both mod -
els (Mix1 and Mix2) do not fit well, al though the Mix1 model cor -
re lates to some de gree with the sam ples with a low Zr con tent,
and the Mix2 model with the sam ples with a high Zr con tent.

De spite many at tempts, it was not pos si ble to work out a
mix ing model that would better fit the data. In the Andahua
Group mag mas, prob a bly the mix ing of magma takes place at a 
very small scale, and other pro cesses may ex ert more in flu ence 
on the lava com po si tion.
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Fig. 11. Vari a tion di a gram for a suite of Andahua Group with the
curves of the petro gen etic mod els FC, AFC1 (Charcani Gneiss -
es as a con tam i nant), AFC2 (granitoids of the Paracas Mas sif as 
a con tam i nant), Mix1–2

Fig. 12. Vari a tion in 206Pb/204Pb of AG with in flu ence 
of crustal do mains

Arequipa – green (16.083<206Pb/204Pb<18.453), Paracas – pink
(206Pb/204Pb>18.551) and tran si tion zone – yel low (18.453<206Pb/
204Pb<18.551) Mamani et al. (2010), sam ples AND-…and HUAM-…
af ter Delacour et al. (2007)

Fig. 13. Plot of highly in com pat i ble trace el e ment

A – Th/Nd vs. Nd with lin ear cor re la tion; B – Rb vs. Rb/V for the
Andahua Group lavas with mix ing hy per bola



VOLCANIC EVOLUTION

In this sec tion we at tempt a tem po ral or der ing of events, vol -
ca nic landform gen er a tion and as so ci ated magma com po si -
tions. The vol ca nic cen tres of the Andahua Group formed in
three evo lu tion ary steps. In chro no log i cal or der, these gen er a -
tions oc curred in (I) Pleis to cene, (II) Pleis to cene/Ho lo cene and
(III) Late Ho lo cene time.

GENERATION I (0.5–0.126 MA)

The first gen er a tion of the Andahua Group ac tiv ity formed in 
the cen tral and north ern part of the Val ley of the Vol ca noes
(clus ter A, see Fig. 1), Antapuna (B), Rio Colca Val ley (E),
Pampa Jarán (F) and in Huambo-Cabanaconde (G). K-Ar
whole-rock anal y sis of the old vol ca nic prod ucts (Kaneoka and
Guevara, 1984) showed that the age of Andahua Group lavas
can be es ti mated as 0.5 Ma for the cen tral part of the Val ley of
the Vol ca noes (Ap pen dix 2). Lava from the op po site end of the
field, around the Ticsho vol cano (Fig. 4), was dated by the K-Ar
whole-rock method and its age es ti mated at 0.27 Ma (Kaneoka
and Guevara, 1984). These dates should be in ter preted as sep -
a rate pe ri ods of ac tiv ity, as the lava in the Colca Val ley was
dated at 0.4 and 0.23 Ma (Kaneoka and Guevara, 1984). The
lava sur faces are weath ered and soil-cov ered. The old gen er a -
tion (Pleis to cene) of lavas in the AG are veg e ta tion-cov ered
and of ten trans formed into ag ri cul tural fields (Fig. 2).

De spite sig nif i cant ero sion of vol ca nic forms of the first gen -
er a tion, 33 lava domes, 29 lava vents (un de fined type) and 17
sco ria cones were rec og nized (Ta ble 1). In the cen tral part of
the Val ley of the Vol ca noes lava flow fields are pres ent in the
area of Andagua and the vil lage of Misahuanca (Figs. 1C and
2). A lava flow field is also known in the side val ley of the Rio
Tambo (Ap pen dix 2 – D10, Dk8) and it is in ferred to be sourced
from monogenetic vents above Soporo (Fig. 2). There are also
sco ria cones (Pampalquita, Ucuya) that were formed dur ing the
same pe riod above Soporo. How ever, dur ing this time, sco ria
cones (6) also formed in the Pampa Jarán (clus ter F). A much
greater in ten sity of erup tions is con firmed by the pres ence of
two com plex vol ca nic land forms. These are the Gloriahuasi
(clus ter F) and Antapuna (4890 m a.s.l., clus ter B) vol ca noes,
both built as typ i cal com pos ite vol ca noes (Fig. 1C). In the
strongly gla cially eroded Antapuna mas sif, par a sitic cones are
ob served on the southeast ern flank of the com plex Antapuna
vol cano. It is the larg est vol ca nic form of the AG formed in this
pe riod.

The prod ucts of this erup tive gen er a tion cor re spond to ba -
saltic trachyandesites – trachyandesites, which are the most
ba sic (52.13–53.51 vol.% of SiO2) in the whole pop u la tion of the 
Andahua Group prod ucts (Ga³aœ, 2014). Delacour et al. (2007)
de scribed lavas from Pampa Jarán (clus ter F) as ol iv ine-rich
ba saltic andesites. The min er al og i cal-geo chem i cal na ture of
the lava from Pampa Jarán sug gests that prob a bly they came
from lit tle-dif fer en ti ated magma, evolved dur ing frac tional
crystallisation (Fig. 10).

In the rest of the lava from this Andahua Group, the pres -
ence of ol iv ine, and the geo chem i cal and iso to pic com po si tion,
sug gest a low de gree of crustal con tam i na tion dur ing the mag -
matic evo lu tion of the Andahua Group vol ca noes (Ap pen dix 2).
The re sults ob tained sug gest the in flu ence of con tam i na tion
from both the Arequipa and Paracas do mains (Fig. 14).

GENERATION II (172–10 KA)

This gen er a tion rep re sents ac tiv ity in all the clus ters of the
Andahua Group with the ex cep tion of the Antapuna Mas sif (B
clus ter). Pub lished ages (K-Ar anal y sis by Kaneoka and
Guevara, 1984; Eash and Sandor, 1995) in di cate pos si ble
erup tive ac tiv ity at 172 ka, 95 ka, 64 ka and 60 ka. The pre vi -
ously men tioned Antaymarca vol cano was dated 60 ka. For
lavas from Puca Mauras, a rel a tive erup tion time of <13,000
years BP was de ter mined (Huang et al., 2017).

In the sec ond gen er a tion, 31 lava domes and 13 sco ria
cones were iden ti fied (Ta ble 1). Large erup tions are in ferred to
have taken place in the Val ley of the Vol ca noes and
Huambo-Cabanaconde (clus ters A and G, Fig. 1C). In the Val -
ley of the Vol ca noes, north of Andagua, there is a large lava
flow field pre vi ously de scribed as the Puca Mauras com plex
(Figs. 2, 4 and 7). The lava flow field cov ers an area of ~70 km2

with a max i mum thick ness up to 400 m. The to tal vol ume of the
vol ca nic com plex is es ti mated to be ~5 km3. Sim i lar, but
smaller, vol ca nic com plexes are com posed of sev eral lava
flows that en tered the neigh bour ing Sora Val ley (Fig. 2) and on
the south ern side of the Colca Can yon in the “clus ter G”.

In this gen er a tion, un usual for this Group, the clas sic
Peleean lava dome type (Fran cis and Oppenheimer, 2004) de -
serves at ten tion. Six iso lated monogenetic sco ria cones around 
the Lagoon Parihuana, scat tered over a large area, with no tec -
tonic re la tion ship, are also ob vi ous vol ca nic land forms in the “D
clus ter”.

The min er al og i cal and geo chem i cal com po si tions of the
ana lysed sam ples from the II-gen er a tion of the Andahua Group 
prod ucts show an in creased de gree of magma evo lu tion
(Figs. 8, 10 and 11). The rocks of this stage in clude both
trachyandesites and more silicic de riv a tives – trachydacites,
which petro graphi cally in di cate a tran si tional char ac ter be tween 
stages I and II. An in crease in Rb con tent in di cates a larger
amount of con ti nen tal crust con tam i na tion or can also oc cur by
magma frac tion ation. The most con tam i nated melts are the
silicic lavas from the Rio Molloco Val ley (CM, C clus ter, Ap pen -
dix 2) and the Val ley of the Vol ca noes (ARCH1, A clus ter, Ap -
pen dix 2).

Based on the ra tio of 206Pb/204Pb iso topes the Pampa Jarán
vol ca noes show clear in flu ence of the Arequipa and Paracas
do mains (Figs. 12 and 13). Ac cord ingly, on the north side of the
Colca Can yon there is a tran si tion zone (Mamani et al., 2010)
bounded by the Puca Mauras vol cano (AND-99-01,
AND-99-10, Dealour et al., 2007) and the lava flows of the Sora
Val ley (APS4). The youn gest prod ucts of such con tam i na tion
cross the bor der of the tran si tion zone marked by the Puca
Mauras vol cano and the lava flows in the Sora Val ley. Ev ery -
thing in di cates that the in flu ence of the Gneiss Charcani as a
con tam i nant is lim ited to the l of the Colca Can yon (Fig. 14).

Prod ucts from the Puca Mauras com plex are more evolved
com pared to the other rocks of the AG and andraditic xe no liths
are ob served in the Huajana lava dome, that show mixed meta -
mor phic-mag matic or i gin (Ga³aœ et al., 2021).

GENERATION III (10 KA–RECENT)

Nu mer ous vents in the Val ley of the Vol ca noes (clus ter A)
and a sin gle vent in both the Antapuna Mas sif (B clus ter) and
Huambo-Cabanaconde (G clus ter) were formed in the past
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10 ka (Fig. 1C, Ta ble 1, 14C anal y sis by Cabrera and Thouret,
2000). The 14C, K/Ar and U-se ries disequilibria anal y ses of
prod ucts from this stage (Kaneoka and Gewarra, 1984;
Delacour et al., 2007), pro vided erup tion ages of 4050, 2900,
2650 and 520 years BP. For the Pumaranra lava domes, a rel a -
tive erup tion time of <10,000 years BP was de ter mined
(Bromley et al., 2019). Dif fer ent vol ca nic ma te ri als from the
Ticsho vol cano (Fig. 2) were dated with the K/Ar method to
0.27 Ma and with 14C to 4050 y BC (Kaneoka and Guevara,
1984; Cabrera and Thouret, 2000). The last dated erup tion is
the Chilcayoc Chico vol cano 370 ±50 a (Cabrera and Thouret,
2000). A fresh lava sur face and sparse veg e ta tion cov er age
(Fig. 2) shows that the youn gest vol ca nic landform is a
NiÔamama lava dome.

Only 9 lava domes and 9 sco ria cones are rec og nized in to -
tal for this youn gest gen er a tion. Three lava fields were formed
in the Val ley of the Vol ca noes. They are (Fig. 2) the Chilcayoc,
Sucna and Accompampa vol ca noes. In the Chilcayoc field, ini -
tial out pour ing points for lava flows are lo cated at breached sco -
ria cones such as the Chico, Chilcayoc and Chilcayoc Grande
vol ca noes. The Chico sco ria cone is breached by a lava flow,
and the edges of the older erup tive prod ucts are ex posed in the

walls of the main crater (Lewiñska and Ga³aœ, 2021). The clas -
sic and reg u lar monogenetic sco ria cone of Jechapita has a
small vol ume of 0.02 km3 and prob a bly stands at the top of a
lava vent. The Chilcayoc lava field blocked the Andagua River,
which cre ated the Chachas La goon. The lava flows of this gen -
er a tion cover the south ern part of the Val ley of the Vol ca noes
from the line of JenchaÔa-NiÔamama con nect ing with the Colca 
Can yon. Lava domes and fis sure vents feed the Accompampa
and Sucna lava flow fields (Fig. 2). Two lava domes, near
Sucna, emit ted lava, which cas caded to wards Colca Can yon.
The high est of the lava domes is 70 m high and the lon gest lava
flow is 20 km long. The small lava dome NiÔamama is the typ i -
cal form of the Andahua Group vents. The lava flow, out of the
NiÔamama lava dome is 4 km long, 1 km wide, and 33 m high,
with a vol ume up to 0.25 km3 (Figs. 2 and 5).

Lava flows of this gen er a tion show in ter me di ate chem i cal
char ac ter, and com prise only trachyandesites. They are also
char ac ter ised by the high est ra tio of 143Nd/144Nd (Ga³aœ, 2014).
The geo chem i cal and iso to pic com po si tions (Ap pen dix 3), and
petro gen etic mod el ling, sug gest re duced crustal con tam i na tion
dur ing this mag matic evo lu tion stage. This prob a bly in di cates
that an AFC1-type pro cess was a dom i nant con trol for the evo -
lu tion of this gen er a tion.

IMPLICATIONS FOR VOLCANIC HAZARD ASSESSMENT

Dur ing the Ho lo cene 27 vents were ac tive in clud ing 17
small lava domes or fis sures and 8 sco ria cones. They were lo -
cated in clus ters: A – Val ley of the Vol ca noes, B – Antapuna
and G – Huambo-Cabanaconde (Fig. 1C). There are five sco ria
cones and two lava domes dated from 4050 to 370 years old
(Cabrera and Thouret, 2000; Delacour et al., 2007). The ac tiv ity 
zone is lo cated be tween the Ticsho vol cano in the north and the
group of lava domes near Sucna in the south. The most likely
re gion of vol ca nic re ac ti va tion is ex pected along three align -
ments of vents of pre vi ous Ho lo cene erup tion. In this area, the
vil lage of Andagua is lo cated, the sec ond most pop u lated set -
tle ment in the Val ley of the Vol ca noes. Also in prox im ity are
Chachas, Soporo and Sucna vil lages (Fig. 2).

Lava ef fu sion and sco ria erup tion should be con sid ered as
a most likely erup tion sce nario for fu ture vol ca nic ac tiv ity.
Strombolian style ex plo sive ac tiv ity is more haz ard ous than
pure lava ef fu sions (Vilches et al., 2022) due to the ex plo sive
na ture of the for mer. The Andagua and Soporo set tle ments
could suf fer ashfall events as they are near to the sites of these
ex pected fu ture erup tions. The ag ri cul tural ter races around the
vil lages would then be ex posed both to fall ing vol ca nic bombs
and tephra. De struc tion of the ar eas and even tem po rary sus -
pen sion of ag ri cul tural ac tiv ity would de prive in hab it ants of the
set tle ments of their sole source of in come.

All mag mas con tain dis solved gases that are re leased dur -
ing ef fu sive or ex tru sive type erup tions as well as be tween erup -
tive ep i sodes. The ag glom er ates with andraditic gar net dis cov -
ered on Huajana lava dome (Fig. 4) host nu mer ous in clu sions
of anhydrite, ha lite, S- and Cl-bear ing glass, an or thite,
wollastonite and spinel (Ga³aœ et al., 2021). We spec u late that
vol ca nic ac tiv ity of the Andahua Group might have pro duced
sub stan tial emis sion of sul phur in ox ide and acidic form that
could have caused for ma tion of a vol ca nic fog that, in turn,
might have been le thal (if con cen tra tions of sul phur di ox ide, hy -
dro gen sul phide and sulphuric acid ex ceeded 20 ppm in air) to
in hab it ants or at least a source of ir ri ta tion. This ap plies to two
ar eas where evaporites are to be ex pected in the base ment, i.e. 
Val ley of the Vol ca noes (clus ter A) and Huambo-Cabana -
conde (G).
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Fig. 14. Sche matic de vel op ment of the pos si ble evo lu tion
 of the AG magmatism

FC – frac tional crys tal li za tion of olivines, clinopyroxenes and pla -
gioclases; AFC – as sim i la tion and frac tional crys tal li za tion; Mix –
magma mix ing, MASH (Melt ing, As sim i la tion, Stor age, Ho mog e ni -
za tion)



There is no ar chae o log i cal data on why the set tle ments of
Antaymarca, Pajareta and Jello Jello in the val ley were aban -
doned. Whether the aban don ment re sulted from the river be ing
dammed caus ing dis rup tion of the es tab lished ir ri ga tion sys tem
for ag ri cul ture, or the con tin u ous de gas sing caused dis ease or
even death, is still un der de bate. The pos si bil ity of an erup tion is 
en hanced by the fact that ex ha la tion of hy dro gen sul phide was
ob served in the vi cin ity of the NiÔamama dome in 2003 (Ga³aœ,
2011). Ar chive data and in clu sions in crys tals from the sus -
tained lava erup tion of the 1783–84 Laki Fis sure in Ice land
dem on strated that gas emis sions were the di rect and in di rect
cause of death on the is land and in Eu rope (Thordarson et al.,
2003; Ga³aœ, 2016). Just like the vol ca noes of AG the Turrialba
vol cano (Costa Rica) also ex hib ited its lat est ac tiv ity with a max -
i mum level of VEI 2. The vol cano is dor mant now but the con tin -
u ous gas emis sion cre ated a “death zone” in the im me di ate vi -
cin ity of the crater (Tortini et al., 2017). Ini tial re search of sul -
phur-rich in clu sions of gar net from AG lava in di cates that wher -
ever there are evaporites be low ground, for ex am ple at Murco,
Ashua and Huanca (Mayta et al., 2002), re sumed vol ca nism
can gen er ate sig nif i cant amounts of toxic gases (Ga³aœ et al.,
2021). There fore, even though vol ca noes of the Andahua
Group are in ferred to have a low VEI, such erup tions have po -

ten tial to pose a se ri ous haz ard to peo ple and an i mals in the
area (Fig. 15).

In the south, the Keyoc lava dome and the Mojonpampa
lava field are ~10 km away from res i den tial ar eas, hence the re -
ju ve na tion of vol ca nic erup tions from these re gions would have
lesser ef fect. The vol ca nic haz ard that the Puma ranra vents
can also pose is small due to the large dis tance be tween them
and hu man set tle ments (Fig. 1C). The area, in the high An des,
is sparsely in hab ited and un der de vel oped, while the un der -
ground work ing sil ver mine of Arcata is sep a rated by a moun -
tain mas sif which would be a nat u ral bar rier against lava in un -
da tion or small sco ria erup tions.

CONCLUSIONS

The mi nor vol ca nic cen tres of the Cen tral Vol ca nic Zone,
which are best rep re sented by the Andahua Group vol ca noes
(149 cen tres), rep re sent an ex ten sive and vari able mag matic
his tory. Most of the vol ca nic cen tres are monogenetic, which
means that the lo ca tion of the erup tion cen tres within a vol ca nic
field changes their po si tion over the life span of the sys tem. Sin -
gle erup tion cen tres show the fea tures of small com plex forms.
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Fig. 15. Geo log i cal cross-sec tion of the Puca Mauras vol cano and pos si ble sce nario of the erup tion with a cloud of toxic gases
with a high con tent SO2 and H2S



The Andahua Group lavas compositionally range from ba saltic
andesites to trachydacite. The as sump tion that the vol ca noes
of the Andahua Group were fed from mul ti ple magma res er -
voirs strongly lim its the pos si bil ity of cre at ing a sin gle, con sis -
tent model for the evo lu tion of the source mag mas for this vol -
ca nic group. It also ex plains the rel a tively weak fit of magma
evo lu tion mod els de vel oped by the au thors and ear lier work ers. 
This sit u a tion re sults from an at tempt to make mod els for the
en tire vent pop u la tion, dis persed in both space and time. In this
case, the change of the lo ca tion of the vol ca nic ac tiv ity is more
im por tant. This means that changes in the com po si tion of the
crustal rocks could in flu ence small por tions of magma that
would con se quently as cend in dif fer ent ways. Very sim i lar mod -
els are plau si ble for other monogenetic vol ca noes of the North -
ern An dean seg ments, con sid er ing the pos si ble ef fect of var i -
ous com po si tions gen er ated by crustal wall rock con tam i na tion
on the as cend ing mag mas (Murcia et al., 2019).

At sub stan tial depths, a res er voir fed by a magma melted
from a su pra-subduction wedge in the pres ence of as cend ing
flu ids must have been formed. The low vari abil ity of the
87Sr/86Sr ra tio sug gests the pres ence of a sin gle res er voir with a 
prim i tive magma. Con di tions within the ma jor, deep res er voir
fa voured the frac tional crys tal li za tion of ol iv ine, clinopyroxene
and per haps plagioclase. Dur ing the sub se quent stages, some
por tions of magma were trans ported to wards the sur face, in
these con di tions crys tal liz ing plagioclase, am phi bole, and mag -
ne tite. The mag mas were si mul ta neously con tam i nated to dif -
fer ent de grees ei ther by wallrocks in di rect con tact with the ris -
ing mag mas, or by the rocks sur round ing the res er voirs, i.e., the 
rocks of which the crys tal line Paracas (AFC2) and Arequipa
(AFC1) mas sifs are com posed. Most of the sam ples show in flu -
ence of the Paracas do main and is pos si ble that the tran si tion
zone could be fed by magma res er voirs lo cated ex actly at the
su ture be tween the mas sifs, as sug gested by Mamani et al.
(2010). This means that there are two (or more) res er voirs,

where magma is con tam i nated by dif fer ent do mains, or the
same res er voir can be con tam i nated by one or the other mas sif. 
Pro cesses in volv ing the AFC2 and AFC1 mod els were the most 
sig nif i cant. How ever, lo cally the frac tional crys tal li za tion and
Mix mod els can be in ferred for the lavas.

The vol ca noes of the Andahua Group are much smaller
than the sur round ing com pos ite vol ca noes. Their prod ucts
show a much lower de gree of source magma evo lu tion. How -
ever, the same pro cesses and magma re gime are re spon si ble
for their cre ation. The pris tine, ex ten sive lava domes of
NiÔamama, and Pumaranra, and the sco ria cones of Chico, and 
Chilcayoc Grande sug gest that the Andahua Group is young
(Pleis to cene to Ho lo cene) and po ten tially an ac tive mag -
matic-vol ca nic sys tem. The last ac tiv ity at Chico oc curred, at
most, only 300 years ago. Long-lived Strombolian or Ha wai ian
type erup tions con sti tute a unique tour ist at trac tion. All ef forts
should be made to en sure that such ac tiv ity is un der the watch -
ful eye of spe cial ists. Hence, it seems ad vis able to ex pand the
mon i tored zone within the Val ley of the Vol ca noes sim i larly to
other dis persed, po ten tially ac tive vol ca nic fields such as the
Auckland Vol ca nic Field in New Zea land (Hopkins et al., 2020).
It is likely that gas emis sions from the Andahua Group sco ria
cones and flood lava erup tions may cre ate haz ard ous con di -
tions for tour ists vis it ing the Geopark Colca and Andagua Vol -
ca noes in the case of fu ture erup tions.
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                                             APPENDIX 1 

Representative analyses used as inputs for petrological modelling 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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

Sample vol6* BAS 21** OCO0708** OCO0703** 

Oxide contents (wt.%): 

SiO2 

TiO2 

Al2O3 

Fe2O3 

MnO 

MgO 

CaO 

Na2O 

K2O 

P2O5 

LOI 

Total 

Trace elements (ppm): 
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Ti 

Zr 

Th 

La 

Cr 

Ni 

V 
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Sr/

86
Sr 
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Nd/

144
Nd 
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16.71 

9.03 

0.12 
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0.38 
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0.7067 
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30.8 

30 
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n.d. 
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114 
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n.d.  

0.7076 

0.5115 
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13.24 

4.2 
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1.02 
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3.21 

4.29 

0.21 

n.d. 

n.d. 

 

11.7 

n.d. 

287 

7.9 

49 

9 

12 
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n.d.  

0.7242 

0.5117 
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APPENDIX 2 

Lava dome and lava vents of the Andahua Group 

(Smoll et al., 1997; Gałaś, 2011) 

No. Cluster 
Name/ 
sample 

GPS 
position 

Generation/ 
age 

Type 

1  
A

. 
T

h
e
 V

a
lle

 t
h
e
 o

f 
th

e
 V

o
lc

a
n
o
e
s
 

IS1 
784855 

8286570 
I 

0.5 Ma* 
unrecognized 

2  An – I unrecognized 

3  D10 
76282 
86137 

I 1A 

4  DK8 – I 1A 

5  VCO (VCO) 
780727 
283914 

I 1A 

6  VCO II 
780727 
283914 

I 1A 

7  VCO1 
780819 
283754 

I 1A 

8  VCO3 
780821 
283576 

I 1A 

9  TK2 (TK2) 
82534 
86490 

I 1A 

10  T3 
782105 
287631 

I 1C 

11  
Pra 

Ticscho/PT 
0781375 
8286482 

I 
0.27 Ma* 

1C 

12  PT1 – I 1B 

13  Soporo – I unrecognized 

14  Tororocsa 
7878 

82987* 
I unrecognized 

15  Jullulluyoc 
7810 

83142* 
I unrecognized 

16  A13 (A13) – I/II unrecognized 

17  A131 (A14) – I/II unrecognized 

18  
Cerros 

Umajala 
– I/II 1B 

19  
Cerro 

Anchajolla 
– II 1A 

20  
Chipchane 
(ARCH1) 

786157 
290311 

II 1C 

21  V8B – II 1C 

22  V8C – II 1B 

23  V8D – II 1B 

24  V8E – II 1A 

25  MS2 – II 1A 

26  MS5 – II 1A 

27  MS6 – II 1B 

28  
MS7 

 
– II 1B 

29  C. Ashillo – II 1A 

30  LS – II 1A 

31  
Cochapampa 

(C1A) 
0782708 
8284695 

II 1C 

32  Jochane 
7734 

83065* 
II 1C 

33  MS1 (MS1) 
772820 
311670 

II 1A 

34  APS4    

35  A6 
785639 
283277 

III 1A 

36  
Ninamama 

(A7) 
0786545 
8284465 

III 1A 

37  Antaymarca 
0784608 
8282862 

III 1B 

38  A26 
784971 
282792 

III 1B 

39  Accopampa – II 1B 

40  J2 – III 1B 

41  S61 – III 1B 

42  S62 – III 1B 

43  

B
. 
A

n
ta

p
u
n
a
 

Cerro 
Antapuna 
(Anta2) 

0779944 
8322476 

I unrecognized 

44  Tanca – I unrecognized 

45  PP1 – I 1A 

46  PP2 – I 1A 

47  AR2 (AR2) 
0800936 
8335962 

I  

48  
Pumaranra 

(Pum1) 
783680 

8340670 
III 1A 

49  

C
. 

R
io

 M
o

llo
c
o
 

Cerro 
Coropuna 

(CM) 

814057 
287241 

II Pelean 

50  C – I unrecognized 

51  T – I unrecognized 

52  CM1 – II 1A 

53  M1 – II 1A 

54  M2 – II 1A 

55  M3 – II 1A 

56  M4 – II 1A 

57  U2 –  1A 

58  Uchuychaca 
1814 

82863* 
II 1A 

59  

E
. 
V

a
lle

y
 o

f 
R

io
 C

o
lc

a
 

Cano 1 
224651 

8277959 
I unrecognized 

60  
Can1 

(CAN1) 
224605 

8277815 
I unrecognized 

61  Chi2 
220737 

8270021 
I unrecognized 

62  Cal3 
222305 

8271721 
I unrecognized 

63  
Lari2 

(LARI12) 
203782 

8269446 
I unrecognized 

64  Cal2 (CAL2) 
221640 

8271073 

I/II 172 ka 
BP i 64 ka 

BP, 
 0.23 Ma** 

1C 

65  OC4 (CC4) 
220584 
274741 

II 1B 

66  OC2 (OC1) 
220368 
275337 

II 
0.095 Ma* 

1B 

67  OC5 
220643 
273977 

II 1B 

68  
Can5 

(CAN5) 
223263 

8275703 
II 1B 

69  Can6 
223355 

8275064 
II 1B 

70  

F
. 
J
a
ra

n
 

P010 (H010) 
806254 

8247247 
I 1A 

71  P011 – I 1A 

72  P012 – I 1A 

73  CP5 
802582 

8242444 
I 1A 

74  MG1 
0802312 
8243872 

I 1A 

75  MBK2 
807907 
243918 

I 1B 

76  MBK21 – I 1B 

77  MBK22 – I 1B 

78  GL9 
792253 

8244556 
I unrecognized 

79  GL4 
794679 
242847 

I unrecognized 

80  
GL91 

(GU12) 
– I unrecognized 

81  H45 
807552 

8233126 
I unrecognized 

82  Q1 – I unrecognized 

83  Q2 (Pe1) – I unrecognized 

84  

G
. 

H
u
a
m

b
o
–
C

a
b
a
n
a
c
o
n
d
e
 

MOK3 
814738 
263255 

I unrecognized 

85  MOK4 
815035 
262907 

I unrecognized 

86  SO6 
810654 
265835 

I unrecognized 

87  UP1 
810447 
268128 

I 1A 

88  SO8 
811553 
269382 

I 1B 

89  SO11 – I 1B 

90  SO12 – I 1B 

91  FU5 – I 1A 

92  FU6 – I 1A 

93  SO21 (LE3) – I 1A 

94  LE1 
815085 
268021 

I 1A 



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

95  FU2 
813120 
268292 

I 1A 

96  FU3 
813282 
268291 

I unrecognized 

97  FU4 
813640 
268348 

I unrecognized 

98  014 
814695 

8261821 
I unrecognized 

99  015 (H015b) 
815065 

8261593 
I unrecognized 

100  MJ3 
819671 
262627 

II unrecognized 

101  MJ32 – II 1B 

102  
Jajacuchu 

(HU2) 
0807944 
8258557 

II 1A 

103  HU21 – II 1A 

104  Keyoc  
III 

2650 year 
BP* 

1A 



Scoria cone and composite volcanoes of Andahua Group 

 (Smoll et al., 1997; Gałaś, 2011) 

No. Cluster 
Name/Sample 

 
GPS position 

Generation/A
ge 

Type 

1  
A

. 
T

h
e
 V

a
lle

 t
h
e
 o

f 
th

e
 V

o
lc

a
n
o
e
s
 

Panahua 
787695 

8298546 
I 2A 

2  
Ucuya (AC3) 

 
785312 
281913 

I 2B 

3  Pampalquita (CM2) 
7884506 
281307 

I 2B 

4  Yanamauras Sur 
783910 

8286304 
II 2A 

5  Yanamauras 
784214 

8286652 
II 2A 

6  eroded 
783956 

8287271 
II unrecognized 

7  Cerro Puca Mauras 
785722 

8293030 
II 

small 
composite 

8  Cerro Mauras 
787022 

8302521 
II 2C 

9  Santa Rosa 
7875 

82945* 
II 2A 

10  Santa Rosa Sur 
7867 

82934* 
II 2A 

11  Challhue Mauras 
7847 

82998* 
II 2A 

12  
Misahuana Mauras 

(V9a, V9b) 
770325 

8311264 
II 2A 

13  Pabellon Mauras 
7729 

83084* 
II 2A 

14  Yana Mauras (YM1) 
775612 

8305161 

III 
2900 year 

BP** 
2A 

15  Ticsho 
781375 

8286482 
III 

4050 year* 
2C 

16  Mauras (Mau2) 
7840 

83124* 
 

III 
2900 year 

BP** 
2A 

17  Jenchaña 
784664 

8282346 
III 2C 

18  Jechapita (J1) 
788499 

8280856 
III 2A 

19  
Chilcayoc Grande 

(CH2S) 
790847 

8280756 
III 

A.D. 1500** 
2A 

20  Chilcayoc 
788139 

8282003 
III 
 

2B 

21  Chilcayoc Chico 
787693 

8282304 

III 
370 ±50 year 

ago* 
2BC 

22  Cerro Pucamauras 
7974 

82898* 
I 2A 

23  Cerro Ticlla No data I unrecognized 

24  

B
. 
A

n
ta

p
u
n
a
 

 

Cerro Antopuna 
788955 

8323619 
I 

small 
composite 

25  Cerro Antapuna 
791296 

8322876 
I parasitic? 

26  Ares I 
804174 

8333531 
II unrecognized 

27  Ares II 
800936 

8335962 
II unrecognized 

28  C. Molloco Marhuas (VM21) 
800936 

8335962 
II 2A 

29  

D
. 

L
a
g
u
n
a
 P

a
ri
h

u
a
n
a
 

Antaymarca (HT1) 
196077 

8306538 
60,000 

year*** II 
2A 

30  Saigua 
2004 

83136* 
II unrecognized 

31  Challpo 
2000 

83075* 
II unrecognized 

32  Andallullo 
1980 

82976* 
II unrecognized 

33  Antaccollo 
2098 

83049* 
II unrecognized 

34  Sani 
2095 

82954* 
II unrecognized 

35  

F
. 
J
a
ra

n
 

Gloriahuasi (H58) 
792860 

8243760 
I 

small 
composite 

36  
Gloriahuasi Sur 

(GL8) 
791856 

8242754 
I  

37  San Cristobal 
7953 

82449* 
I 2A 

38  Honda 
7855 

82440* 
I 2A 

39  
Marbas Chico Norte 

(MB) 
808170 

8244494 
II 2A 

40  
Marbas Chico Sur 

(CMB) 
807408 

8243274 
II 2A 

41  
Cerro Pucaguada 

(CP4) 
803335 

8241700 
II 2B 

42  
Marbas Grande 

(MBS) 
802111 

8244972 
II 2A 

43  Llajuapampa 
807137 

8247181 
II 2A 

44  Uchan Sur 
807336 

8233573 
I 2A 

45  Tururunca (H44) 
806564 

8235286 
I 2A 

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



1 
 

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  

position 

792385 

8275084 

795273 

8259586 
– 

795735 

8289204 

790751 

8280573 

773179 

8296462 

800840 

8335778 

783680 

8340670 

779944 

8322476 

Sample AS1 AYO5 MAM3 A14 CH2S APS4 AR2 PUM1 ANTA2 

SiO2 

TiO2 

Al2O3 

Fe2O3 

MnO 

MgO 

CaO 

Na2O 

K2O 

P2O5 

LOI 

Total 

 

Rb 

Zr 

Th 

La 

Cr 

Ni 

87
Sr/

86
Sr 

143
Nd/

144
Nd 

60.30 

1.09 

16.19 

6.44 

0.08 

3.03 

5.28 

3.99 

2.91 

0.39 

0.75 

100.40 

 

77 

196 

5.6 

45.5 

60 

– 

61.09 

1.05 

16.41 

5.64 

0.07 

2.35 

5.37 

4.63 

2.90 

0.50 

0.13 

100.10 

 

77 

186 

4.4 

56.6 

30 

– 

58.61 

1.21 

16.81 

6.63 

0.08 

2.90 

5.93 

4.57 

2.64 

0.57 

0.49 

100.40 

 

53 

214 

2.9 

62 

40 

– 

54.36 

1.50 

16.98 

8.01 

0.10 

4.00 

6.92 

4.80 

1.78 

0.54 

0.17 

99.15 

 

29 

163 

2.1 

35.7 

70 

40 

57.75 

1.34 

17.04 

6.75 

0.08 

2.85 

6.16 

5.43 

2.52 

0.65 

0.10 

100.70 

 

43 

219 

2.6 

59.9 

30 

– 

59.78 

1.21 

16.51 

5.9 

0.07 

2.16 

4.59 

4.49 

2.95 

0.52 

2.41 

100.5 

 

60 

293 

4.0 

47.4 

20 

– 

0.706187 

0.512480 

55.28 

1.43 

17.09 

7.56 

0.10 

3.36 

6.50 

5.16 

2.05 

0.61 

0.29 

99.43 

 

33 

192 

3.3 

51.5 

50 

30 

57.88 

1.22 

17.18 

6.62 

0.08 

2.71 

6.05 

4.86 

2.63 

0.65 

1.01 

100.9 

 

59 

224 

4.0 

59.6 

50 

– 

0.705836 

0.512543 

58.88 

1.22 

16.48 

6.69 

0.09 

2.65 

5.63 

4.66 

2.83 

0.59 

0.82 

100.5 

 

70 

260 

6.2 

59.9 

40 

– 

 

LOI – loss on ignition (Gałaś, 2014, supplemented) 
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Cluster C. Rio Molloco Valley 
D. Laguna  

Parihuana 
E. Rio Colca Valley 

GPS position 
813961 

8287058 

800936 

8335962 

195981 

8306352 

220260 

8275352 

223066 

8275754 

224605 

8277815 

221640 

8271073 

203782 

8269446 

Sample CM VM21 HT1 OC1 CAN5 CAN1 CAL2 LAR12 

SiO2 

TiO2 

Al2O3 

Fe2O3 

MnO 

MgO 

CaO 

Na2O 

K2O 

P2O5 

LOI 

Total 

 

Rb 

Zr 

Th 

La 

Cr 

Ni 

87
Sr/

86
Sr 

143
Nd/

144
Nd 

67.00 

0.53 

14.73 

3.02 

0.05 

1.11 

2.89 

4.40 

3.51 

0.20 

1.33 

98.77 

 

141 

159 

11.5 

35.8 

– 

– 

59.60 

1.19 

16.65 

5.92 

0.07 

2.39 

5.29 

5.15 

2.87 

0.58 

0.27 

99.98 

 

67 

253 

4.5 

61 

20 

– 

54.51 

1.51 

16.34 

8.11 

0.11 

4.32 

6.81 

4.39 

2.09 

0.63 

0.52 

99.35 

 

38 

184 

4.4 

45.4 

110 

50 

59.21 

1.19 

16.66 

6.15 

0.08 

2.61 

5.38 

4.64 

2.75 

0.59 

0.39 

99.65 

 

70 

266 

5.7 

66 

30 

– 

59.78 

1.18 

16.76 

6.19 

0.07 

2.44 

5.30 

4.84 

3.05 

0.59 

0.00 

100.2 

 

73 

234 

5.5 

76.4 

30 

– 

0.705965 

0.512501 

58.61 

1.21 

16.81 

6.63 

0.08 

2.90 

5.93 

4.57 

2.64 

0.57 

0.49 

100.40 

 

58 

232 

5.4 

74.7 

30 

– 

57.35 

1.36 

16.36 

6.68 

0.08 

2.52 

5.78 

4.74 

2.60 

0.71 

–0.01 

98.19 

 

56 

202 

4.5 

70.6 

30 

– 

57.41 

0.97 

15.82 

5.69 

0.07 

2.21 

5.18 

4.53 

2.95 

0.48 

0.18 

95.50 

 

89 

194 

10.5 

58 

40 

– 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



3 
 

 

 

 

 

 

 

Cluster F. Pampa Jarán 

GPS position 
788685 

8249704 

792926 

8243683 

807336 

8233573 

791760 

8242573 

806254 

8247247 

802015 

8244791 

802791 

8242138 

Sample GU12 H58 H44 GL8 H010 MBS CP4 

SiO2 

TiO2 

Al2O3 

Fe2O3 

MnO 

MgO 

CaO 

Na2O 

K2O 

P2O5 

LOI 

Total 

 

Rb 

Zr 

Th 

La 

Cr 

Ni 

87
Sr/

86
Sr 

143
Nd/

144
Nd 

53.51 

1.57 

16.14 

7.14 

0.09 

2.84 

6.72 

4.84 

2.45 

0.84 

0.10 

96.23 

 

44 

201 

2.4 

65.1 

30 

– 

55.55 

1.63 

16.62 

7.37 

0.08 

2.98 

6.46 

5.23 

2.33 

0.80 

0.33 

99.38 

 

40 

208 

2.3 

60 

30 

 

52.35 

1.40 

17.2 

8.22 

0.11 

3.69 

7.38 

4.57 

2.11 

0.56 

1.40 

98.99 

 

25 

223 

3.3 

53.2 

70 

40 

52.13 

1.97 

15.97 

9.04 

0.11 

3.91 

7.12 

4.01 

2.02 

1.06 

0.60 

97.94 

 

39 

165 

4.3 

71.5 

70 

– 

0.705933 

0.512541 

57.66 

1.27 

16.73 

6.38 

0.08 

2.51 

5.52 

5.18 

2.97 

0.66 

0.49 

99.44 

 

62 

269 

3.5 

65.9 

30 

– 

55.72 

1.43 

16.71 

7.51 

0.09 

3.35 

6.64 

4.21 

1.94 

0.66 

1.30 

99.56 

 

34 

185 

2 

41.4 

60 

 

58.89 

1.15 

16.54 

5.82 

0.07 

2.34 

5.80 

5.06 

2.94 

0.59 

1.70 

100.90 

 

62 

263 

3.9 

62 

20 

– 

Cluster G. Huambo-Cabanaconde 

GPS position 
811457 

8269200 

807848 

8258375 

819574 

8262445 

816198 

8267803 
– 

Sample SO8 HU2 MJ3 LE3 KEY1 

SiO2 

TiO2 

Al2O3 

Fe2O3 

MnO 

MgO 

CaO 

Na2O 

K2O 

P2O5 

LOI 

Total 

 

Rb 

Zr 

Th 

La 

Cr 

Ni 

87
Sr/

86
Sr 

143
Nd/

144
Nd 

58.78 

0.99 

16.2 

6.20 

0.10 

2.78 

5.40 

3.66 

3.34 

0.34 

1.00 

98.82 

 

92 

223 

10.4 

46.7 

30 

– 

55.39 

1.21 

16.25 

6.82 

0.08 

3.31 

7.28 

3.27 

1.73 

0.55 

3.53 

99.43 

 

35 

161 

4.2 

33.6 

20 

– 

58.69 

1.02 

16.46 

7.09 

0.09 

3.06 

5.49 

3.57 

2.98 

0.33 

1.41 

100.20 

 

84 

225 

10.4 

51 

40 

– 

0.706633 

0.512393 

59.57 

0.98 

16.19 

6.24 

0.09 

2.98 

5.73 

3.98 

3.29 

0.32 

1.38 

100.80 

 

89 

243 

9.7 

45.7 

30 

20 

56.42 

1.41 

17.21 

7.75 

0.09 

3.57 

 7.20  

4.04 

1.99 

0.50 

0.46 

100.70 

 

36 

169 

3.8 

35.5 

50 

– 


