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Crust and lithospheric melting under plateaus:  
A petrologic and geochemical pilot study of Pliocene 
volcanic rocks west of Lake Titicaca (southern Peru) 

 

James H. Campbell 
Department of Geosciences, University of Arizona, 1040 E. 4th Street Tucson, Arizona 85721, USA 

 

ABSTRACT 

Volcanic rocks of the Pliocene Barroso formation in southern Peru were collected 
for a preliminary petrologic study. These volcanic rocks are typically found as aerially 
extensive 5-25 meter thick lava flows immediately west of Lake Titicaca and are 
interlayered with sedimentary continental and lacustrine deposits. Regionally, they 
represent the latest volcanic products in an area where various forms of subduction-
related magmatism have generated distinct arc segments since the Cretaceous. Barroso 
flows are more mafic than previous volcanic products and formed at a time when the main 
arc was being formed significantly inboard; consequently, it is plausible that they are 
formed because of secondary processes operating on the plateau and not the main slab 
dehydration-related melting above the slab. 

On a TAS diagram the samples are high-K calc-alkaline series while some are 
shoshonitic and range from trachyte to basaltic trachyandesite.  They are mafic to 
intermediate in silica concentration and have relatively high concentrations of MgO (<7%) 
and FeO (<9%). Trace elemental concentrations are indicative of a near-adakitic 
composition. Overall, these petrographic and geochemical characteristics are like other 
relatively small volume magmatic products found elsewhere on the plateau near local 
“bobber-type” basins (Ducea et al., 2013; Murray et. al., 2015) and where magmatism 
was interpreted to be triggered by small scale delamination events or heating 
overthickened crust. 

Thermodynamic forward modeling using major element composition suggest that 
these rocks were generated at pressure/temperature conditions corresponding to the 
lower part of the lithosphere, perhaps including the lowermost crust. The most likely 
source rocks are peridotites mixed with various pyroxenite-rich cumulates pre-existent in 
the crust (also found as rare xenoliths in some Barroso lavas). We speculate that these 
dense assemblages provide the negative buoyancy responsible for the topographic low 
represented by Lake Titicaca. The basin will presumably invert when the dense anomaly 
will detach and founder in the mantle.  
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INTRODUCTION 

 

 Late-Cenozoic mafic lavas of the Altiplano in southern Peru provide geochemical 
evidence for the composition of the lower crust and uppermost mantle.  They also 
support the theory of delamination as an explanation for a high elevation, overthickened 
orogenic crust without the presence of an equally thick mantle lithosphere.  Shortening 
alone cannot explain a 2.5-3.5 km rise of the Altiplano in only the last 10 Ma, (Garzione 
et al., 2006) and seismic tomography has imaged an almost nonexistent mantle 
lithosphere below an up to 75 km thick crust, (Beck & Zandt, 2002).  The process by 
which Cordilleran style orogens develop may follow a cyclicity of foundering events 
marked by fluxes of high rates of magmatism, (DeCelles et al., 2009).  Originally, it was 
proposed that large scale delamination of mantle lithosphere gave way to widespread 
upwelling of asthenosphere and the resultant magmatism that ensued (Kay et al. 1994).  
However, more recent inquiries across the Central Andes and specifically in the Puna 
region, a southern extension of the Altiplano, have shifted this model to suggest that the 
basaltic flows have a predominant lithospheric origin instead, (Ducea et al., 2013; 
Murray et al., 2015).  Dense pyroxenite and eclogite roots of continental lithosphere may 
be pushed to greater depths by the thickening crust above, undergoing metamorphic 
dehydration reactions, and become more prone to melt than the surrounding peridotite 
mantle at such conditions, (Elkins-Tanton, 2007).  This study will attempt to support the 
existing data and provide new geochemical and petrologic data from samples collected 
on the western bank of the Lake Titicaca basin that represent the Pliocene volcanic 
result of a localized delamination event. 

 

GEOLOGIC BACKGROUND 

 

 The central Andean Plateau in South America is the second highest of its kind in 
the world only to the Tibetan plateau.  However, while Tibet has achieved its towering 
heights by continental collision, the central Andes have undergone relatively uniform 
rapid late-Cenozoic uplift by different means than purely fold and thrust belt shortening.  
A combination of magmatic addition and thickening of the crust has led to thinning of the 
lithosphere by convective removal and a steady rise from a buoyant asthenosphere, 
(Isacks, 1988).  Encompassing an area 1500-2000 km along strike, with a maximum 
width of 400 km and an average elevation of 4 km, the central Andean Plateau is the 
premier example of a Cordilleran style orogenic system and an ideal location to study 
the deep crustal and upper mantle dynamics at work. 

Many previous reviews of the central Andes (Isacks, 1988; Allmendinger et al., 
1997; Ramos, 2009; Kay & Coira, 2009) have classified its major common features into 
five general tectonomorphic zones along a west-east transect: the erosional forearc, 
Western Cordillera, Altiplano-Puna Plateau, Eastern Cordillera, and the Subandean 
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zone.  The Western Cordillera consists of the line of stratovolcanoes along which the 
active subduction zone arc lies.  The Eastern Cordillera is a fold and thrust belt with 
deformed Paleozoic rocks, as well as Mesozoic to mid Cenozoic intrusions and large 
ignimbrite deposits. Between the two is the central Andean Plateau, classified as the 
Altiplano in the north and the Puna in the south.  The Altiplano and Puna are similar in 
that they both have scattered evidence of volcanism not related to the active arc system 
as well as abnormally thick crust and average high elevations, (Isacks, 1988; 
Allmendinger et al., 1997; Kay & Coira, 2009).  However, the Puna is an average of 0.5-
1 km higher in elevation than the Altiplano and consists of smaller, more isolated basins 
with more complex drainage trajectories than the Altiplano, which is one large internally  

Figure 1. Regional topographic map of the Central Andes, modified from Garzione et al., (2017). 
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drained, sediment filled basin, (Allmendinger et al., 1997).  Bouguer gravity anomaly 
modeling shows that mantle lithosphere is less than 10 km thick beneath most of the 
Altiplano and depths to the Moho range between 55 to 80 km, (Tassara & Echaurren, 
2012).  Further interpretations of seismic studies by Beck et al. (2015) have concluded 
that the Altiplano maintains a thin layer of mantle lithosphere while the Puna exhibits a 
lithospheric signal that is varied but much thinner or virtually absent. 

 Subduction along the Central Andes has been a constant source of magmatism 
since the Carboniferous, (Sandeman et al., 1995).  Over the course of this long-lived 
convergent margin, subduction related calk-alkaline magmatism has fluctuated between 
encroaching upon and retreating from the continent depending on the dip of the down 
going slab, or trench migration with respect to the overriding plate.  In southern Peru, the 
sequence of arc terranes has been classified into eight pulses by relative age, location, 
and composition, (Mamani et al., 2010).  Beginning with the Chocolate arc (301-90 Ma), 
which consists of submarine basaltic volcanic and volcaniclastic deposits, the original 
tectonic environment was extensional.  At the onset of the Toquepala arc (90-45 Ma), 
the regime changed to a contractional one and the composition changed from 
dominantly mafic to the more intermediate to silicic magmatism associated with a typical 
Cordilleran arc.  Sequences of marine sediments pro-grading into continental 
sedimentary strata signify an onset of crustal thickening around this time marker, 
(Chapman, J. et al., 2015).  The Anta arc (45-30 Ma) marks a significant inboard 
migration of magmatism possibly associated with a flattening and shallowing of the slab, 
followed by a prolonged episode of crustal shortening, (Sandeman et al., 1997).  As the 
slab dip steepened in the mid-Oligocene, and the magmatic sweep retreated toward the 
trench, a much greater amount of shortening and thickening occurred associated with 
widespread silicic magmatic addition, (Garzione et al., 2008, 2017).  The situation seen 
today in the Central Andes would much resemble that since mid-Oligocene time.  The 
Tacaza arc (30-24 Ma), Huaylillas arc (24-10 Ma), lower Barroso arc (10-3 Ma), and 
upper Barroso arc (3-1 Ma) all existed within a similar context as the modern active 
volcanic arc (<1 Ma). 

 Unrelated to the expected arc magmatism along the line of stratovolcanoes are a 
suite of mafic lava flows inboard of the active arc that must have a different source and 
tectonic origin.  One proposed mechanism for generating these melts is from localized 
removal of mantle lithosphere, (Murray et al., 2015; Ducea et al., 2013).  Whole scale 
delamination of lithosphere being peeled away from under the continent has been 
theorized as well (Kay & Kay, 1993), which may explain the rapid uplift across the 
Altiplano by 2-3 km in as little as 4 My (Garzione, 2008), but would not explain the more 
segmented rise of the Puna plateau (Schoenbohm & Carrapa, 2015) by convective 
dripping of dense material in the lower lithosphere, (Jull & Kelleman, 2001).  
Geophysical observations (Beck & Zandt, 2002) support the theory of an eclogitized 
lower crust having been pushed to metamorphic conditions by crustal shortening of the 
plateau, passing through a horizon of density contrast that would render it unstable and 
prone to decent into the mantle.  Further observations (Beck et al., 2015) have imaged 
low velocity mush zones possibly associated with asthenospheric decompression 
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melting on individual scales under the Puna in response to the downwelling garnet-rich 
crust.  Melts may also originate from the downwelling drips themselves as metamorphic 
dehydration reactions release volatiles into the mantle surrounding the instability, 
lowering the melting point as if in the mantle wedge of a subduction arc, (Elkins-Tanton, 
2007). 

 
Figure 2. Geologic map modified after Mapa Geológico del Cuadrángulo de Puno (2001) and adjacent 
quadrangles, showing labeled samples taken from locations in the Barroso Group (red stars) and other 
sampled units (black circles). 

 

METHODS 

 

 20 samples were taken from volcanic outcrops along the western periphery of 
Lake Titicaca between the town of Puno and the Bolivian border in southern Peru.  15 of 
these are considered Pliocene to late-Miocene in age and represent the Barroso group, 
a series of aerially extensive 5-25 m thick potassium-rich microporphyritic basaltic 
andesite – dacite flows containing phenocrysts of biotite and plagioclase.  Carlier et al., 
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(2005) labels the same group of flows as either olivine trachybasalts or shoshonite 
suites.  Previous geochronologic analysis was performed on a similar suite of samples 
in the Puno area by Kaneoka & Guevara (1984) that yielded an age of 5.6 Ma.  The 
relative age approximations for this study were drawn from maps obtained from the 
Geologic Institute of Mines and Metallurgy of Peru. 

Because of their compositional and spatial differences to the more silicic and 
westward rocks of the lower and upper Barroso arcs, this group of lavas, labeled as the 
Barroso group, are presumed to be unrelated to the typical calc-alkaline arc magmatism 
associated with the Western Cordilleran and instead represent a backarc result of 
localized delamination beneath the Titicaca basin.  The other 5 sampling locations are of 
older flows, porphyry stocks, and tuffs that probably fall more in line with arc processes 
and not with the recent delamination event.  A simplified geologic map of sampling 
locations in given in Figure 2.  Whole rock geochemical analysis was performed on all 
samples and is shown in Table 1.  Petrographic analysis is outlined in Table 2. 

 

RESULTS 

Geochemistry 

 Major element bulk compositional analysis of the Barroso lavas show that the 
majority of the samples can be classified as basaltic trachyandesite, however a few plot 
within the higher silica realms of trachyandesite or trachydacite, (Figure 3A).  The 
defining factor of all these samples is that they have relatively high levels of K2O 
compared with typical calc-alkaline volcanism characteristic of the active continental arc; 
and some can even be considered shoshonitic, (Figure 3B).  Having identified the 
composition of these lavas as unrelated to arc magmatism, and with a high potassic 
signature, the source region for partial melting can be estimated based on subsequent 
major and trace element geochemical analysis. 

As a rough indicator for how much of a mantle component versus a crustal 
component was originally involved in the melt, Murray et al., (2015) classified 
geochemical data of analogous backarc mafic lavas of the Puna to the south into three 
separate domains, those of high-Mg, primitive mantle, and evolved mantle 
characteristics.  At first glance, high concentrations of MgO (< 7 wt%) and FeO (< 9wt%) 
in Barroso lavas (Figure 4), indicate the likelihood of a primitive mantle component 
rather than a homogenous evolved arc magma.  However, compared with other 
intracontinental magmas in the Puna, the average Mg# in the Barroso group is much 
lower (45-50), and too low to achieve a primitive mantle designation.  None of the 
Barroso samples show a high-Mg composition and only one of the samples achieves 
the designation of a primitive mantle source (Mg# > 60, MgO 6-8%, Ni 80-180ppm).  All 
but one of the samples are therefore derived from an evolved mantle or a crustal source 
with similar composition.  Another interpretation of the geochemical data is that this 
evolved mantle signature could be that of an olivine and pyroxenite-rich cumulate zone 
at the base of the lower crust, left below after successive pulses of arc magma  
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Table 1. Locations, rock types, and bulk compositions 
of Pliocene potassic and ultrapotassic volcanic rocks 
(above) and older associated rocks (right). 
  

 

 

 

 

Figure 3. Major element whole-rock data plotted 
by rock type according to total alkali content (A) 
and potassium content (B).  Shaded region 
surrounding green triangles represents Barroso 
group lavas from this study.  Pattern shaded 
region represents sampling of potassic mafic 
lavas from the Puna, south of the Altiplano, 
(Murray et al., 2015).  Extra samples labeled as: 
blue square (Huayillas group); purple diamond 
(Tacaza group); red circles (Anta group). 
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Figure 4. Major-element variation diagrams for Barroso Group and older associated samples (labeling 
consistent with previous diagrams) compared with shaded region of back-arc lavas exposed along the 
Cuzco-Vilcanota fault system (Chapman & Ducea, 2013) in Chapman A. et al., (2015). 
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fractionation.  The more felsic samples could have formed from partial melts of dense 
eclogitic crust having undergone some degree of mixing with primitive or evolved 
mantle.  The one Mg-rich outlier then would represent a primitive peridotite mantle 
source, generated either from pure decompression melting or because of a lowered 
melting point, facilitated by fluids exolving off the downgoing drip 

This ambiguity of the source region for the Barroso magmas, support the theory 
of a localized removal of lithosphere, that mirrors the heterogeneity of the lower crust 
due to prolonged magmatic activity since the Cretaceous (Mamani et al., 2010).  By the 
classification of Murray et al. (2015), the Pliocene lavas of the Altiplano must either 
involve an evolution of mixed components under an intensely thickened crust, or the 
source of the melts would originate in the lower crust or upper most mantle.  It also 
supports the situation observed in the Puna, where isolated basins have led to a 
topographically diverse landscape with examples of bobber basins in the process of 
being inverted. This southerly analog provides a contrast to the style and scale of 
delamination processes throughout the plateau and may also represent the tectonic 
future of the Altiplano itself. 

Strontium / Yttrium ratios are another geochemical indicator for how much of a 
crustal component was in the original batch of magma.  Adakitic rocks are not formed by 
pure melting of the crust, but they do assign themselves a crustal signature that in this 
case may be evidence of a felsic eclogite root foundering into the peridotite mantle.  A 
few of the Barroso group lavas fall within this realm (Figure 5), and all but one have 
above average Sr/Y ratios, not seen in primitive mantle.  Carlier et al., (2005) interpreted 
rocks from the same sample area as partial melts of clinopyroxene-rich veins in the 
uppermost mantle.   Alternatively, Chapman A. et al., (2015) postulated that these 
values could represent small-degree 
partial melts of the lowermost crust, 
which is dominated by clinopyroxene-
rich arc cumulates plus or minus 
amphibole and garnet.  The amphibole 
or biotite in the descending crust would 
release volatiles into the mantle, 
inducing melting, with or without the 
added catalyst of decompression, as it 
rises to fill the space left by the drip.  
This range of possibilities for melting 
sources does not clearly point to one 
answer, but, the possibility of 
lithospheric foundering as a facilitator 
for melting does remain true. 

Figure 5. Sr/Y ratios for Barroso Group lavas in ppm 
plotted against Y values as a marker for the source rock 
of the initial melts having either an adakitic or normal 
mantle composition. 
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Table 2. Petrographic thin section analysis of the complete suite of samples collected in this study. 

Sample Petrography Sample Petrography

6117-01 Microporphyritic anhedral olivine and pyroxene 
phenocrysts surrounded by an aligned aphanitic matrix 
of plagioclase lathes

8117-01A Typical Barroso-type seritic aphanitic texture with 
microporphyritic olivine and pyroxene

6117-02 Subhedral pyroxene with oxidized rims, multiple 
inclusions and opaques, groundmass is less defined

8117-01B Typical Barroso-type seritic aphanitic texture with 
microporphyritic olivine and pyroxene

6117-03 Extremely oxidized pyroxenes with equal amounts of 
amphibole in an aphanitic matrix

8117-02 Highly brecciated plagioclase and biotite rich matrix with 
minor altered pyroxene

6117-04 Euhedral amphiboles with pyroxene and minor olivine, 
matrix is more fine grained and lighter colored

8117-04 Typical Barroso-type seritic aphanitic texture with 
microporphyritic olivine and pyroxene

7117-01 Relatively course-grained porphyritic plagioclase and 
quartz phenocrysts, large biotitic inclusion, quartz shows 
zoning bands in XPL

8117-05 Plagioclase dominated breccia with minor pyroxene and 
opaques in an aphanitic groundmass

7117-02 Large plagioclase twinning phenocrysts, also abundant 
chlorite, fined grained felsic matrix

8117-06 Very altered broken matrix of well defined plagioclase 
lathes but otherwise dissolving olivine and pyroxene 
phenocrysts and completely oxidized amphibole and 
biotite

7117-03 Large angedral quartz phenocrysts in very fine-grained, 
uniformly dark matrix, minor amphiboles have been 
almost completely disolved and show complete 
oxidation

8117-07 Aphanitic assemblage of minor pyroxene and olivine, 
some oxidized, in an overwhelmingly fine grained 
matrix

7117-04 Porphyritic plagioclase twinning phenocrysts, some with 
euhedral shape, minor intermediate sized biotite 
phenocrysts and abundant aphanitic biotitic matrix 
forming seritic texture, groundmass is aligned showing 
flow

8117-08 Aphanitic assemblage of minor pyroxene and olivine, 
some oxidized, in an overwhelmingly fine grained 
matrix

7117-05 Range of microporhyritic phenocrysts: plagioclase, 
quartz, biotite, chlorite, some fresh pyroxenes but most 
are heavily oxidized, blurring the distinction with other 
amphiboles; most phenocrysts are relatively euhedral 
although quartz is mostly anhedral

9117-01 Coarse grained intrusive containing quartz, biotite, and 
opaques

7117-06 Minor amounts of visible crystals; some amphibole, 
biotite, quartz; heavily altered; abundant opaques; 
secondary porphyritic groundmass somewhat lineated

9117-02 Seritic plagioclase dominated groundmass flowing 
around aphanitic oxidized olivine and pyroxene
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Figure 6. Photomicrographs of common textures in Barroso group lavas in cross-polarized light:   
(A) Microporphyritic anhedral olivine and pyroxene phenocrysts surrounded by an aligned aphanitic matrix 
of plagioclase lathes in sample 6117-01. (B) Large euhedral amphibole among finer grained pyroxenes in 
sample 6117-04. (C) Subhedral pyroxenes in plagioclase and lesser biotite seritic matrix that forms around 
the shapes of the phenocrysts in sample 8117-04. (D) Plagioclase dominant breccia with minor pyroxene 
and opaques in an aphanitic groundmass in sample 8117-05. (E) Course-grained trachydacitic diabase with 
plagioclase, biotite, and quartz in sample 9117-01. (F) Seritic plagioclase matrix surrounding altered 
anhedral olivine and pyroxene phenocrysts with heavily oxidized rims in sample 9117-02. 
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Thin Section Petrography 

In thin section (Figure 6), the samples are aphanitic and commonly dominated by a 
groundmass of plagioclase lathes that have an alignment of flow around 
microporphyritic phenocrysts of clinopyroxene, olivine, and minor amounts of 
orthopyroxene.  Some samples also have amphibole.  Phenocrysts are most commonly 
subhedral; some show very little alteration in euhedral form; while other samples show 
intense oxidation of anhedral olivine and pyroxene.  In more felsic samples, visible 
biotite, plagioclase,  and quartz are present as course-grained assemblages with some 
radial zoning. 

 Thermobarometry 

Most pyroxenites are denser than average peridotite mantle, (Ducea et al., 2013).  
If they were to be depressed into deeper geothermal gradients by an increasing crustal 
overburden, their probability of foundering would greatly increase.  The dry pyroxenite 
solidus is about 150 degrees lower than 
that of a peridotite at upper mantle 
pressures, (Ducea et al, 2013).  Therefore, 
it would be more likely for pyroxenite 
dominated drips to undergo partial melting 
than upwelling peridotite asthenosphere 
during a delamination event.  In the 
presence of hydrous minerals such as 
phlogopite or amphibole, dehydration 
melting could lower the solidus further.  
Because of the intense density contrast, 
such drips can descend for up to 50 km in 
as little as 1 million years, (Ducea et al., 
2013). 

Temperatures were calculated for 
individual eruptions with the magnesium 
and silica activity thermometer from Lee et 
al. (2009), which uses bulk rock chemistry, 
and assumes that mafic melts, whatever 
their ultramafic source, equilibrated with 
an olivine-rich mantle.  The results are 
placed on a P/T diagram (Figure 7) 
showing both an idealized heating path for 
a pyroxenite drip, in blue, and an adiabatic 
peridotite mantle replacing the drip in 
green.  Assuming an anhydrous 
environment, the drip would cross the 
purple solidus line at around 1200 degrees 
and 20 kbar at which point it would 

Figure 7. P/T diagram modified from Ducea et al., 
(2013) illustrating the drip melting hypothesis of a 
downward pyroxenite path: PXT in blue; and the 
adiabatic upwelling path for mantle peridotite 
replacing the drip: PER in green. LAB indicates 
lithosphere-asthenosphere boundary. Dotted lines 
represent fraction of melt.  A sample of Barroso lavas 
is plotted above the dry peridotite solidus using the 
Lee et al., (2009) forward modelling calculation for 
thermobarometry of an olivine-rich, ultramafic source.  
Hashed box targets the probable zone of melting for 
Barroso samples given the correction that 
pyroxenites melt approximately 15-30 km deeper 
than peridotites. 
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partially melt.  The drip would then continue deeper on its path where melting would 
eventually cease, leaving a sweet spot for melting of this kind to occur, graphically 
represented by the red dashed box.  The peridotite adiabat would follow its cooling path, 
but only after the drip had descended, meaning there should be a progression in source 
chemistry over time toward a more primitive source.  Because the Lee et al., (2009) 
model only equilibrates for an olivine-rich mantle source, it makes sense that the melts 
plot above the black peridotite solidus at relatively low pressures.  However, once the 
correction that pyroxenites melt approximately 15-30 km deeper than peridotites is 
applied, the data points would plot directly within the melting window, showing a 
plausible mechanism for crustal derived Barroso lavas.  

Figure 8 is the result of thermodynamic modeling from Ghiorso et al., (2002) that 
shows the mineral assemblages and degree of melting of a pyroxenite source at a set 
range of temperatures and pressures.  It is constrained from 800-1200 degrees and 
from 10-20 kbars, or about 30-65 km depth, consistent with observed thermobarometry 
of Lake Titicaca xenoliths collected by Chapman A. et al., (2015).  In this one iteration 
the presence of H2O was set at 1% to approximate the average LOI from the data.

 

Figure 8. Mineral assemblages and degree of melting of a pyroxenite source at temperatures and pressures 
constrained between 800-1150°C and 1-2 GPa. The presence of H2O was set at 1% to approximate the 
average LOI of Barroso samples. 
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Focusing on any increasing P/T path, it is shown that, starting with an original 
mineral composition dominated by augite clinopyroxene, with garnet to provide a 
positive density feedback, and biotite to provide the volatiles, melting occurs almost 
immediately below 10 kbar and results in significant percentages of liquid melt by the 
time it reaches the sweet spot at 20 kbar.  The garnet percentage has also increased 
with depth and will expedite the foundering process.  The calculated composition of the 
liquid melt matches well with the data collected from the Barroso samples with two 
exceptions: the Mg and Ca amounts are too low and the Na and K content is too high.  
One explanation could be that if the starting mineralogy of the model included diopside 
in its pyroxene budget this might be corrected.  Alternatively, this could just be one half 
of the equation in the magma mixing story; it may require an infusion of primitive 
peridotite melt to equilibrate the geochemistry to that which was analyzed. 

 

DISCUSSION 

Bobber Basin Cycle 

Backarc mafic lavas of the Altiplano 
are directly related to localized 
delamination events, (Murray et al., 2015; 
Ducea et al., 2013) also known as drips or 
Raleigh-Taylor instabilities, by which 
densified lithospheric mantle succumbs to a 
greater asthenospheric buoyancy and sinks 
into the mantle.  These drips are integral to 
the explanation of a bobber basin cycle 
associated within the ongoing tectonic 
context of Lake Titicaca.  The concept of a 
bobber basin has previously been floated in 
regard to the overall Cordilleran cycle by 
DeCelles et al., (2009), in which a basin is 
formed by a dense crustal root and then 
inverted isostatically after delamination. 

If mafic magmatism is the end of this part of the cycle, then the beginning is a 
situation in which the crust is significantly thickened due to magmatic addition from the 
mantle wedge and/or ductile lower crustal flow.  This thickening can result in a modest 
rise of the overall crustal column, but not on the scale of eventual lithospheric removal, 
(Garzione et al., 2017).  Then as the lithosphere is suppressed to excessive depths 
below a crustal column of up to 80 km, it will undergo metamorphosis to eclogite, an 
assemblage of garnet and clinopyroxene that is denser than the surrounding mantle.  
Because of this density contrast the eclogite-rich root will drag the crust down and 
create a topographic low on the surface as pseudo extensional normal faults propagate 
around the margins of the basin.  Eventually the root will detach and descend into the 

Figure 9. Simplified Cordilleran tectonic cycle 
with suggested periodicity of 25-50 m.y.; 
modified after Decelles et al.(2), (2015). 
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mantle.  After the root detaches, depending on how widespread the event is, the region 
will undergo rapid isostatic uplift, and the previously formed basin will invert to form a 
relative topographic high along reactivated reverse faults.  Finally, the down going drip 
will experience partial melting at increasing P/T gradients, that has the possibility of 
mixing with melts from upwelling asthenosphere, resulting in the mafic volcanism. 

Miocene Arizaro Basin 

If Lake Titicaca and its associated mafic lavas are the manifestation of one of 
these bobber basins associated with drip-style tectonics, this process should be 
observed elsewhere in the Central Andes.  The Miocene Arizaro Basin within the Puna 
plateau in NW Argentina has been previously studied as one such basin by DeCelles et 
al.(1), (2015).  As in the Altiplano, it rests at an elevation of 3800-4200 m above sea 
level, atop previously thickened crust, and seismically showing a near nonexistent 
mantle lithosphere.  The Arizaro is oval shaped, shows bobber-type fault structures, and 
is filled with sedimentary lake deposits.  It is presumed to have subsided between 21 
and 10 Ma from foundering of a dense lithospheric root, before rebounding and inverting 
to its present form as a topographic high, (DeCelles et al.(1), 2015).  Supporting 
observations of adjacent basins and their localized magmatism in the Puna, (Murray et 
al., 2015; Schoenbohm & Carrapa, 2015) concur with the conclusions of prevalent drip-
style tectonics on the high plateau. 

 

CONCLUSION 

 

The Altiplano of southern Peru is the perfect area for testing tectonic hypotheses 
about Cordilleran style orogenesis.  How did it achieve its average 4 km elevation, and 
how did it rise to such heights without achieving any relative topographic relief?  
Paleoelvation reviews by Garzione et al., (2008,2017) reveal that the Altiplano remained 
at an elevation of 1–2 km until just 9 million years ago and doubled its elevation by 5.4 
Ma.  Finally, why are there scattered throughout the high plateau these oblong basins 
that represent localized topographic lows, the biggest of which being Lake Titicaca that 
reaches almost 300 meters depth.  Mamani et al., (2010) has documented that starting 
from about 30 Ma, a flat slab subduction regime steepened, and a magmatic sweep of 
arc magmatism retreated toward the trench leaving volcanic products across the 
Altiplano.  However, this sweep would have passed the Lake Titicaca area before the 
latest suite of potassic mafic lavas were extruded.  Geochemical analysis of these latest 
Pliocene age volcanic rocks confirms that they are compositionally and spatially 
unrelated to the andesitic arc magmatism of the Western Cordillera and supports the 
theory of drip style delamination as a mechanism for gradual plateau uplift as well as 
local bobber basin formation. 

Lake Titicaca itself exhibits the characteristics of a bobber basin in shape, 
structure, and within the geologic context of the northern Altiplano.  It can be inferred 
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that the basin is past the state of critical mass and will eventually invert to follow the 
post- root detachment example observed in the Arizaro basin.  These claims are 
supported with geochemical data obtained from the K-rich, mafic, backarc, Barroso 
Group lavas, as evidence of resultant melting, following the delamination event.  
Thermobarometric modeling indicates that melt depths are consistent with a 
heterogeneous lithosphere source, dominated by garnet-rich eclogite and pyroxenite 
cumulate crust, with minor contributions from primitive mantle.  This supports concurrent 
research throughout the Central Andes (Murray et al., 2015; Chapman A. et al., 2015), 
that lower crust / upper mantle, drip-style foundering is capable of producing back arc 
magmatism. 
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