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Introduction:  Geochemical studies of impact cra-

ters targeted at constraining mechanisms of generating 
melt rock during the impact process have been limited 
by the difficulties associated with reconstructing pre-
impact stratigraphy of the target terrains in craters that 
are old, eroded or buried, or geologically complex and 
poorly constrained. In addition, impact ejecta and me-
teoritic materials may be hydrothermally altered or not 
preserved. Consequently, few studies address the role 
of non-modal melting of the impactor and target rocks 
versus bulk melting during impact. Monturaqui Crater 
is an ideal laboratory to investigate this, as it is a small 
(ca. 360 meter diameter), young (663 ± 90 ka [1]) im-
pact into geologically simple target rocks, with well-
preserved and abundant impactite distributed in well-
defined ejecta lobes. 

Background:  Monturaqui Impact Crater is located 
at the southern end of Salar de Atacama in the precor-
dillera of northern Chile (3015 m elevation, 23° 55’ 
39.28” S, 68° 15’ 41.63” W). It is formed in Paleozoic 
basement granite (441 ± 8 Ma, [2]) which is cut by 
several 1-2 m wide mafic dikes and overlain by a thin 
(~5 m) sheet of Pliocene Tucucaro ignimbrite (3.2 ± 
0.3 Ma, [2]). The crater has a sub-circular morphology 
with preferential NW-SE elongation (370 m E-W, 350 
m N-S, 34 m deep) and crater rim elevation is 10-15 m 
higher on the southern edge as compared to the north-
ern rim [3]. Both granite and ignimbrite are exposed in 
the walls of the crater, but the rim crest is dominantly 
draped by ignimbrite outcrop. It was first proposed as 
an impact by Sanchez and Cassidy [4], who noted the 
presence of iron shale, inferred to be altered fragments 
of the impactor, and impactite described as ‘porous 
cindery aggregates containing fragments of granite and 
bonded with glass’, preferentially deposited on the 
southern and southeastern crater flanks. The impactor 
is postulated to be a coarse octahedrite of group I 
based on the composition of Fe-Ni spherules and struc-
ture of iron shale fragments [5, 6]. Mathematical mod-
eling suggested an asteroid diameter of ~15 m with a 
velocity and impact angle of ~18 km/s and 41° [7]. 

Impactite consists of two distinct types: those pre-
viously recognized by researchers are dark brown to 
black cindery to angular clasts of clast-rich impact 
melt rock which contain shocked and unshocked min-
eral (plagioclase, potassium feldspar [k-spar], quartz, 
biotite), rock fragments of the target lithologies, and 

Ni-Fe-Co±S metal spherules embedded in a heteroge-
neous glassy matrix that ranges from massive to mod-
erately vesicular [8]. Newly identified clast-poor im-
pact melt rock is fluidal light grey to clear with 
shocked and unshocked biotite and feldspar grains in a 
vesicular to pumiceous glassy matrix [9].  

Sample Suite and Analytical Methods:  Whole-
rock samples of target lithologies from both within and 
~4 km outside the crater (granite, ignimbrite, dikes) 
were analyzed by XRF and ICP-MS for major and 
trace element concentrations. Individual mineral 
phases from each target lithology and both impactite 
types, plus glass matrix from the ignimbrite and impac-
tites were analyzed for major elements plus S, F and Cl 
by electron microprobe. To assess the potential vari-
ability in contribution of individual terrestrial and me-
teoritic components, least-squares mixing calculations 
were carried out. 

Results:  Whole rock petrography of the target 
rocks are consistent with least-squares analysis of mo-
dal estimates using averaged microprobe compositions 
of minerals [granite: plagioclase 40 %, quartz 34 %, k-
spar 20 %, biotite 5 %, apatite 1 %, magnetite trace; 
ignimbrite: 62 % glass, 22 % quartz, 10 % plagioclase; 
3 % biotite; 3 % magnetite]. Electron microprobe 
analyses of impact melt glass identified 5 distinct 
compositional groups representing heterogeneities over 
10’s of microns within individual fragments as well as 
among different impactite samples. 

Group 1 (high SiO2 & K2O, low FeO) overlies the 
field of ignimbrite whole rock composition (Fig. 1), 
and consists of analyses of the distinctive light grey to 
clear fluidal and vesicular impact melt rock. These 
clasts can be conclusively identified as impact-
generated melt, and not accidental lithic fragments of 
ignimbrite groundmass or pumice, because they have a 
glassy fluidal surface crust with tension gashes and a 
highly vesicular interior, indicating that the projectiles 
were molten during transport and aerodynamically 
shaped, and the interior remained molten and contin-
ued to vesiculate after the surface crust formed, caus-
ing expansion and cracking. These textures are not 
consistent with pumice or lithic fragments, but are con-
sistent with airborne transport of molten material. This 
impactite most likely represents bulk melting of the 
thin upper ignimbrite unit, and appears to have re-

2089.pdf41st Lunar and Planetary Science Conference (2010)



mained segregated from any significant chemical con-
tribution from other sources. 

Group 3 glass is the dominant composition by vol-
ume, and has distinctive high FeO (Fig. 2) and overlies 
the impactite whole rock field for Al2O3, MgO, CaO, 
Na2O, K2O and FeO concentrations. The high FeO 
enrichment (up to 29 wt %) can only be explained by 
addition of an Fe-rich phase such as Fe oxides from the 
target rocks or Fe-Ni impactor. Nickel concentrations 
in impactite glass group 3 of up to 2 wt % indicate 
some component of this is meteoritic, however the 
range in iron may also reflect a terrestrial contribution. 
High S concentrations of up to 0.85 wt % may also 
represent preferential meting of a S-rich phase from 
the meteorite (although octahedrite implies low S con-
tents [8]), or gypsum contribution from abundant re-
gional caliche deposits. The source for Fe and S are 
being tested with trace element and S isotope analyses. 

Group 4 glass represents a volumetrically common 
intermediate composition between the high-Fe group 3 
and granite whole rock compositions. Groups 2 and 5 
(Figs. 1 and 2) are rare maskelynite and lechatelierite 
melts, respectively, representing bulk melting of pla-
gioclase and quartz. Both impactite glass groups 3 and 
4 have lower SiO2 than the granite (74.5 wt %) and 
ignimbrite (72.2 wt %), as well as lower K2O than the 
ignimbrite, (Figs. 1 & 2) and therefore neither group 
can result from simple bulk melting of either of these 
target rocks or from a mixture of bulk melt of both 
lithologies. Preferential melting of biotite contributing 
to the impact melt would provide a lower-silica melt to 
mix with the higher-silica granite or ignimbrite melts. 
Trends of iron enrichment in the melt rock, especially 
group 3, indicate that non-modal biotite melting needs 
to be augmented with an additional contributor to ex-
plain the enriched FeO concentrations. Current work 
constraining trace element concentrations such as 
Platinum Group Elements in the melt rock will allow 
us to model bulk and non-modal contributions of target 
rocks and minerals as well as impactor contribution to 
each impact melt compositional group. 

Conclusions:  Monturaqui impactite melt rock pre-
serves five distinct compositional groups, reflecting (i) 
bulk melting of plagioclase and quartz to form maske-
lynite and lechaterlierite, (ii) bulk melting of ignim-
brite target rock that remains uncontaminated by other 
compositional sources, and (iii) multi-component melts 
that contain contributions from preferential melting of 
the hydrous phase biotite in target rocks as well as 
iron-rich impactor. The occurrence of non-modal melt-
ing to form Monturaqui impactitie might be caused by 
unique impact mechanisms of small craters formed 
during events with less thermal shock. Continuing 
work using trace element concentrations and S stable 

isotope ratios of impact melt, target rocks and miner-
als, and impactor will allow for detailed calculation of 
the contribution of individual components to each of 
the impact melt compositional groups. 

 
Fig. 1: SiO2 vs. K2O for target and impactite whole rock 
and mineral and impactite glass compositions. Black 
square (bottom rt.) is Quartz in both diagrams. Field un-
der impactite glass 3 is impactite whole rock. 

 
Fig. 2: SiO2 vs. FeO. Impactite whole rock data in 

both figures for brown cindery impactite from [5]. 
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