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Introduction: The development of our prototype 

in-situ dating instrument, the Chemistry, Organics, and 
Dating EXperiment (CODEX) [1,2], has matured to 
the point where we have date the Martian meteorite 
Zagami with 20 Ma precision [3]. We have recently 
tested CODEX by dating individual accretionary lapilli 
from the Sudbury impact, found in Proterozoic sedi-
mentary rocks near western Lake Superior. As distal 
(~650 km) impactites, the lapilli are analogues for ma-
terials an in-situ dating experiment would sample on a 
heavily cratered body like the Moon or Mars. An addi-
tional interest in these lapilli comes from the fact that 
their Rb-Sr ages are not known a priori: the Sudbury 
impact is dated to 1850 ± 1 Ma [4], but many of the 
Proterozoic rocks of western Ontario and Minnesota 
were altered by igneous intrusions associated with the 
Midcontinent Rift at ~1100 Ma [5]. We demonstrate 
here that the Rb-Sr isotopic system in the lapilli was 
extensively reset during the Midcontinent Rift. 

Geologic setting: We studied two ~1 cm chips of 
lithified Sudbury ejecta, both of them predominately 
comprised of ~8 mm accretionary lapilli in a fine-
grained matrix. One was collected near Thunder Bay, 
Ontario [6], and the other near Gunflint Lake, Minne-
sota [7]. In both outcrops, the ejecta layer directly 
overlies several meters of fragmented local bedrock, 
which was presumably shattered by the seismic waves 
emanating from the impact site. Evidence that the 
origin of these ejecta deposits was Sudbury comes 
from the ages of the stratigraphically adjacent units. 
The fragmented bedrock beneath the ejecta layer in-
cludes pieces of the Gunflint Formation, which is dated 
to 1878 ± 1 Ma [8]. Overlying the ejecta is the Rove 
Formation, and detrital zircons from the lower part of 
that formation are dated to 1836 ± 5 Ma [9]. These two 
dates tightly bracket the known age of the Sudbury 
impact. 

The ejecta layer at Gunflint Lake is within the con-
tact aureole of the Duluth Complex of Midcontinent 
Rift intrusions, and has been metamorphosed to pyrox-
ene-hornfels facies. At Thunder Bay, the ejecta are 
comparatively unmetamorphosed, though intrusions of 
the Logan Sills are close by.  

Analysis: We embedded our samples in vacuum 
epoxy along with pieces of a reference material, here 
T1-G [10], and hand-polished them for a few minutes 
to create a planar surface for analysis. Then, under 

vacuum, we used 150 fs, 300 µJ pulses of an ablation 
laser to vaporize 85 µm spots over the sample surfaces.  
We irradiated the ablation plume created in each pulse 
with lasers tuned to electronic resonances in Sr and Rb, 
in order to excite and ionize atoms of these elements in 
the plumes. The photoions were then extracted into a 
time-of-flight mass spectrometer. Resonance ionization 
of Rb was delayed by ~1 µs relative to Sr, lifting the 
isobaric interference between the two elements at mass 
87. Spot analyses were separated by 150 µm; the foot-
print of a full run of 400 spots occupied a region ~4 
mm on a side (Figure 1). The T1-G standard was ana-
lyzed between every group of four analyses on the 
lapilli-stone to monitor instrumental fractionation.  

Isochron dating: For the Gunflint Lake lapillus, 
we found such low 87Rb/86Sr ratios that we were una-
ble to meaningfully constrain an age. The low 
87Rb/86Sr ratios seem to have been due to uncommonly 
abundant Sr (3000-6000 ppm) rather than scarce Rb 
(5-10 ppm).  We have successfully dated specimens 
with comparably little Rb before (e.g., [2]), but in the 
presence of so much inherited Sr, any radiogenic ex-
cesses were too small for us to resolve.  

The Thunder Bay lapillistone proved more amena-
ble to Rb-Sr dating, with 87Rb/86Sr ratios up to 6, i.e., 
1000 times greater than in the Gunflint Lake sample. 
Combining two runs on the Thunder Bay lapillus, we 
detected both Rb and Sr in 696 spots of 800 interrogat-
ed, and all our detections are represented in the 
isochron diagram in Figure 2. The slope of the best-

Figure 1: Photograph of Thunder Bay Lapillistone at left 
and T1-G standard at lower right, with the 85 µm ablation 
pits from a single run. Field of view is about 12 mm across.  
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fitting line through all the data (gray) corresponds to an 
age of 1290 ± 90 Ma, which is >6σ from the age of the 
Sudbury impact [4], and 2σ from the age of the Mid-
continent Rift [5].   

The shading of 1σ error ellipses in Figure 2 repre-
sents the significance of each individual measurement 
to the isochron age defined by the ensemble. This col-
oring highlights measurements which are especially 
precise, uncommon, and far from the mean isotope 
ratios. A single, unique spot at 87Rb/86Sr = 2.5 and 
87Sr/86Sr = 0.81 is especially noteworthy; its deep red 
color indicates that it exerts a 170 Ma pull, upwards, 
on the age. Indeed, the slope of the best-fit line through 
the remaining 695 points (purple in Fig. 2) corresponds 
to an age of 1120 ± 90 Ma, consistent at the 1σ level 
with the ages of the igneous rocks of the Midcontinent 
Rift, including the Logan Sills (1107-1111 Ma [11]). 
We conclude that the vast majority of the lapillus re-
equilibrated its Rb and Sr at the time of the rift. Evi-
dently, we also sampled one grain that either was ex-
ceptionally robust, and therefore not affected by the 
intrusions, or was uncommonly delicate, and therefore 
lost much of its Rb in the last 1100 Ma.  

Our present data do not yet permit us to distinguish 
between these two possibilities for the single outlier 
grain. However, we plan to revisit this lapillus while 
running CODEX in laser-ablation mass spectrometry 
mode [11], which will allow us to acquire major ele-
ment abundances even as we acquire Rb and Sr isotop-
ic abundances by resonance ionization mass spectrom-
etry. If we can find another of these evidently rare 
grains, we will be able to learn what it is, and then ex-
plain why it carries a different Rb-Sr signature than the 
rest of the lapillus.  

Conclusion: Notwithstanding the single outlier, 
695 of 696 spot analysis on an accretionary lapillus 
from the Sudbury impact, deposited near Thunder Bay, 
Ontario, imply an Rb-Sr isochron age of 1120 ± 90 
Ma. We interpret this age as representing low-
temperature aqueous remobilization of Rb and/or Sr on 
the mm scale, driven by Midcontinent Rift igneous 
intrusions like the Logan Sills. The very low Rb/Sr 
ratios throughout the Gunflint Lake lapillus, which was 
thermally metamorphosed by the Duluth Complex, 
must indicate hydrothermal removal of Rb or, more 
likely, deposition of Sr, over spatial scales larger than 
we examine. 

If water has remobilized Rb and Sr on the mm 
scale in Martian rocks as it has in the Thunder Bay 
lapillus we analyzed, then CODEX analyses in situ 
could reveal the timing and duration of active Martian 
hydrology.  
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Figure 2: Isochron diagram for Thunder Bay Lapillistone. 
All 696 spots where both Rb and Sr were detected above 
background are shown, and the gray line is the best fit 
through all the data. Shading of each 1σ ellipse represents 
the amount by which the best-fit age would change if that 
measurement were excluded. The purple line, fit through all 
spots except the unique measurement shown with candy 
striping, corresponds to the age of the emplacement of the 
Duluth Complex. 
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