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Figure 13 (Continued). (B) Analyses of core and the rim in the same crystal. Notice predominantly lower concen-
tration of all REEs in metamorphic rims of studied samples.

Figure 13 (Continued on following page). Ion microprobe–determined concentrations of rare-earth elements (REE) in dated zircons from 
six samples. See the Supplemental File 2 (see footnote 2) for analyses. (A) REE as a function of sample identity and age. Notice very high 
and irregular concentration of REE in most samples, as compared to normal and expected REE distribution (e.g., K5-11.1 on fi rst panel); 
overabundance of light and middle REE is pervasive in both cores and rims.
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phosphorous and correlations between REE and 
P. Analyzed zircons had up to 900 ppm P, and 
a positive correlation between Y and P exists. 
However, correlations between P and espe-
cially Ce are subtle. Although the amount of P 
in K5 zircons is abnormally high compared to 
common zircon (e.g., Hoskin and Schaltegger, 
2003), it is still too low to account for the total 
abundance of REE (Fig. 13). This requires non-
phosphate REE-rich phases in these zircons.

These measurements support our inference 
that zircons are “infected” by nanometer-scale 
inclusions, at least some of which would be 
monazite or xenotime like. Monazite recrys-
tallizes and is dissolved in fl uids at lower 
temperatures than zircons during regional 
metamorphism (Rubatto et al., 2001). The 
hydrous silicate melts that form plagioclas-
ites, the leucosome in studied localities, serve 
as an appropriate transport media for these 
REE-rich phases. Our interpretations are in 
line with those of Cavosie et al. (2004, 2006), 
who attributed more modest LREE enrichment 
in >3.9 Ga Hadean detrital zircons to microin-
clusions formed at very low water/rock ratio 

inside of metamict zircon zones. These authors 
also found positive albeit scattered correlations 
between P and REE abundances.

High LREE abundances in zircons cor-
respond to elevated and highly fractionated 
LREEs/heavy rare-earth elements (HREE) in 
corundum-bearing rocks across Karelia, which 
were reported by Terekhov (2007). Presence of 
just 0.01 wt% monazite (as detected in these 
rocks) is capable of explaining the elevated 
LREE budget.

The δ18O Analyses of 
Nonmetamorphic Protoliths

In a reconnaissance study of coeval synrift 
sedimentary and igneous rocks that may pre-
serve direct evidence for interaction with ultra-
depleted glacial melt waters, we have sampled 
low-grade metamorphic rocks to the southeast 
(Vetreny Belt) and southwest (north of Petro-
zavodsk) of the Belomorian Belt (Fig. 1). We 
analyzed materials that reasonably could have 
interacted with low-δ18O glacial meltwaters: 
glacial tillite, secondary minerals (amygda-

Figure 13 (Continued). (C) Electron microprobe analysis of ion microprobe pits and 
other areas in sample K5 demonstrating high concentration of P and correlation of P 
with Y and thus likely other REE (not measured); see the Supplemental File (see footnote 
2) for analyses and images. We interpret elevated REE and their positive correlation with 
P as a feature caused by the presence of nano-sized Y and REE-phosphate in metamict 
zones of zircons (affecting U-richer and older cores more than the rims), below the spa-
tial resolution of scanning electron micron imaging; see text for discussion.

loids and quartz vugs) inside basaltic lavas 
intercalated with glacial deposits, alteration 
minerals formed between margins of basal-
tic pillows, and quenched pillow basalt rinds 
(Table 3 and Fig. 14). For comparative pur-
poses, we have also analyzed secondary quartz 
from Antarctica’s Minna Bluff area, which 
represents subglacial and proximal alteration 
at 12–9 Ma (Antibus et al., 2012). Altera-
tion history and isotope thermometry of these 
rocks have been studied in detail and confi rm a 
10–100 °C temperature window for deposition 
of quartz (Antibus, 2012), which constrains 
quartz-water isotope fractionation.

If alteration and secondary products in Kare-
lian rocks were formed at low-temperatures 
(50° ± 30 °C) as suggested by comparison 
with Minna Bluff Antarctic quartz data, then 
the altering waters must have been ultra-low-
δ18O, comparable to Antarctic ice. The Karelian 
quartz has δ18O values that are 10–15‰ lower 
than subaerial Oligocene quartz vugs in Oregon, 
formed in temperate near-coastal conditions 
(Fig. 14).

DISCUSSION

Summary of Zircon Age-δ18O Relationships

There are clear spatial and temporal patterns 
for δ18O in zircon from corundum-bearing 
rocks in the Chupa gneiss that are consistent 
for all sampled localities: normal δ18O cores 
with ages ranging from >2.9 to 2.55 Ga and 
ultralow-δ18O rims with younger ca. 1.85 Ga 
Svecofennian ages. Zircon-rim δ18O values are 
in isotopic equilibrium with the host-rock min-
eral assemblage, ranging from δ18O = −4.1‰ 
in Lyagkomina to –27.3‰ in Khitostrov, which 
to our knowledge is the lowest value ever 
reported (samples X424 and X425). Rims also 
have universally low Th/U ratios characteristic 
for metamorphic zircon, whereas cores have 
variable but generally higher “igneous” Th/U. 
Some zircon cores have an internal mantle with 
dark CL and low Th/U values that date to a ca. 
2.6 Ga metamorphic event previously reported 
for the Belomorian Belt (Bibikova et al., 1994, 
2001, 2004). Importantly, these ca. 2.55–2.6 Ga 
internal mantle domains are normal in δ18O, 
and no unambiguously igneous zircon of this 
age is present in our data. The morphology of 
2.6–2.55 Ga zircon cores is rounded and non-
euhedral (Fig. 7) and represents metamorphic 
recrystallization of older cores. The sharp ter-
mination of 2.55–2.6 Ga metamorphic zircon 
growth zones suggests cooling potentially due 
to uplift and unroofi ng of the Chupa gneiss. 
The amount of denudation after 2.55 Ga 
but before regional rifting at 2.4 Ga remains 
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unknown, but rocks must have resided at this 
time at depths shallow enough to enable open 
fractures and attendant alteration by meteoric 
water at large water/rock ratios to imprint the 
observed ultralow-δ18O glacial meltwater sig-
nature on them shortly thereafter.

The next episodes of zircon growth that 
refl ect a regional geologic event are recorded 
exclusively in gabbroic intrusions but not in 
the gneisses they intrude. The zircon record of 
the high-Mg gabbros yields only a single mag-

matic core of 2.4 Ga (i.e., in DG150-11, Fig. 
11), which is in agreement with similarly aged 
zircon crystals described for mafi c intrusions at 
locations that are not surrounded by low-δ18O 
depletions (Puchtel et al., 1997; Bibikova et al., 
2004). Rare zircons in high-Fe intrusions (e.g., 
2.23Ga in Khitostrov) characterize less abun-
dant high-Fe magmatism with nominal 2.1Ga 
age but may be locally older (ca 2.2–2.3 Ga, 
Hanski and Melezhik, 2013). Pervasive 1.85 Ga 
Svecofennian metamorphism appears to have 

Vetreny Belt,
Subaqueous
Basalts, Qz

Figure 14. Oxygen isotope analysis of secondary quartz (Qz) vugs (amygdaloids) from 
2.5 to 2.3 Ga Sariolian and Sumian basalts from Karelia (see Table 3 for analyses); 
these are compared to the quartz vugs in Antarctic and Oregon basalts. Quartz-
basalt and quartz-epidote isotope fractionations in Vetreny Belt samples suggest 
temperature of formation for quartz amygdaloids in basalts to be in a broad ~50 to 
250 °C range, and likely involved isotopically shifted meteoric waters due to interac-
tion with rocks. Low-δ18O values of many quartz and basalts suggest that the interac-
tion involved low-δ18O water at elevated temperatures relative to surface conditions. 
Although the values in Karelian quartz are not particularly low, the close match of 2.4 
Ga Karelian vugs with Antarctic vugs, and not Oregon vugs, suggests by analogy that 
the Karelian basalts could have been altered by low-δ18O glacial meltwaters.

obliterated much of the pre–1.85 Ga zircon 
record in the mafi c intrusives immediately 
adjacent to the low-δ18O localities. This is not 
surprising because the odds for survival and 
detection of any older igneous or metamorphic 
zircons in such mafi c intrusions, if they were 
ever present, are low because of low Zr abun-
dance and small grain sizes typical for such 
rocks. It should be mentioned, however, that 
the cores are better preserved (and dated) in the 
least metamorphosed mafi c intrusions 1–2 km 
away from localities of interest (2.4 Ga at Var-
atskoye; Bibikova et al., 1994, 2004).

The last episode of zircon growth is dur-
ing the 1.85 Ga Svecofennian metamorphism, 
affecting zircons in both gneisses and mafi c 
intrusions. This stage is represented by zircon 
overgrowths on existing cores and crystalliza-
tion of new zircons (Fig. 7).

Zircon geochronology reveals a rather short 
(~50–100 m.y.) time gap between the 2.55 Ga 
youngest metamorphic crystallization of zir-
cons in the gneiss and their inferred shallow 
hydrothermal alteration by glacial meltwaters 
near the surface by 2.45–2.4 Ga in the vicinity 
of superplume-related (Evans and Pisarevsky, 
2008), high-Mg gabbroic intrusions. Two sce-
narios are possible. (1) Cessation of zircon 
growth after 2.55 Ga but before 2.45 Ga can 
be reasonably achieved at comparatively slow 
metamorphic unroofi ng (and cooling) rates of 
~1 mm/yr: uplift from amphibolite-grade depths 
(15–18 km) to the near surface would take ~15–
36 m.y. Unroofi ng in response to postcollisional 
erosion-driven isostatic uplift (removal of the 
mountain top overburden) or by lateral gravita-
tional fl ow of the thickened crust, as is observed 
in the Alps (Ruppel et al., 1988; Champagnac 
et al., 2009), is conceivable. At such rates, 
uplift and cooling (Fig. 14) will be completed 
~50 m.y. before the superplume event and the 
inferred initiation of rifting at 2.5 to 2.45 Ga. 
(2) Uplift caused by extension during the 2.5–
2.4 Ga rifting episode, a known regional (Ryba-
kov et al., 2000) and global event. In this sce-
nario, rifting resulted in rapid exhumation from 
 mid-crustal depths. For this tectonically driven 
uplift history, exhumation would have been 
completed in less than 10 m.y.

The Khitostrov locality may require hydro-
thermal alteration to take place at 2.23 Ga, coin-
cident with high-Fe gabbro intrusions.

Origin of Sharp Isotope Boundaries 
inside Zircon

Karelian zircons show sharp isotopic 
shifts across the core-rim boundaries, with 
the rims being in isotopic equilibrium with 
the host assemblage (Fig. 12). For a ~3 µm 
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 half-thickness of the δ18O diffusion profi le in 
the Varatskoye zircon, and assuming that the 
zircons spent at least 10 m.y. at high peak 
metamorphic conditions of ~700 °C indicated 
by the metamorphic paragenesis and Zr- in-
rutile geothermometry (Fig. 5), the estimated 
oxygen-diffusion coeffi cients are ~10−23 to 
10−24 m2/s, in agreement with Watson and 
Cherniak’s (1997) “dry” diffusion coeffi cients 
for zircon. For “wet” diffusion coeffi cients, 
complete annealing of the zircon crystals 
would occur over the same timescale, even at 
a lower metamorphic temperature of ~600 °C, 
which is contrary to our observations. “Wet” 
diffusion would produce the observed diffusion 
profi le in ~0.1 m.y., a duration that is too brief 
to be reconciled with reasonable cooling rates 
for regional retrograde metamorphism. There 
are several considerations here for explaining 
the comparatively sharp δ18O diffusion profi le 
we have observed: (1) experimental uncertain-
ties in wet versus dry diffusion coeffi cients, in 
particular the “wet” diffusion coeffi cients of 
Watson and Cherniak (1997) being too large 
(e.g., Page et al., 2007; Bowman et al., 2011); 
(2) the metamorphism occurred under drier 
conditions than usually assumed for such rocks 
(Kohn, 1999); (3) metamorphic rims crystal-
lized at much lower “metasomatic” tempera-
tures (<500 °C), where diffusion was vanish-
ingly small3; and/or (4) the metamorphic event 
was unusually short. Under these conditions, 
zircon-rim crystallization should have occurred 
at a maximum temperature 510–485 °C for 
only a few million years. However, such low 
temperatures contradict metamorphic grade, 
Zr-in-rutile temperatures (Fig. 5), and Ti in 
zircon temperatures recently reported by Kry-
lov et al. (2012) for the Khitostrov locality, all 
suggesting 650–770 °C for zircon-rim crystal-
lization. The age difference between amphibo-
litic zircon and monazite crystallization age of 
1.89 Ga (Bindeman et al., 2010) and inferred 
ca. 1.75 Ga ages of exhumation of these rocks 
(Terekhov, 2007) suggests a normal duration of 
metamorphism and exhumation, lasting tens of 
millions of years. We thus prefer explanation 
(1) because it is in agreement with geological 
evidence (e.g., Page et al., 2007; Bowman et 
al., 2011).

3To quantify the maximum temperature at which 
the zircon rims could have crystallized without 
signifi cantly reequilibrating with the zircon cores, 
we modeled metamorphic cooling using fast grain 
boundary diffusion model (Eiler et al., 1992; Peck 
et al., 2003) over reasonable metamorphic tempera-
tures and cooling duration of 10 m.y. using “wet” 
diffusion coeffi cients (Watson and Cherniak, 1997); 
see fi gure A1 in Bindeman and Serebryakov (2011).

Search for a Nonmetamorphic Low-δ18O 
Protolith

The Karelian ultralow-δ18O anomaly is 
exclusively hosted by amphibolite-grade meta-
morphic rocks of the 1.85 Ga Belomorian Belt 
extending >450 km, but oxygen isotope deple-
tion of the protolith is likely associated with 
a Paleoproterozoic “Slushball Earth” episode 
of subglacial alteration around rift-related 
mafi c intrusions (Fig. 1). No ultralow-δ18O 
rocks have yet been reported in coeval low-
grade volcanic and sedimentary rocks (Table 
3 and Fig. 14). Although ultralow-δ18O supra-
crustal rocks would be the ultimate proof for 
extremely 18O-depleted glacial waters (which, 
if present at low latitudes would indicate a 
“Slushball Earth” condition; Hoffman, 2009; 
Bindeman et al., 2010), we have reason to sur-
mise that such evidence would be diffi cult to 
fi nd, or be uncommon. First, this is because 
water-rock interaction is kinetically restricted 
in supracrustal rocks, and isotope fractionation 
factors are large at low temperatures, favor-
ing higher-δ18O solids. In contrast, isotopic 
exchange is rapid and extensive in hydrother-
mal systems, and 1000lnα

rock-water
 whole-rock–

water fractionation is close to 0‰, thus more 
reliably recording water δ18O values at large 
water/rock ratios. Second, there are uncer-
tainties regarding the geological position of 
sediments and lavas as representing subglacial 
or lacustrine environments (low-δ18O water), 
or marine environments (~0‰ δ18O SMOW 
seawater values). Nonetheless, despite the 
unknown temperature of formation, the δ18O 
values in supracrustal samples from Karelia 
(Fig. 14) are at the lower end of geologically 
more recent analogues, overlapping with the 
Antarctic quartz data.

Protolithic versus Synmetamorphic 
Low-δ18O Signatures

Our isotope mapping for the Khitostrov 
zone of ultralow-δ18O rocks shows concentric 
zonation in the proximity of elongated mafi c 
intrusion, sheared during 1.85 Ga Svecofen-
nian metamorphism (Fig. 2). If the elongated 
concentric isotopic pattern were to be explained 
by infi ltration of ultralow-δ18O synmetamorphic 
fl uids at 1.85 Ga (as suggested by Terekhov, 
2007; Ustinov et al., 2008), the following very 
specifi c conditions must be met.

(1) In the absence of any recognized reser-
voirs of mantle- or crustal-derived, low-δ18O 
and low-δD, high-temperature fl uids, the only 
conceivable source of such ultralow-δ18O fl u-
ids is devolatilization of (previously surface-
exposed) buried metamorphic rocks.

(2) Because typical gneisses and amphibo-
lites contain only 1–2 wt% H

2
O (Fig. 15A) and 

because at amphibolite-grade temperatures of 
600–700 °C, 1000lnα

water-rock
 water–whole-rock 

fractionation is close to zero (Fig. 15B), the 
devolatilizing protolith would have to be: (a) 
essentially the same ultralow-δ18O composition 
to yield ultralow-δ18O fl uids that are inferred for 
Karelia; and (b) it would take 50–100 times (Fig. 
15D) the mass of the devolatilizing ultralow-
δ18O rock to produce cubic kilometers of –10 to 
–27‰ rocks documented in outcrops (Fig. 2).

(3) Isotopic effects are maximized only if fl u-
ids were escaping through the same metamor-
phic shear zone, thus integrating fl uid/rock ratios 
(Figs. 14C and 14D). On an equimolar-oxygen 
basis, and assuming that fl uids are following 
the same path with 100% exchange effi ciency, 
it will take equal amounts of fl uids to rocks to 
bring δ18O value of rocks closer to that of the 
fl uid, again requiring 100 times the volume of 
the known low-δ18O exposures (6 × 2 km, Fig. 
2C). If the isotope exchange reaction is only 
50% effi cient, and/or if increments of fl uids are 
following different (non-integrating) paths, the 
total isotopic effects are signifi cantly reduced, 
and thus the required amount of devolatilizing 
rocks at depth is signifi cantly increased.

(4) The fl ushing fl uids will induce progres-
sively lower (but still signifi cant) isotopic 
effects on rocks down the path of exchange (up 
the fault). Thus the exposed –27‰ rocks would 
require an even lower δ18O devolatilizing source 
(Fig. 15C).

(5) If metamorphic fl uids were CO
2
 rich (e.g., 

Valley, 1986; Lackey and Valley, 2004), they 
should have been derived from decarbonation of 
ultralow-δ18O carbonate, unknown in the area or 
worldwide. While mass balance would require 
less rock on an equimolar-oxygen basis (~10–20 
times the amount of decarbonating marble ver-
sus 50–100 times the amount of dehydrating 
amphibole-bearing rock), the fractionation fac-
tors required are still problematic: δ18O of CO

2
 is 

heavier than coexisting calcite by 3.3‰ (900 °C) 
to 6‰ (700 °C; Zheng, 1993; Rosenbaum, 1994), 
thus diminishing the overall fl uxing effect of CO

2
 

and requiring an even lighter devolatilizing car-
bonate source of –30 to −35‰ δ18O SMOW.

In summary, a synmetamorphic fl uid-
fl uxing hypothesis would require >100 times 
18O-depleted rocks underneath the Khitostrov 
and other Karelian localities, making an even 
stronger case for widespread pre–1.85 Ga sur-
face altered rocks. Additionally, investigated 
eclogites of the Belomorian Belt (Fig. 1A and 
Table A1 in the Supplemental File [see footnote 
2]), devolatilized equivalents of studied rocks, 
are structurally below the examined localities, 
but these eclogites lack low-δ18O minerals.
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Figure 15. Isotope effects during metamorphic dehydration and metamorphic fl uid fl ow, demonstrating that the Karelian depletions were 
unlikely to have formed by this process. (A) A generic metapelite P-T-XH2O diagram (adopted from Connolly, 2010) with a superimposed 
reaction path for studied localities of the Belomorian Belt. Note the stepwise dehydration pattern showing hydrous mineral breakdown at 
specifi c temperatures. (B) A diagram showing compiled oxygen isotope fractionation factors (see the Supplemental File [see footnote 2]) 
and approximate temperature ranges of hydrous mineral stability; their dehydration at T > 200–400 °C results in small 0 ± 2‰ water-rock 
oxygen isotope fractionations. (C) A cartoon explaining the focusing of fl uid-fl ow paths along the fault zone. The mass of devolatilizing low-
δ18O rocks at depth should greatly exceed the mass of altered rocks proximal to the fault. (D) Oxygen isotope depletion effects in response 
to putative incremental percolation of low-δ18O hydrous fl uid (89% oxygen) or hydrous plagioclasite melt (59% oxygen) through the fault 
zone. Shown are the water-rock ratios and the large amounts of devolatilizing protolith required.
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We consider shallow heated glacial meltwater 
interaction with rocks as the most parsimonious 
explanation. This would result in a circular sym-
metric depletion pattern formed around mafi c 
intrusions prior to 1.85 Ga metamorphism, 
which, in turn, deformed these depletion zones 
into elongated and thus likely fault-controlled, 
ultralow-δ18O localities. Later local devolatiliza-
tion of the low-δ18O protolith during metamor-
phism generated zones of equally low-δ18O syn-
metamorphic fl uids, plagioclasite leucosomes 
(Fig. 3), which caused localized formation 
of zoned metamorphic minerals,  zircon rims, 
smoothed and/or obscured preexisting δ18O 
zonation in outcrops, enriching metamict zones 
in zircons, and whole rocks with LREEs.

Alternative Isotopic Ways to Produce 
Ultralow-δ18O Fluids?

Are there other conceivable processes that 
can produce the isotopic ranges observed? 
We are aware of only three processes other 
than hydrothermal alteration that are capable 
of producing large (>20‰) depletion of δ18O: 
(1) kinetic isotope fractionation, e.g., during 
devolatilization or evaporation with signifi cant 
mass loss (Clayton and Mayeda, 2009; Men-
dybayev et al., 2010); (2) thermal diffusion in 
water-bearing rocks (Bindeman et al., 2013); 
and (3) extreme Rayleigh distillation.

Rapid thermal decomposition of hydrous 
phases (e.g., brucite and serpentine; Clayton 
and Mayeda, 2009) at low pressure or vacuum 
involves kinetic removal of increments of low-
δ18O water. The process can be viewed as iso-
tope disproportionation into high-δ18O residue 
and low-δ18O fl uid. However, contrary to the 
Karelian data, such a process generates shallow 
“kinetic” slopes of δ17O versus δ18O fraction-
ation of 0.503–0.516, which are different from 
the equilibrium mass-dependent slopes that we 
measured (0.527, Fig. 6). The kinetic devolatil-
ization process is also unlikely to explain the 
genesis of the Karelia rocks because high-δ18O 
anhydrous residues are absent. Moreover, evi-
dence is lacking that high-pressure metamorphic 
devolatilization would be kinetically equivalent 
to low-pressure devolatilization.

For thermal isotope redistribution (or “ther-
mal migration”; e.g., Lundstrom, 2009), the 
sense of O- and H-isotope redistribution in 
a temperature gradient is low δ18O at a hotter 
end and high δ18O at the colder end, in spatial 
agreement to the observed contact relationships 
between gabbro and gneiss. Covariant mass-
dependent fractionations as much as 28‰ for 
δ18O and 144‰ for δD are possible in a ~500 °C 
temperature gradient (Bindeman et al., 2013) 
using natural, normal-δ18O rocks with 2–

4 wt% H
2
O. As is the case with kinetic devola-

tilization above, both low- and high-δ18O val-
ues are generated in the process, while Karelia 
rocks universally show a decreasing trend from 
normal-δ18O gneiss or gabbro to ultralow-δ18O 
values in corundum-bearing rocks. However, 
further tests can be applied to explore both of 
these possibilities: oxygen and hydrogen iso-
topes should be covariant with other isotopic 
species (e.g., Si, Mg, and Fe) in a predictable 
mass-dependent way (Mendybayev et al., 2010; 
Bindeman et al., 2013).

Finally, an extreme Rayleigh fractionation 
process of incremental fl uid removal, which 
we can call the “underground distillery model,” 
can accentuate isotopic differences. However, 
at high temperatures, isotope fractionation fac-
tors are small (Fig. 15B), the amount of ultra-
distilled fl uid is measured at a few percent of the 
original, and thus the possibility of any signifi -
cant “underground distillation” is also unlikely. 
We suggest that interaction between normal 
δ18O rocks and ultralow-δ18O glacial meltwater 
presents the simplest and most realistic explana-
tion to the observed results.

Insights into Duration of Paleoproterozoic 
Slushball Earth Glaciations

The Paleoproterozoic glaciation on different 
continents is inferred to have lasted from ca. 
2.45 Ga to as late as 2.26 Ga based on exist-
ing and newly appearing geochronologic data 
on diamictites worldwide (see Hoffman, 2013, 
for review). Three to four individual glacial 
episodes, each of unknown but likely global 
or near-global extent, characterized the Earth 
during this time interval, each lasting multiple 
millions of years. Coeval to glaciation was the 
appearance of oxygen in the Earth’s atmosphere 
and disappearance of the mass-independent 
sulfur photolysis reactions between 2.4 and 
2.26 Ga (Bekker et al., 2004). When exactly the 
Great Oxidation Event (GOE) occurred remains 
a matter of debate.

Our work contributes to this discussion 
because ultralow-δ18O values in Karelian rocks 
provide direct evidence for low-δ18O glacial 
meltwaters and thus terrestrial glaciation at 
low latitudes. The majority of Karelia locali-
ties record a 2.4 Ga episode, during coeval rift-
ing and high-Mg plume magmatism (Fig. 16; 
also Bindeman and Serebryakov, 2011). The 
new evidence from the most depleted locality 
at Khitostrov is adjacent to high-Fe gabbro that 
yielded a single-zircon core of 2.23 Ga, sug-
gesting that hydrothermal alteration could have 
been caused by the youngest glaciation dated 
at 2.26 Ga by Rasmussen et al. (2013) in South 
Africa and Canada. Thus there is a need to date 

post–2.4 Ga high-Fe intrusions in the Belomo-
rian Belt and their unmetamorphosed variety 
in Karelia to confi rm the age designation. If 
this evidence is confi rmed, then the Kare-
lian low-δ18O rocks record the oldest and the 
youngest of glaciations during the Paleopro-
terozoic, so that every shallow intrusion likely 
underwent subglacial or near-glacial meteoric- 
hydrothermal alteration.

CONCLUSIONS

(1) Eleven newly discovered low- and 
ultralow-δ18O Paleoproterozoic Karelian locali-
ties extend the previously known geographical 
range of such rocks in the Belomorian Belt to 
450 km.

(2) At the Khitostrov locality, which hosts the 
world’s lowest δ18O rocks (−27.3‰), the mapped 
zone of depletion is now extended to ~6 × 
2 km, tracing the high-Fe gabbro body in an 
exposed regional fault.

(3) Isotopic mass balance supports the idea of 
near-surface alteration by glacial meltwaters at 
large water-rock ratio as the most likely mecha-
nistic interpretation of the observed depletion 
patterns, prior to metamorphism.

(4) Zircon crystals in corundum-bearing rocks 
associated with the Chupa paragneiss display 
systematic zoning patterns with normal-δ18O, 
2.9–2.7 Ga igneous cores that are commonly 
mantled by normal-δ18O 2.55–2.6 Ga metamor-
phic domains and ultralow-δ18O Svecofennian 
1.85 Ga metamorphic rims. Zircons in meta-
morphosed mafi c intrusions are predominantly 
of the younger metamorphic Svecofennian age.

(5) Zircon ages of gabbroic intrusions in most 
low-δ18O localities indicate intrusive ages coin-
cident with 2.45 Ga rifting and the oldest Paleo-
proterozoic glaciation. Hydrothermal alteration 
in the rift zones involved heated glacial meltwa-
ters at large water-rock ratios, implying shallow 
residence of the studied localities at that time.

(6) Whether the depletion at Khitostrov is 
younger than 2.4 Ga, and is associated with 
ca. 2.23 Ga high-Fe intrusions, needs to be 
further tested. If proven, Khitostrov will docu-
ment a hydrothermal alteration event during the 
youngest of Paleoproterozoic glaciations.

(7) Svecofennian 1.85 Ga burial and meta-
morphism have resulted in very limited devol-
atilization of low-δ18O rocks diluted by the 
fl uids from ambient normal-δ18O rocks, lead-
ing to increasing δ18O in metamorphic miner-
als and zircon rims. This small fl uid-rock ratio 
or hydrous low-degree melting may explain 
unusually enriched REE and P concentrations 
in zircons. We invoke dispersed LREE-rich 
nanometer-sized REE-phosphate inclusions in 
metamict zones within these zircons.
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(8) Geochronologic and geologic evidence 
indicates depletion in δ18O happened between 
2.55 and 1.85 Ga, which is broadly coinci-
dental with glacial deposits of the Sariolian 
and Sumian age of Karelia. These coeval vol-
canic and sedimentary rocks and their altera-
tion products have δ18O values broadly com-
parable to those in modern Antarctica but lack 
ultralow-δ18O values due to lower (and uncer-
tain) temperatures of alteration as compared 
to high-temperature hydrothermal alteration 
around magmatic intrusions.

(9) The redefi ned range of δ18O in Karelian 
rocks (from +10 to −27.3‰) allows a more 
precise determination of exponents of the δ17O 
versus δ18O fractionation exponent, as 0.527, 
in strict adherence to the equilibrium distribu-
tion of isotopes in the process, suggesting that 
intense hydrothermal alteration obeys equilib-
rium mass dependency.
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