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With support of the International Continental Scientific 
Drilling Program (ICDP) and other funding organizations, 
the Fennoscandia Arctic Russia – Drilling Early Earth 
Project (FAR-DEEP) operations have been successfully 
completed during 2007. A total of 3650 meters of core have 
been recovered from fifteen holes drilled through sedi- 
mentary and volcanic formations in Fennoscandia (Fig. 1), 
recording several global environmental changes spanning 
the time interval 2500–2000 Ma, including the Great 
Oxidation Event (GOE) (Holland, 2002). The core was mean-
while curated and archived in Trondheim, Norway, and it has 
been sampled by an international team of scientists. 

Introduction

The emergence of an aerobic Earth System and a series of 
interrelated global events (Archean-Paleoproterozoic 
Transition, APT) during the Late Archean and Early 
Paleoproterozoic (2500–2000 Ma) led to the irreversible 
alteration of Earth’s surface (Fig. 2). This environmental 
change poses a fundamental challenge in the geosciences 
(Melezhik et al., 2005a). The FAR-DEEP Expedition spe-
cifically targeted geological formations 2500–2000 Ma old in 
three different areas (Fig. 1) that recorded most of the events 
associated with the GOE. The project has three major goals:

Establish a well-characterized, well-dated, and •	
well-curated succession of rocks for the period of 
2500–2000 Ma
Document the changes in the biosphere and the •	
geosphere associated with the rise in atmospheric 
oxygen
Develop a model to explain the genesis and timing of •	
the establishment of the aerobic Earth System.

The samples obtained by the FAR-DEEP provide a repre-
sentative geological record of the most important global 
events occurring through the APT (Fig. 2).

Drilling Operations 

The drilling operations were carried out from May to 
October 2007 on the Russian part of the Fennoscandian 
Shield. The fifteen holes drilled range in depth from 92m to 
503 m, totaling 3650 m of recovered core. To minimize the 
risk of core contamination for forthcoming biomarker  
studies, the drilling was performed with clear water and with 
non-oil-based lubricants. In most cases, the core recovery 
was close to 100%. Most of the cores were successfully  
re-oriented, and they are suitable for paleomagnetic studies. 
The large distances and remoteness of the drilling sites with 
limited infrastructure required a considerable logistical 
effort. In addition the coring offered a unique opportunity for 
students from the FAR-DEEP partner institutions to examine 
field sites and participate in the recovery of the best available 

Figure 1. Geographic locations of the FAR-DEEP drilling operations.
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Figure 2. Global environmental events associated with the GOE, and 
targeted by FAR-DEEP (Holland, 2002).
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succession of volcanic-sedimentary rocks recording the time 
of emergence of an aerobic world. 

Core Archive and Drilling Information 
System (DIS)

All cores were transported to the Geological Survey of 
Norway (NGU) in Trondheim for curation and archiving.  
All technical and geological data gathered during the drilling 
operations and through the archiving process have been 
catalogued using the Drilling Information System (DIS, see 
Web Links) developed by ICDP. During the project, the func-
tions of this software have been continuously updated to 
meet the specific FAR-DEEP needs. The archive process 
began in March and was completed by December 2008.  

At the NGU’s core repository the archive process included 
(1) high-resolution photography of core in boxes, in dry and 
wet conditions, (2) magnetic susceptibility measurements of 
full core at ~20-cm intervals, (3) core splitting by sawing, (4) 
image scanning and photography of split core, (5) detailed 
lithological description, (6) and routine sampling with ~7-m 
spacing for general geochemical and petrographic characte-
rizations of the rocks. The archive sample set consists of 554 
specimens that have been analyzed for whole-rock major and 
trace elements, carbonate composition, abundance of C and 
S, and thin sections have been made from them at the NGU 
laboratory. Selected specimens from the archive set have 
been analyzed for S isotopes of sulfides, C- and N-isotopes of 
the organic matter, and C-, O-, and Sr-isotopes of carbonates 
by the FAR-DEEP international team of researchers. All 
documentation obtained during the archiving process and 
general geochemical profiles of cores (Fig. 3) were made 
available for the FAR-DEEP partners on the Internet prior to 
core sampling in Trondheim from March to April 2009.

“Coring” through Major Paleoproterozoic 
Events and Paleoproterozoic Reference 
Sections

The FAR-DEEP cores of sedimentary and volcanic 
formations in the stratotype areas of the Pechenga and 
Imandra/Varzuga Greenstone Belts and the Onega Basin 
(Fig. 1) record the global events of the APT (Figs. 4 and 5).

Change in fractionation of sulfur isotopes. Several lines of 
evidence imply Earth’s earliest atmosphere shifted from 
being anoxic to oxic between 2500 Ma and 2000 Ma (GOE, 
Fig. 2). The processes driving this shift, as well as their 
timing and duration, remain enigmatic. Appearance of ‘red 
beds’ and sulfates in the stratigraphic record is among the 
most compelling evidence reflecting the change to oxic  
conditions. Additional support for the oxygenation has  
been gained from recent work on S-isotopes that have  
shown the presence of mass-independently fractionated 
(MIF) S-isotopes in rocks older than 2360 Ma and disap-
pearance of such a signature thereafter (Bekker et al., 2004; 
Hannah et al., 2004; Guo et al., 2009). The disappearance  
of MIF S-isotopes has been typically attributed to the  
oxygenation of the atmosphere and related change in  
photochemical reactions, but other processes have also  
been proposed (Watanabe et al., 2009). FAR-DEEP’s  
drillhole 1A intersected a sequence of marine shales  
(Fig. 6A) and sandstones deposited prior to 2442 Ma  
(Fig. 4). These 2442-Ma rocks show a transition from MIF  
to mass-dependently fractionated sulfur isotopes (Reuschel 
et al., 2008); thus, they offer new constraints on the S-isotope 
cycle at the dawn of the GOE. Moreover, isotope geochemi-
stry of marine carbonate rocks interbedded with shales may 
represent a robust proxy for the global carbon cycle prior to 
the Huronian-age glaciation (Young et al., 2001).Figure 3. Example of a drillhole log with position of archive samples 

(red squares) and their numbers. Magnetic susceptibility data are 
plotted alongside. 
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Huronian-age global glaciation. The 
rapid onset of global glaciation(s) from 
otherwise climatically invariant condi-
tions at around 2320 Ma (age constraint 
from South Africa, Hannah et al., 2004)  
is another significant environmental  
event during the APT. The triggering 
mechanisms remain poorly understood 
(Evans, 2003) and several models have 
been advanced to explain them  
(Melezhik, 2006; Claire et al., 2006). In  
the Imandra/Varzuga Greenstone Belt, 
drillhole 3A intersected Huronian-age 
diamictites (Fig. 6B). These are overlain 
by spinifex-textured komatiites (Fig. 6C)  
and underlain by Sr-rich limestones, all 
resting on felsic volcanic rocks. This set-
ting offers unique opportunities for recon-
structing paleolatitudinal positions, a  
geochemical record of seawater Sr- and 
C-isotopic composition  and geochrono-
logy.

Unprecedented perturbation of the global 
carbon cycle. The largest positive excursion 
of δ13C known in Earth’s history as  
recorded in sedimentary carbonates— 
termed the Lomagundi-Jatuli Event—is 
one of a series of prominent  Paleo-
proterozoic environmental events whose 
interrelationships remain intriguing and 
only partially resolved (Melezhik et al., 
2007). At present, no consensus exists on 
the causative mechanism(s) responsible 
for the Lomagundi-Jatuli Event (Bekker  
et al., 2001, 2003a; Hayes and Waldbauer, 
2006). The possible role of local factors in 
amplification of a global signal remains 
unresolved (Melezhik et al., 1999; Bekker 
et al., 2003a, 2003b; Aharon, 2005). 
Drillholes 4A, 5A, 10A, 10B, and 11A  
intersected 13C-rich carbonates of the 
Lomagundi-Jatuli Event (Fig. 6D) in three 
different depositional and paleotectonic 
settings. Drillholes 8A and 8B cored  
carbonates (Fig. 6E) that post-date the 
Lomagundi-Jatuli Event. The study of all 
these cores will help to understand onset, 
duration, and causes of this unique pertur-
bation of the global carbon cycle. 

Oxidized ocean – abundant Ca-sulfates. 
Progressive oxygenation of Earth’s surface 
environments resulted in increased sulfide 
oxidation during continental weathering and a concomitant 
increase in the concentration of marine sulfate (Guo et al., 
2009). However, to date, available esti-mates of marine sul-

fate reservoir size remain controversial (Kah et al., 2004; 
Melezhik et al., 2005b),. Several FAR-DEEP drillholes (5A, 
8A, 8B, 10A, 10B, 11A) successfully targeted sedimentary 

Figure 4. Composite (~10,000-m-thick) and simplified Paleoproterozoic section for the 
Pechenga and Imandra/Varzuga Greenstone Belts linked to major paleoenvironmental 
events. Radiometric dates from bottom to top are from Amelin et al. (1995), Melezhik et al. 
(2007), and Hanski (1992). The Pechenga Belt stratigraphy is shown in black-face letters, 
and the drilled holes by vertical black lines; features for the Imandra/Varzuga Belt are in 
blue. The number of the drillhole and its depth are shown in red-face letters; this is followed 
by text briefly describing rock lithologies intersected by the hole.
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formations that contain seawater sulfates. Pseudomorphs 
after gypsum and anhydrite, with relicts of primary mine-
rals, have been documented in great abundance (Fig. 6F, 
6G). Detailed mineralogical and isotopic studies to decipher 
their environmental significance are in progress and will 
help constrain the oxygenation history.

Ferric iron-rich volcanic rocks: upper mantle oxidizing event 
vs. secondary overprint by oxidized groundwaters. Was the rise 
of atmospheric oxygen levels related to increased dioxygen 

due to evolution of oxygen-producing organisms, or was it 
controlled by a decrease in oxygen sinks (Kump, 2008)? One 
hypothesis is that a predominant sink for oxygen in the 
Archean era was abruptly and permanently diminished 
during the APT (Kump and Barley, 2007), but the overall 
cause of the GOE remains unresolved. Approximately 
2060-Ma-old volcanic rocks (Fig. 6H, 6I) in the Pechenga 
Greenstone Belt have high Fe3+/Fetotal ratios (average=0.37) 
which are in sharp contrast to the majority of underlying and 
overlying volcanic units. The FAR-DEEP drillholes 4A and 

6A recovered more than 300 meters of such 
highly oxidized lavas (Fig. 6I). This anomaly 
may represent evidence either for relatively 
oxidized mantle material (e.g., recycled ban-
ded iron formations) or a large-scale altera-
tion of Earth’s surface by oxidized meteoric 
and/or groundwaters. 

Subaerial and subaqueous hydrothermal 
systems. Two types of compositionally dif- 
ferent hydrothermal products have been 
documented in the FAR-DEEP drillcores.  
The first type is represented by iron 
oxide-silica-dominated rocks (jasper). This 
appears in a large variety of occurrences  
in the FAR-DEEP cores, including numer- 
ous amygdales (Fig. 6I), veinlets and veins  
in volcanic rocks (Fig. 6J), siltstone-  
and dolostone-hosted layers, beds, and 
feeder-veinlets in dolostones and silici- 
clastic sediments (Fig. 6K), and redeposited 
clasts in fluvial, deltaic and marine sedi-
ments. The occurrences of jasper thus re-
present a complex history of fluid migration  
and redox alteration in a suite of processes 
linked to the GOE. 

The second type of hydrothermal products 
is travertine (Fig. 6L), occurring in great 
abundance as thin crusts and feeder-veinlets 
in 13C-rich lacustrine dolostones (Fig. 4, 
Kuetsjärvi Fm). These oldest ever documen-
ted travertines may signify a radical change 
in Earth surface environment to one allowing 
the precipitation of hydrothermal carbonates 
in subaerial conditions. Drillcores from holes 
5A, 6A, 7A, 8A, and 8B provide excellent 
material for studying the complex ‘iron story’ 
around the GOE, as well as the earliest  
known travertine-precipitating hydrothermal 
systems.

Revolution in biological cycling of 
phosphorous and organic matter. 
Post-Lomagundi-Jatuli deposits (2000 Ma) 
record the first known appearance (if sider-
ite in banded iron formations is excluded) of 

Figure 5. Composite (~5000-m-thick) and simplified Paleoproterozoic section for the 
Onega Basin linked to major paleoenvironmental events. Radiometric dates from bottom 
to top are from Ovchinnikova et al. (2007) and Pukhtel et al. (1992). Vertical red lines 
show the position of the drillholes. The number of the drillhole and its depth are shown in 
red-face letters; this is followed by text briefly describing rock lithologies intersected by 
the hole.
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diagenetic carbonate concretions significantly depleted in 
13C (Fallick et al., 2008). They are varied in size and compo-
sition and abundant in sedimentary successions <2000 Ma 
where they are associated with other diagenetic products 
such as phosphorites, all of which are seemingly absent in 

older rocks. Thus, these suggest a major change in the diage-
netic mineralization of organic matter, perhaps reflecting 
increased rates in dissimilatory sulfate reduction (Canfield 
and Raiswell, 1999). This in turn suggests an elevated con-
centration of interstitial phosphate. Drillholes 9A, 12A, 12B, 
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Figure 6. Major Paleoproterozoic paleoenvironmental events documented in the FAR-DEEP cores and adjacent outcrops. [A] Sandstone-shale 
from drillhole 1A with tidal bedding formed at the start of the GOE. [B] Diamictite accumulated during the Huronian-global glaciation; drillhole 
3A. [C] Spinifex-structured komatiites overlying the diamictites; drillhole 3A. [D] Jatuli-age, red, stromatolitic, 13C-rich, dolostone recording the 
unprecedented perturbation of the global carbon cycle during the Lomagundi-Jatuli Event; red color is indicative of oxic environment associated 
with GOE; drillhole 10A. [E] Post-Lomagundi-Jatuli, pink, isotopically "normal", dolostone recording the recovery from the perturbation in the 
global carbon cycle; drillhole 8B. [F] Dolomite-quartz pseudomorphs after gypsum rosette and crystals emplaced in red clay; abundant 
Ca-sulfates suggest a significant ocean sulfate reservoir; drillhole 10B. [G] Dissolution of anhydrite and halite resulted in porous appearance of 
matrix-supported conglomerate; drillhole 11A. [H] ~2060-Ma weathering surface imprinted in hematite-cemented (black) felsic lava-breccia in 
vicinity of drillhole 7A; this is indicative of oxic meteoric and ground waters during the GOE. [I] Jasper-filled amygdales (dark red) in oxidized felsic 
lava from drillhole 6A; this may record an upper mantle oxidizing event. [J] Jasper vein in dacitic lava near drillhole 7A; such veins are truncated 
by overlying sediments and are the product of subaerial, syn-volcanic hydrothermal activity. [K] Greywacke-hosted jasper layers and beds 
precipitated from sub-aqueous hydrothermal system; drillhole 8B. [L] The earliest known travertines on Earth from drillhole 5A. [M] 13C-depleted 
carbonate concretion incorporating carbon derived from oxic recycling of the organic matter; drillhole 12B. Bar scales in all photos are 1 cm.  
[N] Pyrobitumen vein representing a 2000-Ma oil migration pathway; drillhole 12A. These units contain both mass-independent and mass-
dependent fractionation of sulfur isotopes. 
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and 13A recovered hundreds of meters of cores con- 
taining abundant carbonate nodules (Fig. 6M) and 
carbonate-associated phosphorites, which allow us to 
address the causes of the emergence of ‘modern-style’ re-
cycling of organic matter, are and the factors that control  
the formation of the oldest known phosphorites.

Supergiant petroleum deposits. The most remarkable  
accumulation of organic-matter-rich sediments and genera-
tion of petroleum in the Precambrian took place at around 
2000 Ma ago in the aftermath of the Lomagundi-Jatuli  
Event (Melezhik et al., 2009). This is known as the  
Shunga Event. The causes (e.g., high productivity or anoma-
lous preservation) of such unprecedented global accumu-
lation of organic-matter and pervasive oil generation  
remain unknown. In the type area at Shunga, three 
FAR-DEEP drillholes (12A, 12B, 13A) intersected several  
hundred meters of organic matter-rich source rocks, a uni-
quely preserved oil migration pathway (Fig. 6N), a petrified 
supergiant oilfield, and several bodies of enigmatic 
organo-siliceous rocks containing up to 40 wt% organic car-
bon. More than 100 archive samples have already been  
analyzed for major and trace elements as well as for S- and 
C-isotopes of sulfides, organic matter and associated  
carbonates, and they indicate a complex geochemical evolu-
tionary pattern. These data, together with the results of  
forthcoming studies on biomarkers and structural, isotopic, 
and trace element characteristics of organic matter, will 
enable several fundamental problems associated with the 
Shunga Event to be addressed. 
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