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INTRODUCTION

More than 60% of the Earth’s surface is composed of 
oceanic crust. The formation of new oceanic crust at 
ridge axes and the reincorporation of old crust into 
the mantle or its accretion onto continental margins 
at subduction zones are perhaps the most funda-
mental components of the plate tectonic cycle. These 
processes control the physiography of the Earth and 
the chemical and thermal evolution of the crust and 
mantle.  Seafloor volcanoes, including seamounts 
and mid-ocean ridges, are dynamic environments 
where globally significant chemical, biological, 
and heat fluxes occur between the lithosphere and 
hydrosphere. The focus of this project was a study 
of water-rock-microbial alteration of the ancient 
seafloor preserved in the Abitibi Greenstone Belt 
(AGB). 

Greenstone belts such as the AGB are useful for un-
derstanding ancient seafloor processes that we can-
not access directly.  When we study modern oceanic 
crust it is generally either just on the very surface of 
the seafloor, in a one-dimensional hole drilled into 
the crust, or by some remote method that prohibits 
detailed mapping.  Greenstone belts are not perfect 
analogs of normal ocean crust and are likely pre-
served because they may be atypical (e.g. Karson, 
2002).  However, seafloor volcanic rocks are not all 
generated at normal mid-ocean ridge settings, and 
seamounts, back-arc spreading, and oceanic plateaus 
represent a significant portion of volcanic rocks 
found on the seafloor.

Investigations of seafloor hydrothermal systems are 
inherently interdisciplinary, reflecting the complex 
linkages between geological, biological, chemical, 
and physical processes. In particular, the role of mi-

croorganisms in the alteration of oceanic crust has 
only recently been demonstrated (see Furnes et al., 
2008 for a review). The temperature and depth limits 
of oceanic basement microbiological activity have 
yet to be explored, but microbial activity occurring 
in the sub-seafloor biosphere may have a profound 
impact on processes and chemical fluxes during wa-
ter-rock reactions and possibly hold the key to the 
development of life on the Earth and other planets.

GEOLOGICAL SETTING

The AGB (Fig. 1) is the largest and one of the most 
accessible, best-studied, and best-preserved Archean 
(2735-2670 Ma) greenstone belts in the world (Card, 
1990; Daigneault et al., 2004). Like most greenstone 
belts worldwide, it comprises primarily ultramafic 
to mafic volcanic rocks, many of which exhibit 
pillowed morpholgies, breccias and hyaloclastites 
typical of seafloor volcanism, felsic volcanic rocks 
and turbiditic to conglomeratic clastic sedimentary 
rocks (e.g., Dimroth et al., 1978). The belt is cut by 
a number of major, late-stage transcurrent shear 
zones, which served as the locus for fluid flow and 
ore deposition (e.g. Ludden and Hubert, 1986).  
Despite some deformation and later weathering, the 
AGB in general, and in particular the many delicate 
volcanogenic features in the mafic volcanic units of 
the Blake River Group (BRG), are remarkably well 
preserved (Mueller, et al., 2004). 

Because of its economic value (copper, zinc and 
gold deposits), the volcanology of the AGB has been 
broadly mapped (e.g., Wyman et al., 1999), which 
provides the necessary background for a detailed 
study of the interplay of seafloor fluid flow and 
physical volcanology through very detailed (me-
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ter-scale) mapping and sampling, contributing to a 
broader understanding of Archean seafloor physical, 
chemical, and biological processes. In particular, our 
chosen study sites afford us the relatively rare oppor-
tunity to study seafloor volcanic and hydrothermal 
processes in an area that is both easily accessible 
and has a significant thickness of exposed extrusive 
mafic rocks.   

The study sites are located within the Blake River 
Group (BRG), a 3000 km2 volcanic sequence in the 
Southern Volcanic Zone of the AGB (Fig. 1; Chown 
et al., 1992). The BRG (2706-2697 Ma) is a 4-7 km-
thick sequence of primarily mafic volcanic rocks 
exposed across the Quebec-Ontario border, with 
over 100 km of exposed complex Archean ocean 
crust (Mueller et al., 2009; Pearson and Daigneault, 
2009).  The study sites are within a nested megacal-
dera complex comprised of three calderas (Mueller 
et al., 2009; Pearson and Daigneault, 2009). The Air 
Liquide (AL) and John Deere (JD) sites are pre-
dominantly pillowed and massive flows, although 

some hyaloclastite flows occur locally, and are 
located within 1 km of each other on the edge of 
Rouyn-Noranda.  Units at AL dip vertically, north 
up, with excellent exposures.   JD also dips nearly 
vertically, with up varying between southeast and 
northeast around an open z-shaped fold. The Hurd 
Property site (Hurd) is located 90 km northwest of 
Rouyn-Noranda in Harker Township, on the On-
tario side of the BRG (Fig. 1). The 2701 Ma rocks at 
Hurd constitute a 62 m-thick sequence of submarine 
volcaniclastic deposits that dip vertically, with south 
southwest up, and are underlain by a sequence of 
thin lava flows and overlain by a poorly exposed 
massive basalt (Bridge et al., submitted; Scott et al., 
2003; Ayers et al., 2002).

Field studies were conducted in the pillows, massive 
basalts, hyaloclastites, and breccias in and imme-
diately surrounding the town of Rouyn-Noranda, 
Quebec as well as the Hurd Property in Harker 
Township, Ontario (Fig. 1).  In Rouyn-Noranda, we 
studied two areas of mafic volcanics behind the Air 

Ontario Quebec

Hudson
     Bay

60oN

45oN

75oW 90oW

AL and JD

Hurd

N
49oN

80oW

48oN

75oW

Figure 1.  General geology of the Archean Abitibi Greenstone Belt (modified from Daigneault et al., 2004; Mueller et al., 
2009). The Air Liquide (AL) and John Deere (JD) sites are within the town of Rouyn-Noranda, Quebec; the Hurd site is 90 km 
to the NNW in the rural Harker Township, Ontario.  
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Liquide facility (AL) and the folded mafic volcanics 
across the street at JD behind a John Deere facility 
(Fig. 2).  At AL mapped a 150 x 160 m area (Fig. 3). 
The series of flows, interspersed with pillows and 
hyaloclastites mapped at the AL site exemplifies the 
complexity of seafloor basalt morphologies, glassy 
lithologies, and styles of hydrothermal flow found 
even in a small area.  We also studied the Hurd 
Property, a site of previously discovered microbial 
biosignatures (Bridge et al., submitted) to expand 
prior mapping, geochemical, and physical proper-
ties work there, and for a comparison to the Rouyn-
Noranda areas. 

FLUID FLOW WITHIN THE SEAFLOOR

Fluid flow within the modern seafloor transports 
tremendous heat and dissolved components be-
tween the basaltic crust and the ocean.  Our under-
standing of the geometry, intensity, and duration of 
fluid flow both in the modern seafloor, and in the 
Archean is incomplete and limited by exposure and 
access.  Porosity and permeability, two important 
controls on hydrothermal fluid flow, have been mea-
sured in hand samples from the seafloor, and more 
commonly using indirect methods; these parameters 
vary tremendously based on geologic setting, base-

ment topography, sedimentation, and other factors 
(see Jacobson, 1992; Fisher, 1998 for reviews).  Po-
rosity of young seafloor rocks has been estimated to 
represent as much as one-third of the total volume 
of the shallowest volcanics (e.g., Gilbert et al., 2007), 
decreasing with age as hydrothermal circulation 
wanes and permeable zones seal (Jacobson, 1992).  
Outrcop mapping of porosity and permeability of 
pillows at the Troodos Ophiolite in Cyprus pro-
duced estimates similar to modern seafloor (Gillis 
and Sapp, 1997)

To compare zones of likely fluid flow, we selected 
sites with a variety of seafloor morphologies: pil-
lows, flows, and hyaloclastites.  We mapped and 
sampled in several dimensions for studies of physi-
cal properties (including density, velocity, per-
meability, and porosity), petrology, mineralogy, 
geochemistry, and in various combinations to help 
constrain original setting, understand fluid flow 

Figure 2.  Rouyn-Noranda, Quebec geology (after Mueller et al., 
2008), with locations of JD and AL sites. 

Figure 3.  Detailed geologic map of the Air Liquide area, with 
the map center (0,0) at 49.221˚N, 079.001˚W.  Mapping was 
done on a 5 m grid.
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and porosity of the extrusive layer, and explore the 
variety of compositions and relationships between 
volcanic facies preserved.  In the context of modern 
ocean crustal processes, using comparisons from 
other greenstone belts, ophiolites, and modern 
seafloor volcanic rocks, these results provide a bet-
ter understanding of how hydrothermal fluid flow 
operates now and may have operated early in Earth’s 
history.

Henry ‘Ted’ Kernan (Williams ‘09) focused on hy-
drothermal processes that lead to sulfide mineraliza-
tion throughout the large, well-exposed AL outcrop 
(Fig. 3) at the edge of the town of Rouyn-Noranda.  
He broadly determined the distribution of sulfides 
present in different lithologies and examined pe-
trography, major and trace element geochemistry, 
and physical properties to compile indicators of 
hydrothermal activity throughout each unit of the 
extrusive pile.  Of particular interest are his find-
ings of the relative enrichment of trace metals: the 
hyaloclastites are significantly enriched above pillow 
margins and cores, with the least enrichment within 
the interior of the low-porosity/high density mas-
sive basalt units.  The highest sulfide concentrations 
in the area are coincident with changes in lithol-
ogy, primarily at the transition between the tops of 
pillow units and overlying massive units, within the 
interpillow zones of the uppermost pillows.  These 
contacts represent a change in eruptive style and 
with the onset of lower porosity massive flows likely 
a change in hydrothermal plumbing, making the 
connected fractures between the capped pillows a 
natural zone of permeability through which many 
syn- and, possibly, post-volcanic hydrothermal flu-
ids have traveled. 

To determine the relative timing and causes of alter-
ation, Karen Tekverk (Haverford ‘09) examined the 
glassy margins of pillows and interpillow hyaloclas-
tites (IPH), as well as calcite- and/or quartz-filled 
veins. Tekverk used whole rock geochemistry, XRF, 
and XRD to aid her petrographic study of metamor-
phic mineralogy, fabric orientation, and grain size 
indicators to assess the degree of fluid alteration and 
water-rock interactions. She compared the altera-
tion histories to examine the relative influences of 

infiltration of metasomatic fluids during seafloor 
processes and later tectonic deformation.  Such a 
comparison is important to our models of fluid 
migration from original conditions on the seafloor, 
through emplacement, to the present. Although 
there is evidence of some later alteration, mineral-
ogy and fabric orientation in the pillow edges and 
IPH indicate fluid flow of hydrothermal origin, 
especially in the least deformed pillows.  The JD 
area, which is within an open z-shaped fold (Fig. 2) 
showed more evidence of tectonic deformation.

To get a sense of originally open pore space within 
the interiors of the pillow basalts and massive units, 
Lisa M. Smith (Amherst ‘09) examined characteris-
tics of the vesicles at both Rouyn-Noranda sites (AL 
and JD).  Smith compared novel determinations of 
vesicle size and density made in the field with those 
using thin section microscopy, and found agreement 
between methods, with an overall vesicularity of 5% 
for non-glassy morphologies at both sites. She exam-
ined various eruptive morphologies to observe how 
differing styles of eruption influence vesiculation.  
In particular, she made detailed maps of vesicle 
distribution from pillow top to bottom and laterally 
across pillows, finding a near radial symmetry and 
a high density of vesicles in the center of the pillow.   
She also examined vesicle deformation as an indica-
tor of pillow deformation, using three sites cross a 
syncline at JD (Fig. 2)– one on the western limb, one 
on the eastern limb, and one in the hinge of the fold.   
Although vesicles and drain-back features are often 
unconnected, they represent an original porosity of 
seafloor volcanics that is thought to influence the 
seismic character and physical/chemical evolution 
of the crust.

The glassy margins of pillow basalts, formed from 
the quenching of the outer skin of subaqueous lavas, 
provide a set of connected fractures through which 
hydrothermal fluid can flow.   Stefanie Gugolz (Be-
loit ‘09) characterized hydrothermal alteration and 
fluid flow through the pillow and interpillow zones 
of Archean mafic volcanics of the BRG in Rouyn-
Noranda (Fig. 2).  By examining pillow size and 
shape, as well as interpillow hyaloclastite (IPH) area 
and alteration halos around glassy pillow rims, her 
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work has the goal of understanding the influence 
of pillow morphology on fluid flow.  Gugolz used a 
variety of petrolographic, geochemical, and physical 
properties to characterize inter-pillow zones of hy-
drothermal fluid flow.  In the JD and AL study areas, 
hydrothermal fluid flow is focused along IPH zones, 
supported by field evidence for thinner alteration 
halos in areas with more IPH, whereas thicker al-
teration zones occur along the edges of horizontally 
elongate pillows with small IPH zones.  These zones 
of high fluid flow within the upper ocean crust are 
important to locate likely evidence of sub-seafloor 
life such as microbial trace fossils, volcanic massive-
sulfide deposits, and to better understand hydro-
thermal fluid flow.  

VOLCANOES AND MICROBES

Limited Archean-age rocks have survived on Earth, 
but those that do contain valuable information 
pertaining to the evolution of Earth and life’s early 
development. Past searches for traces of the earliest 
history of life on Earth have mostly been confined to 
sedimentary rocks but recently, traces of microbial 
life have been found in modern and ancient subma-
rine volcanic rocks. Microbial alteration features are 
ubiquitous within the oceanic crust, having been 
discovered in basalts of all ages, wherever fresh 
glass is preserved.   More recent work in ophiolites 
and greenstone belts has extended the evidence for 
microbial alteration of oceanic basalts back into the 
Archean, significantly beyond the record preserved 
in the modern oceans (e.g., Furnes et al., 2007; 
2008). Ancient subaqueous volcanic rocks potential-
ly preserve a new and largely unexplored record of 
early life. The investigation of these microbial trace 
fossils preserved in greenstone belts extends the evi-
dence for microbial alteration of pillow basalts back 
to the Archean (e.g., Banerjee et al., 2007; 2006) and 
is of astrobiological relevance to the exploration for 
life on Mars and in our solar system for a number 
of reasons. First, it shows that robust biosignatures 
of a presently observable, global microbial process 
can be preserved for billions of years in the geologi-
cal record. Second, it suggests that microbial life had 
already colonized volcanic rocks on Earth at a time 
when liquid water might have been present at or 

near the surface of Mars. 

Compared to the other lithologies, hyaloclastites 
seem to represent the highest seafloor permeability, 
and thus are likely places to look for extensive mi-
crobial communities.  Adrienne Love (Trinity ‘09) 
explored the link between the paleo-permeability of 
hyaloclastite flows and the development of micro-
bial communities within the BRG, at both the Hurd 
and Rouyn-Noranda sites. Using a combination of 
detailed field sketches, image analysis, and thin sec-
tion petrography, Love focused on understanding 
fluid flow paths and permeability in the mafic volca-
nic rocks in the context of the physical emplacement 
and subsequent alteration of hyaloclastites. Her maps 
of hyaloclastites include the proportion of basaltic 
clasts, and the size and shape of cm-scale and smaller 
glassy fragments, through which water would have 
likely flowed. 

Lauren Anderson (Lehigh ‘09) focused on the pres-
ervation of geochemical and mineralogical biosigna-
tures in the hyaloclastites and basalts of the Rouyn-
Noranda and Hurd sites.  In particular her study 
involves analysis of abundance and stable isotopic 
composition of nitrogen preserved in these ancient 
volcanic rocks and a comparison of major and trace 
element geochemistry. Nitrogen is a major compo-
nent of Earth’s modern atmosphere and is recog-
nized as a key element to biologic evolution. Modern 
hydrothermally altered basalts are observed to have 
elevated N contents believed to represent significant 
a contribution of N from overlying sedimentary and 
organic sources (Li et al., 2007). The goal of her study 
is to determine whether similarly elevated nitrogen 
contents and diagnostic isotope ratios resulting from 
ancient organic input are preserved in mafic volca-
nics from the AGB, especially in the rocks such as 
the hyaloclastite samples from Hurd that preserve 
tubular-shaped microfossils.  
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