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Lithoautotrophic Microbial Ecosystems 
in Deep Basalt Aquifers 

Todd O. Stevens* and James P. McKinley 

Bacterial communities were detected in deep crystalline rock aquifers within the Columbia 
River Basalt Group (CRB). CRB ground waters contained up to 60 |ULM dissolved H2 and 
autotrophic microorganisms outnumbered heterotrophs. Stable carbon isotope mea
surements implied that autotrophic methanogenesis dominated this ecosystem and was 
coupled to the depletion of dissolved inorganic carbon. In laboratory experiments, H2, a 
potential energy source for bacteria, was produced by reactions between crushed basalt 
and anaerobic water. Microcosms- containing only crushed basalt and ground water 
supported microbial growth. These results suggest that the CRB contains a lithoautotro
phic microbial ecosystem that is independent of photosynthetic primary production. 

1 he existence of microorganisms in the 
deep terrestrial subsurface has been noted 
for decades (I); viable microorganisms are 
present at depths as great as several thou
sand meters below the surface, in broadly 
variable physical and chemical settings (2). 
Nutrient flux at such depths is usually very 
low because of limitations of sediment 
chemistry and hydrology. The few measure
ments of in situ metabolic rates from these 
systems are the lowest recorded, which in
dicates that although microorganisms are 
active at such depths, they function in 
Earth's most oligotrophic environments (3). 
Most reported subsurface communities are 
ultimately, though indirectly, dependent on 
photosynthesis for energy; they either use 
remnant organic carbon deposited with sed
iments or use dissolved oxygen as a meta
bolic terminal electron acceptor. As nutri
ents are exhausted from sediments, the en
closed microbial population should become 
extinct. Here, we report evidence for an 
active, anaerobic subsurface lithoautotro
phic microbial ecosystem (SLiME) within 
the CRB that appears to derive energy from 
geochemically produced hydrogen. SLiMEs 
should persist independently of photosyn
thetic products. 

The CRB is a series of Miocene tholei-
itic continental flood basalts that formed 6 
to 17 million years ago and cover > 163,000 
km2 (4). In our study area (Fig. 1), the CRB 
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is 3 to 5 km thick. With increasing depth, 
the age of the water in confined aquifers 
between basalt flows increases (ages may 
exceed 35,000 years), as does the lateral 
distance to recharge. Shallow ground waters 
are low-sulfate, low-chloride bicarbonate 
solutions of moderate pH (generally 7.5 to 
8.5), with calcium as the dominant cation. 
At depth, sodium and chloride predomi
nate, and pH varies from 8 to 10.5 (4, 5). 
Sulfate concentrations are below 0.5 mM 
even at depth, except in geographically re
stricted zones where sulfate concentrations 
may exceed 2.0 mM. The igneous rocks in 
the study area contained little organic car
bon, yet we found relatively high popula
tions of anaerobic microorganisms within 
aquifers hundreds of meters below any sed
imentary interbeds (6). 

To identify the electron acceptors and 
electron donors to which CRB communi
ties are adapted (7), we investigated the 
metabolic capabilities of bacteria from eight 
aquifers. We measured the population sizes 
of bacteria capable of dissimilatory Fe(III) 
reduction (DIRB), sulfate reduction (SRB), 
methanogenesis (MB), fermentation (FB), 
or acetogenesis (AB). We also compared 
numbers of organisms that could grow on 
simple organic compounds (heterotrophs) 
with numbers of organisms that could grow 
with H2 as the sole electron donor (au
totrophs). The aquifers were sampled (8) 
through a series of preexisting wells (Fig. 1). 
The results of geochemical measurements 
(Table 1) were consistent with microbio
logical measurements (Table 2). DIRB were 
present only at low numbers, FB were com-
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mon, and AB and MB were ubiquitous, 
althoueh MB numbers were low in the " 
high-sulfate ground waters. In contrast, 
SRB numbers were high ~rimarilv in the ., . 
high-sulfate waters. In nearly every sample, 
autotrophic microorganisms outnumbered 
heterotrophic microorganisms by several or- 
ders of magnitude. Although Hz is a com- 
mon bacterial electron donor, this finding 
contrasts with observations of a variety of 
subsurface sediments and surface soils (9) .  . , 

High concentrations of dissolved meth- 
ane have been observed locallv in the CRB 
(Fig. 2A) and natural gas was commercially 
exploited early in this century, but the origin 
of the gas is uncertain; stable isotope data 
suggest that it is largely of biogenic origin 
(10). Hydrogen concentrations are also rel- 
atively high (Fig. 2B), mostly three or more 
orders of magnitude above the range of 0.05 
to -10 nM that would be expected from 
microbial fermentation of organic matter 
(1 1, 12). Thus, dissolved Hz is widely 
present in the CRB in nonlimiting concen- 

trations sufficient to promote microbial me- 
tabolism ( 12). 

~table'caibon isotope ratios of dissolved 
inorganic carbon (DIC) and methane sug- 
gest that the organisms in CRB ground 
waters are indeed active in situ. DIC is 
increasingly enriched in 13C (1 3) at depths 
greater than -200 m, consistent with the 
  referential removal of 12C bv methano- 
genic microorganisms (Fig. 3A). A smaller 
group of ground waters is depleted in 13C 
and contains >0.5 mM dissolved sulfate; 
this observation suggests that sulfate-reduc- 
ing bacteria oxidize biologically fixed car- 
bon, which is relatively rich in 12C. Thus, 
the electron acceptors available in the aqui- 
fer control the composition of microbial 
communities in the CRB. 

During the production of methane, carbon 
is isotopically fractionated between methane 
and DIC. If the metabolism of H, and CO,, as 
opposed to the metabolism of organic matter 
(acetate fermentation), were the primary pro- 
cess controlling methane formation, the ef- 
fects of this process should be reflected both in 
concentrations of DIC and in the stable iso- 
tope compositions of that carbon. A charac- 
teristic depletion of A613CC02-CH, - -60 
parts per mil may be expected when bacteria 
form methane by reduction of CO, (H, + 
CO, = CH,), as opposed to lesser fraction- 
ation (A613CCo CH, - -20 to -40 parts per 
mil) when bact&ia grow on acetate (CzH40z 
= CH, + CO,), through which electron flow 

Wasl 

. .., . 

would &cur d"ring organic matter fermenta- 
tion. To evaluate the hypothesis that CO, 

Fig. 1. Areal extent of the Columbia River Basalt 
Group and locations of the sampling wells used in 
this study. An extensive array of monitoring wells 
(within the dotted circle) was used for Figs. 2 and 
3. Wells used for Tables 1 and 2 were located at 
numbered points (1, DB; 2, DC; 3, Pr; and 4, Jw). 

reduction was the dominant methanogenic 
pathway in CRB ground waters, we applied a 
fractionation model to existing data (14). 
Concentrations of DIC were assumed to de- 
crease as a result of methanogenesis (Fig. 3B), 
and the concomitant expected change in 
613CD,C was calculated for comparison with 
measured 613CD,C. AS shown in Fig. 3C, 
613CDlc values predicted by this method 
agreed with measured values. Calculations of 

expected 6l3CDIC resulting from the acetate 
fermentation pathway (C,H,O, = CH, + 
CO,) could not be adequately constrained. 

Depth (m) 

Fig. 2. (A) Dissolved methane and (B) hydrogen in 
CRB ground waters. Most data are from (36), with 
concentrations calculated after (70). These data 
were derived from an extensive system of moni- 
toring wells located within the circled area in Fig. 1. 
In (B), the data are on a logarithmic scale (BD, 
below detection limits), the dashed line indicates 
the detection limit, and the vertical bar at the right 
represents the range of hydrogen concentrations 
expected during microbial oxidation of organic 
matter in sediments (7 1). Five different sampling 
methods were used to obtain these samples, in- 
cluding 26% of the total by artesian flow. There 
were no statistical differences between values ob- 
tained with different sampling methods, which 
suggests that sampling artifacts were minimal 
(72). 

Table 1. Geochemical properties of ground-water samples from eight CRB tiple wells at each locale. NA, data not available; <, below detection limit. 
aquifers. Well location codes are from Fig. 1 ; well numbers differentiate mul- Concentrations are millimolar, except as noted. 

Well number and solute values Detection Analyte 
DC-06 DB-11 Jw-1 Jw-2 Jw-3. Pr-3 Pr-4 Pr-5 

limit 

Na 1 1.600 1.368 1.429 1.136 1.586 2.486 1.980 3.654 0.009 
K 0.223 0.273 0.252 0.221 0.297 0.279 0.257 0.356 0.01 1 
Ca 0.059 0.375 0.464 0.81 3 0.556 0.51 5 0.770 0.101 0.003 
Mg 0.01 4 0.300 0.825 0.895 0.791 0.338 0.51 8 0.053 0.003 
H4Si04 1.789 0.958 1.022 0.956 1.086 0.799 0.769 1.020 0.003 
F 1.905 0.040 0.025 0.029 0.024 0.040 0.027 0.076 0.001 
CI 4.568 0.120 0.167 0.174 0.1 79 0.281 0.261 0.240 0.002 
NO3 < < 0.007 0.004 < < < < 0.0002 
so4 1.484 < 0.215 0.61 8 0.376 0.004 0.021 < 0.0005 
Dissolved 0, < < < 0.01 9 < < < < 0.006 
Sulfide (kM) 31.600 0.200 36.200 < 93.300 13.900 9.800 4.200 0.100 
CH4 (1-w 2 209 25 N A 16 481 135 185 1 
PH 9.92 7.94 7.86 7.50 7.74 8.06 8.04 8.67 
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Because DIC decreases with depth and ace- 
tate fer~~lentation nroduces CO,. an arbitrarv 

L i  

sink for excess CO, was required in the cal- 
culations. The  dependence of S13C,,, on 
both addition and removal of DIC prevented 

. , 
a quan t~ ta t~ve  evaluation and argued against 
this ~llechanislll as a control of S13C,,,,~~. The  

L, ,L 

success of the fractionation rnodel lends fur- 
ther support to the hypothesis that abiotically 
produced H, supports ~llicrobial communities 
in the CRB. In the CRB, anaerobic Hz oxi- 
dizers may be primary producers of organic 
carbon rather than facilitators of the catabolic 
terminal electron-accepting process, as they 
are in standard models of sediment metabo- 
lism (15). 

W e  hypothesized that H,O reduction to 
produce H,, driven by iron in ferromagne- 
sian silicates within the CRB, could serve as 
the  abiotic energy source in this nlicrohial 
ecosystem (16) .  W e  based this hypothesis 
o n  occurrences of free Hz associated with 
ultramafic bodies in Earth's crust. H, has 
heen observed at high concentrations (>I@ 
volume Yo of exsolved pas) in nonvolcanic ,, , 

environments associated with serpentinized 

mafic and ultramafic rocks (17, 18) .  These 
occurrences apparently result froin the 
weathering of Fe(I1)-bearing silicates (such 
as olivine and pyroxene) a t  high rockwater 
ratios, where the  dissolut~on of ferrous sili- 
cates and the precipitation of magnetite 
(Fe,04)  and other secondary phases drive 
the formation of H, (1 9 ) .  Weathering reac- 
tions may also be responsible for the  alka- 
linity of ground waters observed in associa- 
tion with ~~ l t r amaf ic  hodies (20),  and they 
can proceed and generate H, at ambient 
temperatures (1 8 ,  2 1 ). These proposed 
mechanisms are extrapolations from field 
observations and thernlodvnanlic calcula- 
tions; the precise reactions that are respon- 
sible for H, generation ha1.e not heen dem- 
onstrated in controlled laboratory experi- 
ments. However, it is reasonable to expect 
that similar reactions would take place in 
CRB aquifers (22).  

Ferrous silicates are not as ahundant 
v ~ l u m e t r i c a l l ~  in the CRB as in ultramafic 
rocks, hut Hz is also present at concentra- 
tions far below saturation in this system, 
which inlplies a much lower H, production 

Table 2. Numbers of mlcroorganlsms in the elght CRB ground-water samples (om, organisms that grew 
on organic substrates: H,, organisms that grew on Hz + GO, only). The data are logarithms of numbers 
of organisms per milliliter belonging to various functional groups by enrichment series. The maximum 
detection limit was 10" organisms (+, growth in enrichments containing filters through which 500 ml of 
water was passed; -, no growth). 

DlRB SRB M B 
Sample FB AB 

om om H 2 om Hz om Hz H2 

Fig. 3. Stable carbon isotopic s g -  
natures of conflned aquifer sam- 
ples. (A) Compositional variation 
with depth (, high-sulfate sam- 
ples). 6l3CDI, generally Increases 
wlth depth, whch suggests carbon 
flxatlon by methanogenc bactera. 
but In h~gh-sulfate ground waters, 
613CDlc decreases, l ~ h c h  suggests 
oxidailon of b~ologlcally fixed car- 
bon by sulfate-reduc~ng bacteria. 
Composlilons from less than 500 m 
below the land surface are reatvey 
uniform and apparently have been 
little affected by methanogenesls. 
(B) ?I'%~,, values increase with de- 
creasng DIG. (C) 613C21C values of 
ground waters predicted by a frac- 8~3CD1, 
tlonatlon model (14. 37) are nearly 
ldentlcal to measured values (y = 

1 . 0 0 9 ~  + 0.005. ri = 0.928). Results are plotted for samplesthat orlgnated at depths below -300 m and 
for l ~ h c h  DC concentraton and S i q C ,  were known. 

rate. However, the  abundance of ferrosili- 
cate minerals does not necessarilv limit the  
volume of product that can accumulate, 
because redox conditions durine water-rock 
~nteract ion are a function of the  presence of 
ferrosilicates and dissolved oxygen, and not 
of nlineral co~llposition or volumetric ahun- 
dance (19) .  T h e  concentration of H, in 
CRB aquifers may be limited by the react- 
ing surface area per unit volume of ground 
water and by the abundance of bacteria that 
make use of H,. 

In  a n  a t temit  to produce direct evidence 
for H, production from basalt-water reac- 
tions, we conducted exnerirnents with a 
varie;y of crushed rock s'amples. Steel is a 
comn-ion component of drill cuttings be- 
cause of the ahrasion of sampling and pro- 
cessing tools, and Fe(0) in steel nlay inter- 
act with water to produce H, (23).  T o  rule 
out this source of hydrogen, we prepared 
steel-free crushed hasalt samples from a 
well-characterized CRB outcrop (24) with 
the use of only stone and ceramic tools. 
Other  rock samples were prepared in the  
same way. W h e n  basalt was added to pH- 
buffered water in sealed tuhes under strictly 
anaerobic sterile conditions in the dark. 

Incubation time (hours) 

Fig. 4. Hydrogen gas productlon by In vltro basalt- 
water reactions, (A) Hydrogen produced by three 
basalt samples at 22'C [O. Umtanum Rldge basalt 
(24); 3, unweathered Cerro Negro basalt (from near 
Mount Taylor, N M ) ;  L, Snake River Plan basalt (from 
near Idaho Falls. ID). I,. Umtanum basalt control with 
no buffer: C ,  buffer control wlth no basalt]. (B) Hy- 
drogen productlon by other rocks [I, sandstone: C. 
hghly weathered Cerro Negro basalt dke 1 ,  L, high- 
ly weathered Cerro Negro basalt dke 2; <,  h~ghly 
weathered Cerro Negro basalt dlke 3; =:, a granitic 
sample (from the Jurasslc Ponder Pluton, Brltlsh 
Columbia, Canada) contanng -1 0 volume % horn- 
blende and 11 volume '?/o b~ot~te]. The data are the 
mean + SD of three or more repcaies, dashed n e s  
ndcate detecton Ihm~ts. 
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rapid Hz evolution occurred (Fig. 4A) (25).  
T h e  reactions occurred a t  room temoera- 
ture and pressure and were completely in- 
hibited by air (26).  Similar results were 
obtained with basalt samples collected and 
processed o n  different days and with basalt 
samoles collected from different reeions. N o  - 
Hz was produced from basalt alone or buffer 
solution alone in control experiments, 
which indicated that the  results were not 
attributable to  the  liberation of gases 
trapped in vesicles. Moreover, n o  Hz xvas 
produced in assays xvith low-reactivity ma- 
terials s~lc11 as sandstone (Fig. 4B), and only 
trace amounts of H, were oroduced after 
extended incubat ionki th  highly weathered 
basalt samples, which should be depleted of 
reactants. A marked lag time consistently 
preceded Hz evolution in a 10\v-~lass sample 
of Snake River Plain basalt, ~vh ich  then 
proceeded at the fastest measured rate; this 
finding suggests that more than one mineral 
phase is involved in this phenomenon. 
Tha t  is, some initial reactions (for instance, 
lowering the  solution redox potential) by 
one phase may be required to establish fa- 
vorable conditions for HI evolution by an- 
other phase. A granitic sample produced 
small amounts of HI after a 50-hour lag 
time, which indicates that a t  least some 
other rocks that contain ferrous silicate can 
also react to  prod~lce Hz .  

If Hz-producing reactions occur in situ 
in the  CRB and in similar crystalline rock 
formations, this phenomenon represents a 
\videspread potential energy source for mi- 
crobial metabolism in the  subsurface. LVe 
speculate that ~lnreacted mineral phases are 
exposed to ground water by ongoing micro- 
fracturing, the  slow advancement of weath- 
ering fronts, and ~nicrobiologically en- 
hanced weathering. These processes should 
result in regional production of potential 
ln~croblal electron donors. 

T o  deterlnlne nhether  basalt-water reac- 

tions alone could support microbial metab- 
olism, we prepared a series of microcosrns 
that contained only sterile crushed basalt 
and CRB ground water with its entrained 
microbial flora (27) .  A representative high- 
methane, lo~v-sulfate g r o ~ ~ n d  water and a 
lowmethane,  hieh-sulfate eround water - - 
were used. As shown in Table 3, microor- 
ganisms proliferated in these microcosms. 
Most functional groups initially increased 
in number by several orders of magnitude, 
but with increasing time, autotrophic or- 
ganisms maintained high numbers while 
heterotrophic microorganisms declined. 
This was true even in the  high-sulfate mi- 
crocoslns xvhere electron acceptors were not  
limiting. N o  microorganisms could be de- 
tected in microcosms that contained basalt 
and sterile buffer; in rnicrocosrns not  con- 
taining basalt, n o  viable ~nicroorganisms 
could be detected after 24 weeks. Although 
microcosms might be subject to a "bottle 
effect," such an  artifact would affect hetero- 
trophs and autotrophs equally. T h e  data 
suggest that gro\vth and survival was pro- 
moted by geochemical HI production from 
basalt and ground water. 

T h e    re valence of A B  in these cultures 
seems un~lsual. Nearly all bacteria known to 
be capable of growing as A B  can also grow 
as FB, although this xvas not  indicated in 
our data. T h e  role of Hz + COz acetogen- 
esis in nature is not clear 128): it vields even ~ , ,  , 

less energy than methanogenesis, and MB 
should dominate A B  in competition for Hz. 
In  most sediments. ,4B activity accounts for 
only a few percell; of in situ i lec t ron flow 
(28).  W e  hypothesize that A B  may success- 
fully compete in the  CRB aquifers because 
of the high Hz concentrations. In this sys- 
tem, AB, as xvell as SRB and MB growing 
o n  Hz f COz, could function as primary 
~ roducer s  of organic matter. " 

The  above results lead us to propose that a 
SLiXIE is largely responsible for the dissolved 

Table 3. Numbers of microorganisms in basalt-ground-l~ater microcosms as a function of incubaton 
time. The data are logarithms of numbers of organisms per m~lliliter belonging to various functional groups 
by enrichment seres. The maximum detection limit was 10' organisms (-, no growth). DB-I 1 mcro- 
cosms contained low-sulfate ground water: DC-06 microcosms conta~ned high-sulfate ground water. 

M~cro- Time DIRB SRB M B 
cosm FB AB 

(well) (days) om om 
H  7 om H  2 om H i  

H i  

methane within the CRB. Because energy 
sources and inorganic nutrients both can be 
supplied by geochemical means In situ, micro- 
organisms in SLiMEs can ootentiallv oersist in " , 
the deep terrestrial subsurface indefinitely. 
Several investigators (29, 30) have speculated 
about oossible lithoautotroohv in the subsur- 

L ,  

face. W e  have shown evidence for such a 
system and for a purely geochemical energy 
source. Furthermore, high temperatures or up- 
welling of geothermal fluids (29, 3C) are not 
reauired. The  occurrence of SLiMEs mav be 
widespread where appropriate mineralogic 
and physical cond~tions exist. For instance, 
extensive microbial ~ooulations have been 

L L 

reported in granitic aquifers in Sweden and 
Canada (31); these findings might be ex- 
plained by reactions such as those in Fig. 4B. 
Anomalous concentrations of HI  and CH, 
that include a bacteriogenic component have 
bee11 reported in granitic terrains throughout 
the Canadian and Fennoscandian shields 
132). ~, 

Autotrophic metabolism coupled to  
mineral xveatherine is a n  unusual eeomlcro- " " 

biological relation that has broad implica- 
tions for microbial ecology. N o  other eco- 
svstem is currentlv known to exist indeoen- 
dently of past 0; present photosyntiesis 
133). SLiMEs conceivablv ~ r o v i d e  a model , 
for the  existence of contemporary life o n  
Mars because basalt, liquid water, and bi- 
carbonate are believed to be present in the  
martian subsurface (29 ,  34) .  SLiMEs may 
also provide a model for how surface organ- 
isms could have lived o n  Earth before the  
evolution of photosynthesis and the  devel- 
opment of an  oxidizing atmosphere about 
2.8 billion years ago (35).  
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Analfl~cal RGA3 reduct~on-gas analyzer w~th  a mer- 
cutyreduct on detector [for nanomolar concentra- 
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