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To investigate the distribution of microbial biomass and activities to gain insights inta
the physical controls on microbial activity and potential long-term survival in the sub-
surface, 24 shale and sandstone cores were collecred from a site in northwestern New
Mexico. Bacterial biomass in the core samples ranged from below detection 1o 31.9
pmol total phospholipid fatry acid (PLFA) g of rock with no apparent relationship
berween lithology and PLFA abundance. No metabolic activities, as determined by
anaerobic mineralization of ["*Clacetate and {BClglucase and 3502 reduction,
were detected in core samples with pore throats <0.2 pm in diameter, smaller than
the size of known bacteria. However, enrichments revealed the presence of sulfate-re-
ducing bacteria, and 3550 - reduction was detected upon extended (14 days) incuba-
tion in some small-pore-throat samples. In contrast, relatively rapid rates of meta-
bolic activity werg more common in core samples containing a significant fraction of
pore throats >0.2 um in diameter. These results suggest that subsurface bacteria re-
quire interconnected pore throats greater than 0.2 zam diameter for sustained activiry
but that viable bacteria can be maintained and stimulated in poorly permeable rocks,
such as shales, with restrictive pore throat diameters. In addition, the derrital organic
matiter in the small-pore-diameter shales is not subject to direct microbial attack.,
Rather, bacteria in adjacent sandstones with a more open pore structure are probakbly
sustained by endogenous nutrients that are slowly released from the shale. These re-
sults have implications for the long-term maintenance of anoxia and the impact of
anaerobic biogeochemical processes on groundwater chemistry.

Keywords phospholipid fatty acid, pore size, sandstone, shale, subsurface, sulfate
reduction

In 1926, Bastin et al. cultured sulfate-reducing bacteria from 17 of 19 oil-field water sam-
ples from southeastern Minois oil fields, thus providing evidence for the role of microor-
ganisms in the production of sulfides and carbonates in deeply buried oil fields (Bastin,
1926). The question was raised as to whether these bacteria were lineal descendants of
the ones associated with the original deposits at the seafloor or whether they were trans-
ported more recently from the surface by descending eroundwaters.

Bacteria have an extraordinary capacity to survive under conditions of severe nutri-
ent limitation or even in the absence of measurable nurdents, as has been demonstrated in
laboratory experiments spanning months to years {Morita, 1993). While the survival of
microorganisms over geological time scales in such environments has been the subject of
much interest (Kennedy et al., 1994), most of the evidence for survival of microorgan-
ismns over such time frames has been speculative or anecdotal. Compelling evidence for
such long-term rrnicrobial survival is the report of culturing a Bacillus sphaericus-related
bacterium associated with the abdominal contents of bees entrapped in Dominican amber
{Cano & Borucki, 1995). It was suggested that this organism was of ancient origin and
became entombed as a spore in the amber some 25-40 million years ago.

Chapelle and Lovley (1990) demonstrated that microorganisms associated with deep
aquifers of the southeast coastal plain metabolize organic matter at extremely slow rates.
They speculated as to whether they were remnants of IiCroorganisms present at the time of
deposition some 70 to 80 million years ago or possibly organisms transported with the
groundwater that entered the subsurface berween 10.000 and 50.000 years before the pres-
ent. Although relatively litle information is available regarding bacteral transport over rel.
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atvely long distances in the subsurface (hundreds to thousands of meters), significant trans-
port of microspheres the size of bacteria has been shown to occur within weeks over a dis-
tance of 500 m under a nawral hydraulic gradient in a sandy aquifer (Harvey et al., 1989).

Recently, we identified sulfate- and Fe(IIl)-reducing bacteria in a lacustrine sedimen-
tary sequence in south-central Washington state (Fredrickson et al., 1995b). Geochemical
and microbiological evidence suggested that these microorganisms were slowly metabo-
lizing sedimentary organic matter, were electron-acceptor limited, and were possibly de-
scendaats of microorganisms associated with the original deposits. Bacterial transport
from the surface or surrounding sediments would have been severely restricted as the per-
meabilities in these materials were very low, ranging from | mD to <10-* mD. Similarly,
thermophilic microorganisms have been isolated from low-permeability subsurface sedi-
ments and rocks in Virginia (Boone et al., 1995) and Colorado (Colwell, Phelps, Fred-
rickson, unpublished data).

The purpose of the present study was to investigate the distribution of microbial bio-
mass and metabolic activities in relation to the physical and chemical properties of the
host rocks. This information could also provide insights into whether [TUCTOOrganisms in
Late Cretaceous marine shales (30-93 million years ago) could be derived from organ-
isms present at the time of original sedimentation. To this effect, we investigated the dis-
tribution of microbial biomass and selected microbial activities in and across shale and
sandstone lithologies in relation to pore throat sizes of the rocks. The results reported
herein were part of a larger study to investigate the origins of microorganisms in deep
subsurface environments and to assess the interactions of the organisms with their chemi-
cal and physical environment within and across shale—sandstone lithologies. A sampling
site in an undeveloped area of northwestern New Mexico was selected where a deep in-
terstratified sequence of the Cretaceous Mancos Shale and Dakota Sandstone Formations
occurs that couid be readily accessed.

Materials and Methods

Drilling and Sampling Procedures

All samples were collected using either air- or mud-rotary wireline coring. Cores (10 cm
diameter) were obtained from a vertically drilled corehole, designated CN'V (Figure 1 and
Table 1), and from an angled corehote that started at 28° from the horizontal and finished
at 43° from the horizontal, designated CNA-R (Figure 2). Cores obtained from CNA-R
were 6 cm in diameter. LiBr was added to drill muds or to standing water in the borehole,
and perfluorocarbons were injected into the airstream during air-rotary coring to race in-
trusion of solutes and gases into core samples. Fluorescent microspheres (1.0 pm, car-
boxylated) (Polysciences, Inc., Warrington, PA) were used to trace particle intrision into
cores using methods described elsewhere (Kieft et al., 1995). Procedures for cleaning and
disinfecting drilling equipment and coring tools and general procedures for sampling are
also described elsewhere (Phelps et 2l., 1989a; Russell et al., 1992; Fredrickson & Pheips,
1996). A control consisted of Cubero Sandstone core that was autociaved three times.
Cores conrained in clear polycarbonate (Lexan) liners were removed from core bar-
rels immediately after they were brought to the surface. The capped cores in their liners
were transferred to a glovebag filled with argon and were processed to avoid contamina-
tion of samples for analysis (Colwell et al., 1992). For microbiological and geochemical
analyses, the cores were sectioned using a hvdraulic core splitter (Colwell et al., 1952),
pared and fragmented into cubes of approximately 2 cm. and weighed into Whirl-pak
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Figure 1. Interpreted lithology and stratigraphy of the interval sampled for physical, chemical, and
microbiological characterization.

bags. Core fragments in Whirl-pak bags were placed in sterile, Ar-filled canning jars,
sealed, and shipped on Blue Ice by overnight express to the various laboratories involved
in this study. Samples for lipid analyses were frozen immediately at —20°C on site and
shipped on dry ice to the University of Tennessee by avernight express. Intact cores col-
lected for the silver foil 3350, reduction assay or for measurement of physical properties
were always taken adjacent to core segments that were pared and fragmented for the mi-
crobiological and geochemical analyses. Only those sections of core that were visuaily
homogeneous were selected. Therefore, it was assumed that the physical, microbiologi-
cal, and geochemical properties within these intervals were akso relatively homogeneous.

Table 1
Geochemical Properties of Groundwater from the
Paguate and Cubero Sandstone Units

Do® Fe* S~ SO DOC?t
Formation pH mgl™) (mgL™ (mgL™H (mg L™ (mgL7h
Paguate 8.46 <0.2 bd® 8.0 370.4 13.9
Cubero 8.17 <0.2 0.8 13.6 80.8 1.8
*DO, dissolved Q.

®DOC, dissoived organic carbon.
“bd, below detection.
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Figure 2. Geological cross section of the drill site in the vicinity of Cerro Negro.

A sealed flow cell (DS3 Data Sonde, Hydrolab, Austin, TX) was used at the surface
to determine dissolved O, and pH of the groundwater. A bladder pump was used to ob-
tain groundwater from chosen lithologic zones isolated by inflatable packers. Water was
sampled for geochemical analyses after measurement of dissolved O, and pH had stabi-
lized to constant values, Groundwater samples for sulfide were preserved using Zn ac-
etate, and samples for Fe analyses were filtered and acidified with HCL Fe and sulfide
were analyzed by ion chromatography (McKinley et ai., 1997).

Culturable Anaerobic Bacteria

Upon their arrival at Oak Ridge National Laboratory, samples were placed immediately
in an anaerobic glovebag (Coy, Ann Arbor, MI), where they were pulverized using a ster-
ile Plattner mill (Colwell et al., 1992). Counts of culturable anaerobic bacteria were per-
formed using a single-tube dilution series and tryptone-yeast extract-glucose {(TGYE)
medium as previously described (Kieft et al., 1995). Sulfare-reducing bacteria were en-
riched in single serial-tube dilution series. The medium contained trace mineral and vita-
min solutions (Stevens, 1995, number 1880), 2.0 mM bicarbonate buffer, 2.0 mM phos-
phate buffer, 20 mM sodium sulfate, 10 mg L' yeast extract, 10 mM each of lactate and
acetate under No—C0O, (80:20% v/v) headspace, and reduced with 0.3 g L- cysteine-HCL
Cultures were incubated for 1 month at 20-24°C. Positive results were indicated by tur-
bidity and the development of a black precipirate.

PLFAME/DGFA Analyses

Lipids from approximate 75-g quantities of frozen sediments were extracted and fraction-
ated into neutral. glyco, and polar fractions using column chromatography with silicic
acid (Tunlid et al., 1989). The polar lipids were then treated in a mild alkaline system
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containing methanol to transesterify the phespholipid fatty acids into methy! esters
(PLFAME) (Rilfors et af., 1978). The PLFAME were then further separated and quanti-
fied by capillary gas chromatography/mass spectrometry. Diglyceride fatty acids (DGFA)
were measured as previously described (Kieft et al., 1994).

Activity Measurements

-Acetate mineralization was determined by adding 0.2 ml of a solution containing 18.5
kBq of sodium [1-Clacetate (74 kBq umol-', >98% radiopurity, NEN Research Prod-
ucts, Boston) and 4.8 ml of sterile artificial groundwater to 5 g of homogenized rock in
sterile, 150-ml glass milk dilution bottles. The composition of the artificial groundwater
was based on the geochemistry of groundwater samples from wells in the vicinity of the
sampled borehole. It was prepared from deionized water by addition, in milligrams per
liter, of: NaF, 3.8; KBr, 0.2; XCl, 7.2; CaCl,»2H,0, 336.4; Na,50,, 713.0; MgCl+6H,0,
32.7; NaCl, 200.8; Na,Si0,*9H,0, 82.2; and NaHCO;, 899.8. All samples and solutions
were manipuiated in an anaerobic glovebag. Activities were measured by suspending 5-ml
liquid scintillation vials containing 1 mi of 0.3 M KOH in the headspace of dilution bot-
tles, which were sealed with butyi rubber stoppers. The bottles were incubated in the dark
at 22°C for 1-3 days. The amount of “CO, evolved over time was measured by lLiquid
scintillation counting of KOH from the traps (Wallac mode] 1411, Pharmacia LKB,
Gaithersburg, MD). Controls consisted of subsurface samples autoclaved on three consec-
utive days and treated in a manner identical to those described earlier. Ail values reported
are the mean of triplicate samples. Anaerobic [U-*Clglucose mineralization was mea-
sured in duplicate sterile 25-mi crimp-top tubes as previously described (Phelps et al.,
1989b; Kieft et al., 1995). Brefly, wbes contained 2.0 g sediment, 1.0 ml sterile water, and
37 kBq of carrier-free [U-¥Clglucose (0.36 mM, Amersham Corp., Arlington Heights,
IL). Isotope solutions were frozen prior to use and transferred with gas-tight syringes into
anaerobic crimp-top tubes (Belico Glass Co., Vineland, NJ). Experiments were performed
in duplicate with at least three time points, of which only the longest (21 days) showed
positive resuits, At the end of all experiments, the reaction in tubes was inhibited with 0.5
mi of 2.0 M sedium hydroxide and frozen. One hour prior to analysis, the tubes were
thawed and acidified with 1 ml of 0.5 N HCL. Radioactive *C0O, and “CH, from mireral-
ization experiments were examined by gas chromatography—gas proportional counting
(GC-GPC) using a Shimadzu gas chromatograph equipped with a thermal conductivity
detector coupled to a Packard 894 GPC ag described previously (Phelps et al., 1994).

To measure sulfate-reducing activity in the pared, crushed rock samples, [0 g of ho-
mogenized sample was weighed into sterile Balch tubes (Belico Glass, Inc., Vineland,
NJ) and 10 ml of sterile artificial groundwater was added (as described eariier except
without Na,S0O,), plus C.5 mi of 2 filter (0.2 um) sterilized solution of 20 mM each of
sodium benzoate, ammonium formare, sodium lactate, propionic acid, isobutyric acid,
and sodium acetate. One milliliter of anaerobic #50,* solution (370 kBq, carrier-free,
NEN Research Products) was injected into each twbe through the buryl rubber stopper.
Balch wmbes were incubated in the dark for 14 days at room temperature, and reactions
were terminated by injecting 3.5 ml of a 20% Zn acetate solution and freezing at —20°C.
Samples and controls were kept frozen until they were assayed. Controls consisted of
samples 1o which Zn acetate was added prior to the S0, and immediately frozen after
addition of the labeled sulfate. Sampies were thawed immediately before anatysis and
centrifuged. Aliquots of the supernatant were analyzed for #80,* by liquid scintillation
counting. Sediments were washed twice with deionized water to remove residual ¥50 >,
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and the total reduced *$ was determined by the single-step chromium reduction proce-
dure (Canfield et al., 1986; Fossing & Jgrgensen, 1989). All samples were analyzed in
duplicate and corrected for the amount of radioactivity present in controls.

In Situ Sulfate Reduction

Silver foil {0.025 nun thick; Johnson Matthey, Ward Hill, MA) was cleaned by stepwise
immersion in ethanol, acetone, and hexane. The foil was then allowed to air dry and was
subsequently treatéd by immersion in concentrated nitric acid for 10 to 20 s. The latter
step served {0 cover the surface of the foil with a thin laver of silver oxide. The foil was
then immersed in distilled water followed by treatment with the same solvents as de-
scribed eariier and subsequently air dried, autociaved, and stored in an anaerobic glove
box until use.

Intact cores were collected as described earfier and were stored under a positive-
pressure nitrogen atmosphere in miilitary surplus ammunition boxes at 4°C prior 1o use.
The boxes were modified by drilling a single hole for placement of a rubber stopper. This
allowed for flushing of the headspace and pressurization with O.-free N, through a serjes
of inlet and outlet needles passed through the stopper. The mineral solution used in these
-~ experiments was designed to simulate groundwater composition and contained {mg L-'):
-+ KBr, 3; KCL, 8 Na,HPQ,, 14; MgCL,*6H,0, 40; CaCl+2H,0, 40; N3a,50,, 14; NaHCO,,

- 1000; and Na,§5+9H,0, 60. Trace metals were also added (Tanner, 1995). The mineral so-
tution was prepared using the methods of Baich et al. (1979) under a nitrogen atmosphere
and had a final pH of 8.1. The Na,SO, solution was prepared by transferring the undi-
luted stock solution (ICN Biomedicals, Inc., Irvine, CA: specific activity ~43 Ci/fmg S)
-+ into a serum bottle flushed with N,. This was then autoclaved and the sterile mineral so-
lution was added to obtain an activity of 10 pCi/100 pl.

Intact cores were removed from the ammunition boxes and fractured with a hammer
and sterile chisel to expose two fresh core faces. One core face was treated by evenly dis-
tributing 100 ul of the mineral solution containing %50, on the core face. The exposed
face was then overlaid with a slightly larger piece of treated silver foil and the two rock
faces were superimposed along the fracture lines. The reassembled core was clamped to-
gether, wrapped in aluminum foil, and taped o secure the core prior to clamp removal,
All sample manipulations were performed inside a glovebag with H.:N, (10:90) atmos-
phere. Cores were then placed in ammunition boxes for added protection and to prevent
desiccation during incubation in the glovebag.

Following a 6-week incubation at room temperature, the cores were disassembled
and the silver foil was washed overnight in distilled water. The %S-sulfide was then lo-
cated and quantitated by electronic autoradiographic imaging (AMBIS 4000 radioisotopic
imager; Scanalytics, Billerica, MA).

Community Level Physiological Profiles

A community-level physiological profile (CLPP) assay was used to characterize micro-
bial communities in the rock samples on the basis of substrate utilization (Garland &
Mills, 1991; Lehrnan et ai., 1993). Microhial communities were extracted and separated
from crushed 23-g samples using a flocculation procedure that vields a clarified super-
natant (Lehman et al., 1995). The clarified supematant was inoculated into Biolog-GN
micropiates (Biolog, Inc., Hayward, CA), which were incubated aerobically at 22°C for |
week. Oxidation of the various carbon compounds was analyzed daily by measuring ab-
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sorbance (reduction of the tetrazolium dye) at 595 nm using a model 450 microplate
reader and Microplate Manager software, version 1.0 (Bio-Rad Labs, Cambridge MA).

Pore Throat Distributions and Porosity

Pore throat size distributions were determined from mercury injection capillary pressure
curves. Pore throat sizes are calculated from a known relationship between mercury in-
jection pressure and pore entry radius (Washburn, 1921 Berg, 1975):

R, = [2T(cos HCYP.

where R, is the pore radius (micrometers), P, is the injection pressure (psia), T is the inter-
facial tension (dynes/cm, airmercury), 4 is the contact angle (degrees, air:mercury), and
C is a conversion constant (0.145).

Median pore throat diameters are based on pore volumes. At the median pore throat
diameter, 50% of the mercury injected into the sample has passed through smailer pore
throats and 50% injected has passed through larger pore throats. The theoretical basis and
application of mercury injection capillary pressure curves are described elsewhere {Melas
& Friedman, 1992; Pittman, 1992). Total porosity is based either on the total volume of
Hg injected into the sample or (for samples for which no Hg injection porosimetry is
available) on Boyle’s law or resaturation techniques. Total porosity estimates typically
are in close agreement (<2%) for all three methods.

Results

Lithologic Characteristics and Groundwater Geochemistry

The interval selected for this study was an alternating sandstone—shale sequence consist-
ing of four stratigraphic units: Paguare Sandstone, Clay Mesa Shale, Cubero Sandstone,
and Oak Canyon Member (Figures | and 2). The fine-grained shales and mudstones gen-
erally contained relatively higher amounts of organic carbon (data not shown) and pyritic
S (Figure 1), while the sandstones were coarse-grained and ¢ontained lower amounts of
organic carbon and pyritic S. Each of these units are readily identified over 2 wide geo-
graphic area but, because of gradations within each unit, there is typically a wide range in
the physical, chemical, and hydrologic properties of the rock samples. The trend toward
progressively coarser grain size in rocks toward the top of the units is especially apparent
in the Cubero Sandstone, as evidenced by a general increase in electrical resistiviey and
decrease in the magnetic susceptibility and natural gamma log from bottom to top (Figure
1). The correlation between the gamma log and the magnetic susceptibility measurements
indicates that most of the Fe in the rock is incorporated into chlorite and is paramagnetic.
The coarsening upward character displayed in the Cubero Sandstone also occurs in the
Paguate Sandstone. Within the Clay Mesa Shale, which is texturally more uniform than
the shale unit within the Oak Canyon Member, magnetic susceptibility and pyritic S are
relauvely high throughout. Of these four units, the Clay Mesa Shale was finest grained
and had features most characteristic of a shale confining bed.

The analysis of groundwater sampies coilected from the Paguate and Cubero Sand-
stone units indicated that the groundwater in bath of these units was anoxic and slighdy
alkaline, and the Cubero Sandstone was low in dissolved organic carbon (Table 1}. Sul-
fide was present in groundwater from both formations, while sulfate was approximately
theeefold higher in the Paguate Sardstone than in the Cubero Sandstone.



Subsurface Bacteria 191

Viable Anaerobes and Prokaryotic Biomass

The populations of culturable anaerobic bacteria were generally low or below detection
with positive enrichments only in the primary dilutions (Table 2). Sulfate-reducing bacte-
ria (SRB) were cultured from only one of the two Clay Mesa Shale samples. For samples
from the other units, the occurrence of positive enrichments was equally rare except for
the Pagaute Sandstone, where growth in TGYE occurred in four of seven and in SRB
medium in two of seven samples.

Phospholipids extracted directly from the core samples were predominantly from
prokaryotes (data not shown). Although the amount of prokaryotic phospholipid fatty
acids (PLFA) was low, it was above the mean value for the blank plus one standard devi-
ation (0.8 pmol g in all subsurface samples except for two, one at the bottom of the
Paguate Sandstone and one at the bottom of the Clay Mesa Shale (Table 2). The control
contained 1.8 pmol ¢!, a result that is consistent with the stability of phospholipids dur-
ing autoclaving. [n generai, there was little variation in total PLFA among the samples
and there was no apparent relationship to depth, lithology, or other microbiologicat or
geochemical parameters. The concentrations and variations in the PLLFA were consistent
with the low populations and activities of anaerobic bacteria associated with these sam-
.- ples. One sample from the Paguate Sandstone had concentrations of PLFA that were ap-
;- proximately 10-fold greater than in any of the other samples. The reason for the high con-
- centration of PLFA in this sample is unclear, and other microbiological assays on this
sample did not indicate inordinately high levels of cells or activity.

The ratio of DGFA to PLFA provides an estimate of the proportion of nonviable to
viable bacterial biomass (White et al., 1979; Kieft et al., 1994). This ratic varied from 0.1
to 13.4 for the subsurface sampies, indicating that Iipid associated with nonviable bio-
mass was significant in all samples and in many cases exceeded the amount of PLFA
(Table 2). As was the case for total PLFA, there was no apparent relationship between the
DGFA/PLFA ratio and depth, lithology, or other measured properties. However, this ratio
was 10-fold or greater for the subsurface samples than for surface soils collected at the
drill site, which ranged from 0.002 to 0.017,

Activity Measurements

Anaerobic mineralization of “C-labeled acetate and of glucose and reduction of »S0,*-
into the total reduced S pool were measured to determine if the subsurface microorgan-
isms that were present in these samples were active or were able to respond to autGents.
Mineralization of '4C-labeled acetate was detected in four of seven samples from the
Paguate Sandstone but in only one of five samples from the Cubero Sandstone (Table 3).
In the Oak Canyon Member, glucose and acetate mineralization were detected only in the
samples from 226.0 and 233.0 m, respectively (Table 3). In general, in those samples
where glucose mineralization was detected, *C-labeled acstate was zlso mineralized.
Mineralization of [“C]acetate in all sterile controls was negligible (0.7%).

Radiolabeled suifate was reduced in some samples from each of the formations but
was more common in sampies from the Paguate Sandstone and the Oak Canyon Member:
the highest activities were in the lower Oak Canyon (Table 3). There was no apparent re-
lationship between the samples in which acetate and/or glucose were mineralized and
those in which ¥SO 2 was reduced. In addition, 3¥SQ,*- reduction was detected in many
samples for which the enrichments for SRB were negative. In the Clay Mesa Shale and
Oak Canyon Member samples where 380, reduction was detected at the exposed face
of intact cores using the silver foil method, it was also detected in homegenized samples
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to which #80~ was added. In the epper Clay Mesa Shale, activities were at the detection
limit with the silver foil assay (data not shown) and below the detection limit using the
homogenized sample assay. _

In addition, several freshly exposed faces of intact cores that were incubated with
#30,* using the silver foil assay confirmed that sulfate reduction. in the interior of the
cores, occurred in samples from 205.8 m in the Clay Mesa Shale unit and 233.0 m in the
Oak Canyon Member (Figure 3). The locations of %S0, reduction in the Clay Mesa
Shale sample were confined to the interior of the core and hence SRB were probably not
contaminants introduced during driling and sampling. Interestingly, SRB were not cul-
tured from either of these samples (Table 2).

The community-level physiological profile (CLPP) results indicated that the only
samples wiere a positive response could be detected by this method. as measured by the
ability to oxidize individual carbon compounds, were in the Paguate Sandstone. Three of

Figure 3. Radioisotopic image of silver foil contacted with ¢xposed faces of cores from (A) the
Clay Mesa Shale (205.8 m) and (B) the Qak Canyon Member {226.0 m) showing regions of sulfate-
reducing activity. The diameter of these cores was 6 cm.
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the 7 Paguate Sandstone samples showed a response to 1 or more of the 95 carbon sub-
strates in the BIOLOG piate, whereas none of the samples from the other units gave even
a single positive response. [n contrast, the CLPP of surface soil and groundwater samples
at the site yielded positive responses, on average, to 90 and 73 of the carbon compounds,
respectively. Organic compounds cormmenly used by the microorganisms in the Paguate
Sandstone sampies included Tween compounds, methyl pyruvate, acetic acid, propionic
acid, and several amino acids. In contrast, the most commonly metabolized compounds in
the soil and groundwater samples collected from the site were carbohydrates (data not
shown). One possible reason for the inability to detect activiry in these samples using the
Biolog plates is the fact that this method generally detects only the activity of aerobic me-
tabolism. The geochemical analyses indicate that the environments sampled in this study
were predominantly anaerobic (Table 1).

Pore Throat Size Distributions

The coarsening upward gradation in particle size that occurs within some of the strati-
graphic units is reflected in the pore throat distributions (Figure 4) and the mean pore size
diameters (Table 3). For example, the range of mean pore throat diameters in the Cubero
Sandstone unit decreased from 3-13 pm at a depth of 187.1-193.1 m toward the top of
the unit to 0.21-0.06 pm at a depth of 196.3-200.3 m toward the base. One of the reasons
for the small pore throats in some of the sandstones with relatively coarse grain sizes,
such as the Paguate Sandstone, is infilling of pores with secondary quartz or calcite (T. C.
Onstott, unpublished data). The pore throats were very small in the fine-grained Clay
Mesa Shale and the Oak Canyon Member sample from a depth of 201.6 m where the
mean pore throat diameter was less than 0.03 um (Table 3), and all the pore throats were
less than 0.2 um in diameter (Figure 4). The largest pore throats observed {ranging up to
12 pm in diameter) were in the Cubero Sandstone samples.

It is interesting to note that even though the pore throats in the Clay Mesa Shale and
the Oak Canyon Member sample from a depth of 201.6 m were extremely small, samples
from this formation contained as much PLFA as samples from the other units. Also, SRB
were present in the Clay Mesa sample from a depth of 183.9 m, as determined by enrich-
ment culture. With the exception of several of the sandstone samples, the pore throats in
these samples were considerably smaller than the size of most bacteria, even those sub-
Jjected to starvation.

Discussion

The origin of the microorganisms in the shale—sandstone sequence is an intriguing ques-
tion that requires consideration of the geological and microbiological histories of these
formations. The sediments that now form the sandstone—shale units of this study were de-
posited about 100 million vears (my) ago during the Crataceous period in a shallow ma-
rine environment that was part of a large inland sea covering much of the western United
States. Anaerobic microbial processes including fermentation, Fe/Mn reduction, sulfate
reduction, and methanogenesis would have been actve in the marine sediments during
the time of thewr deposition, as they are in modem near-shore marine sediments. During
burial and diagenesis, sediments would have become compacted, organic carbon and
electron acceptors consumed, and the populations of bacteria and their activities would
have been expected to decline. Parkes et al. (1990) showed that although the population
of bacteria declined with depth in marine sediments. populations of >10% total bacteria
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cm were present in marine sediments from depths as great as 80 m beneath the seafloor.
Viable sulfate-reducing and methanogenic (H,/CO,) bacteria were found in these deep
marine sediments, and aithough the rates of sulfate reduction and methanogenesis de-
clined with depth, they remained above detection limits. Perhaps even more intriguing is
the report of viable bacterial cells at depths as great as 318 m beneath the seafloar (Parkes
et al., 1994). Suifate-reducing bacteria, tentatively identified as Desulfovibrio sp., and
sulfate-reducing activities measured using S0, were also detected in these same deep
marne sediments. The oldest deep marine sediment containing bacteria in the study by
Parkes et al. (1990} was approximately 10 my.

The shale-sandstone sequence that was the subject of this study is Cretaceous
(90-100 my). Viable SRB that were capable of transforming ¥SO,2 into reduced sulfur
species were detected in these formations, although the in situ rate of sulfate reduction is
unknown. Phelps et al. (1994) estimated that the rate of sulfate reduction was less than |
nmot kg! years-i in Atlantic Coastal Plain subsurface sediments, and it is likely that the
rates of sulfate reduction in the strata included in this study were equally low or lower.

In contrast to the deep marine sediments studied by the Parkes group, the shale and
sandstone samples of this study have undergone considerable diagenesis including ce-
mentation of particles by quartz overgrowths and the formation of secondary minerals
such as chlorite,.calcite, pyrite, and gypsum (data not shown). These processes, in addi-
tion to compaction, would have contributed to reductions in perimeability and pore throat
size over time. Stable isotope analyses of these rocks (T. C. Onstott, unpublished data) in-
dicated that this sequence was in contact with meteoric (i.e., fresh) water as early as the
Late Cretaceous period and that '*C-depleted calcite and *#S-depleted pyrite were the re-
sult of past microbial activity. Bactedal transport could have occurred during early diage-
nesis when pore throats may not have been as restrictive as they are presently. The ther-
mal history of this sequence indicates that it was never exposed to temperatures greater
than 65°C {data not shown).

Although the recent transport of bacteria from the surface cannot be completely ruled
out, it is unlikely, especially in those lithologies where the mean pore throat diameter was
smaller than the diameter of starved or ultramicrobacteria (0.2-0.4 pm) (Novistsky &
Morita, 1976; Cusack et al., 1992). It has been suggested that the pore throat size must be
double the diameter of cells in order for bacteria to effectively pass through (Updegraff,
1982). Jenneman et al. (1985) observed that bacterial penetration into sandstone with per-
meabilities <100 mD was superficial and occurred slowly, if at all. They also suggested
that pore throat size was a better indicator of the potential for bacterial penetration of
rock than was permeability. .

Microorganisms in this shale—sandstone sequence probably reflect a combination of
those organisms transported from the surface and those associated with the original de-
posits. Microorganisms in the Paguate and Cubero Sandstone units have a greater likeli-
hood of having been transported because the pore throats in some of the regions of these
units are large enough for the passage of bacterial cells. In addition, the age of the
groundwater in the sandstone units is young at <3500 years (P. Pegram, personal commu-
nication) relative to the age of the rock. In contrast, recent bacterial transport in the Clay
Mesa Shale is unlikely given the restriciive pore size (e.g., <0.2 m), yet viable bacteria
and PLFA were detected in these samples that were consistent with the types of organ-
isms (e.g., sulfate-reducing bacteria) that would have been present during deposition and
early diagenesis. One possible explaration is that the PLLFA in these low-permeability
sediments are associated with nonviable biomass. The turnover rate of PLFA (i.e., phos-
phate group removaly in low-biomass subsurface sediments and rocks is unknown. Pyrite
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was common throughout all of the units but was highest in the Clay Mesa Shale, where
pyritic S comprised as much as 1% of the rock by weight (Figure 1). Pyrite typically
forms in shales during the early stages of diagenesis as the result of bacterial sulfate re-
duction concomitant with the consumption of sedimentary organic C. The isotopic frac-
tionation of S during sulfate reduction can range from 2%o to 30%o (Kemp & Thode,
1968); hence pyrite produced as the result of bacterial suifate reduction typicaily will
have low 6%S values. The §*S of framboidal pyrite ranged from —42%q to —3%, a value
that is consistent with biological reduction of Late Cretaceous marine sulfate. Hence, sul-
fate reduction occurred early in the history of these rocks during deposition of sediments
and early diagenesis. In spite of transport-restricting pore throat sizes, SRB can still be re-
covered from these rocks.

Microbial activities in these samples, as measured using isotopically labeled acetate,
glucose, or sulfate, were generaily low or below detection except for a few samples. Of
these assays, only the incubations with ['*C)acetate and i4Clglucose were short term (2
days) and thus represented those samples in which microorganisms would be likely to
have been metabolically active at the time of sampling. The sulfate reduction assay was
incubated over a 14-day period and thus could represent cells that were inactive at the
time of sampling but were subsequently stimulated over the incubation period in addition
to metabolically active organisms. It has been observed that the number of culturable bac-
teria as well as metabolic activities can increase dramaticaily after sampling subsurface
sediment or rock (Haldeman et al., 1994, 1995; Fredrickson et al., 1955a). Metabolic ac-
fivities, as measured using isotopically labeled compounds, can greatly overestimate in
situ process rates refative to geochemical methods for the same process (Chapelle & Lov-
ley, 1990; Phelps et al., 1994). The situation is no doubt exacerbated by the high degree
of spatial heterogeneity associated with metabolic activities as evidenced by the pockets
of sulfate reduction detected in our studies. To be conservative, the activities measured in
this study shoutd be considered as potential activities and confirmatory evidence for the
presence of viable bacteria rather than as actual measures of in situ rates. '

Metabolic activities were greatest in the Paguate and Cubero Sandstone units, where
the pore throat diameters were typically larger than those found in the fine-grained rocks.
Nine of the 15 samples collected for Hg porosimetry (Figure 4, Paguate samples from
depths of 167.3, 185.8, 193.0, and 198.0 m; Cubero samples from depths of 187.0, 188.5,
193.1, and 195.5 m; and Oak Canyon samples from depths of 200.3, 201.0, 203.2, 204.0,
226.0, 233.0, and 239.7 m) with pore throats greater than 0.2 um in diameter were imme-
diately adjacent to samples where microbial activity, as measured by [1*C]glucose or ac-
etate mineralization or 80,2 reduction, was detected. In contrast, there was no activity
detected in any of the microbiology samples adjacent to the 6 samples (Paguate at depths
of 167.3 and 178.9 m; Clay Mesa at depths of 183.9, 203.0, and 206.2 m; Oak Canyon at
a depth of 201.6 m) that had pore throats less than 0.2 um in diamerer, except for a low
level of #30,> reducing activity in the Clay Mesa Shale sample from 205.8 m. As pore
throat size and interconnectivity vary directly with permeability (Swanson, 1981;
Pittman, 1992), it follows that the lithelogies with the smallest pore throats, and thus low
permeabilities, also had the lowest metabolic activities. The flux of nutdents and mera-
bolic products into and out of poorly permeable rock such as the Clay Mesa Shale would
be essentiaily diffusion controlled except for possible movement along relatively rare
fracrures.

There are several difficulties in drawing direct relationships between the presence
and activity of microorganisms and physical properties of the rocks such as pore throat
size and permeability. First, due 1o the nature of the analyses it is difficult. if not LMpossi-
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ble, to measure microbiological and physical properties on the same sample. Although
only those core sections that were homogeneous in appearance (e.g., color, texture) were
selected for this study, considerable heterogeneity in both the physical and microbiologi-
cat properties of the core could exist but not be visually apparent. This was especially ev-
ident in the sandstone units where there was 2 wide range in the pore throat size distribu-
tions. The results of this study also indicate that the distobution of microorganisms and
microbial activities was patchy in these formations. The distribution of suifate-reducing
activity across freshly exposed faces of intact cores from the Clay Mesa Shale and Qak
Canyon Member as shown in Figure 3 also attests to this fact. Heterogeneous distribu-
tions of microbial activity in these sampies are not surprising, given the overall low bio-
mass concentrations. Previous studies have shown that microbtological properties such as
methanogenesis (Adran et al., 1994) and denitrification (Smith et al., 1991) can vary
substantially over relatively short {e.g., centimeters to meters) distances in the subsurface.

In spite of very low permeability, the Clay Mesa Shale could potentiaily serve as a
source of electron donors (i.e., organic carbon) and/or electron acceptors {i.e., sulfate) for
microorganisms in the sandstone units, McMahon and Chapelle (1991) reported that a
principal source of electron donors for microbial respiration in deep Atlantic coastal plain

_aquifer sands was the diffusion of fermentation products from organic-rich confining lay-
~ ers. McMahon et al. (1992) also suggested that sulfate diffusion from confining beds pro-
_ vided the efectron acceptor for microbial respiration of organic acids in the Black Creek
" sands of southeast coastal plain subsurface sediments. They suggested that sulfate within

© Gulf Coast shales may maintain rnicrobial sulfate reduction at depth in sandstones. It is
" possible that there are anatogous processes occurring in the low-permeability organic-rich

* shales and adjacent sandstones reported in this study. Although very few of the samples
cave positive response to the CLPP assay, it is interesting to note that the organic com-

" pounds most commonly used by samples from the Paguate Sandstone were organic acids,
some of which are common fermentation products. Additional investigations are under-
way to determine if there are geochemical and microbial interactions between the shale
and sandstone umnits. '

In contrast to the sandstone units, neither [**Clacetate nor ["*C]glucose was mineral-
ized during short-term incubation of samples from the Clay Mesa Shale. However, small
amounts of 3¥S0,> reduction were detected after periods of incubation of 14 days or
longer. These results along with the enrichment of SRB from the Clay Mesa shale sug-
gest that although such microorganisms are present they are likely dormant, possibly ex-
isting as spores of bacteria such as Desulfotomaculum. It is suspected that sporulation
contributed to the long-term survival of Bacillus in Dominican amber (Cano & Borucki,
1995).

The microbial biomass in samples throughout the cored interval, as determined by
total bacterial PLFA, was similar to-levels measured in deep subsurface fluvial sand and
lacustrine sediments in Washington State (Fredrickson et al., 1995). Using a conversion
factor of 5 X 10° celis pmol~! for bacteral biomass in subsurface sediments (Tunlid &
White, 1992), the estimmated population density of bacteria in these sampies ranged from
3.5 X 107 to 1.8 X 107 cells g, In addition to viable biomass as determined by PLFA,
there were significant quantities of nonviable biomass as measured by DGFA. Kieft et al.
(1994) used DGFA/PLFA ratios as a relative measure of nonviable and viable cells in a
sand microcosm experiment to examine the effects of desiccation and starvation cn the
maintenance of viable cells in porous medium. The DGFA/PLFA ratios for Pseudomonas
aureofaciens introduced into the microcosms remained relatively constant at 0.12 or
below during 2 [6-day incubation period, while the same ratio increased to 0.2 in the
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dessicated microcosms containing Arthrobacter protophormiae. It is assumed that a ratio
of 1 would indicate equivalent levels of viable and nonviable biomass. Therefore, in
many of the samples from both the shale and sandstone units in this study, the amount of
nonviable biomass approached or exceeded the viable biomass. Once bacteria lose viabil-
ity in sediment where microorganisms are active, their phosphelipids are rapidly turned
over (White et al., 1979). It is unlikely that the PLFA in these subsurface samples repre-
sented preserved phospholipids of noaviable bacteria, although the rate of phosphotipid
tuenover in subsurface sediments is unknown. The recovery of low numbers of viable
anaerobic bacteria suggests that PLFA measured in these subsurface samples are not pre-
served phospholipids of nonviable cells.

In summary, the results from this study indicate that a major factor controlling the
sustained activities of bacteria in a deep shale-sandstone sedimentary sequence in north-
western New Mexico is the size distribution of pores. Metabolic activities and viable bac-
terta were observed in sandstone samples containing a significant volume of >0.2 ym di-
ameter pores but were generally below detection in shale samples with litde or no >0.2
pm diameter pores. A notable exception was the detection of 3S0 Jo-reducing activity in
some shale samples upon extended incubation. An important implication of these results
is that the detrital organic matter in the small-pore-diameter shales is not subject to direct
microbial attack. However, bacteria in adjacent sandstone with a more open pore structure
are likely sustained for geological time scales by endogenous nutrients that are siowly re-
leased from the shale. An interesting result of this process is that anaerobic conditions are _
continuously maintained in the subsurface, and metals such as uranium that are present
naturally or may be introduced as contaminants remain immobile. Further work is needed
to unravel the detailed biogeochemical processes, probably occurring at shale-sandstone
interfaces, responsible for long-term sustenance of these microbiat popuiations.
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