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Abstract

This paper documents possible modern (within the last 50 years) calcite cementation within an unconfined contaminated
aquifer at the Test Area North (TAN) on the Idaho National Engineering and Environmental Laboratory site. Inferred
modern calcite occurs at the distal tips of the latest generation of calcite cement and has bright luminescence when examined
by cathodoluminescence. Luminescent distal tips have elevated Mn values (up to 6400 ppm) when compared with other
TAN cdcite cement (<200 ppm). Additionaly, speciation modeling with PHREEQE indicates that modern TAN
groundwater exhibits a slight supersaturation with respect to calcite (calculated saturation indexes range from 0.2 to 0.5).
The observed abundance of luminescent distal tips (< 1-38 g calcite/g total sample) is significantly less than the potential
calcite precipitation (250-1100 g calcite/g total sample) indicated by laboratory microbial activity measurements; a
finding consistent with previous studies. Finally, while our results do not elucidate the specific mechanism(s) responsible for
the elevated Mn present in some TAN calcite, we do demonstrate at least an indirect microbial involvement for Mn
enrichment. Therefore, it is conceivable that geochemical signatures indicative of distinctive redox conditions can be
recognized in recently formed calcite from other contaminated groundwater systems. © 2000 Elsevier Science B.V. All
rights reserved.
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reports (see Amy and Haldeman, 1997). Far less is
known about the level of microbial activity and
cellular turnover. A combination of mass balance
and ground water dating suggest that the microbial
respiration rates (i.e., CO, production) for confined
aquifers are orders of magnitude less than that found
in the soil zone (e.g., Chapelle and Lovley, 1990;

1. Introduction

The microbia biomass and diversity of the terres-
trial subsurface has been documented in many recent
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Phelps et a., 1994). Similar estimates have been
reported for the same aquifers by assuming that
diagenetic carbonates were the product of ongoing
subsurface microbial activity (e.g., McMahon et a.,
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1990). Authigenic carbonate may reflect precipita-
tion in geologically ancient, near-surface environ-
ments and unequivocal proof of modern, subsurface,
formation is difficult to establish.

The study of mineral dissolution and precipitation
in contaminated aquifers (e.g., Hiebert and Bennett,
1992) provides an aternative approach to estimate
subsurface microbial activity where the geochemical
environment has been dramatically altered (e.g., re-
duction in Eh) over a documented time interval.
Multiple lines of self-consistent evidence (relative
timing, textures indicative of specific diagenetic en-
vironments, mineral geochemistry) can be used to
distinguish ancient from recent calcite associated
with the modern, contaminated aquifer. This paper
outlines such a set of corroborative observations that
supports a modern origin for some calcite cements
present in the contaminated aquifer at Test Area
North (TAN) on the Idaho National Engineering and
Environmental Laboratory (INEEL) site.

A secondary question revolves around whether
this modern calcite formed by nucleation associated
with microbial activity (Coleman et al., 1993; Vas-
concelos et al., 1995) or reflects inorganic precipita-
tion from fluids whose chemistry reflect the impact
of microbial processes. Carbonate with spatial varia-
tions in Mn and Fe concentrations indicative of a
progression from Mn** to Fe** to SO?~ reduction
have been described from a variety of marine deposi-
tional settings (Pigott and Land, 1986; Sansone et
a., 1990; Hendry, 1993; Tribble, 1993; Tobin et a.,
1996). While, at present, we can offer no evidence to
support a direct microbial origin for modern TAN
calcite we do suggest that the elevated Mn content of
some TAN calcite reflects a proxy for localized
oxygen consumption that is still observed today
within the contaminated aquifer at TAN.

2. TAN site geology and hydrogeology

The Snake River Plain Aquifer (SRPA) lies be-
neath the INEEL and consists of a series of saturated
basalt flows and interbedded, poorly consolidated
sedimentary and pyroclastic deposits. The basalt be-
neath TAN is atypica tholeiitic basalt that exhibits a
wide range of lithologic textures and structures. Sub-

surface basalt samples from TAN range from being
fresh gray dense and massive to orange—red oxi-
dized, highly vesicular, and highly fractured. The
basalt samples consist of phenocrysts of olivine,
plagioclase, clinopyroxene, titanomagnetite, ilmenite,
and rare apatite present in a glassy groundmass.
Minor secondary minerals occur in the vesicles and
fractures of TAN basalts (mostly calcite with minor
calcareous Al silicate, microcrystalline silica, and
pyrite; Rightmire and Lewis, 1987). Numerous sedi-
mentary interbeds are also encountered in the TAN
subsurface, with two interbeds (P—Q interbed and
Q-R interbed) consistently correlated between bore-
holes.

The focus of this study was on basaltic core
samples from TAN, boreholes 33 and 37 at intervals
between the P-Q and Q-R interbeds. TAN-33 core
samples were obtained in late 1996 and TAN-37
samples in the middle of 1997. K—Ar dating sug-
gests that basalts from this interval range in age from
1.2 to 1.4 Ma (Lamphere et al., 1994). Additiona
basalt cores from between the P-Q and Q-R in-
terbeds obtained from other boreholes at TAN were
examined (TAN boreholes 34 and 48, TCH-1, TCH-
2, GIN-5).

The topmost core samples from boreholes 33 and
37 occur immediately below the water table (at TAN
the water table is located at 59—69 mbsl; Ander-
son and Bowens, 1995). Groundwater flow direction
in the SRPA is generaly from the northeast to
the southwest. However, in the vicinity of TAN,
the potentiometric surface (water table) is notably
flat and the direction of groundwater movement is
generaly from north to south. Because of the flat
potentiometric surface, the local flow direction varies
seasonally and is affected by the pumping of TAN
production boreholes. Rates of groundwater move-
ment in the TAN vicinity range between 0.0006 and
1.3 m/day (Kaminsky et al., 1994).

3. TAN aquifer geochemistry

The interval between the P—Q and Q-R interbeds
at TAN defines an unconfined aquifer that contains a
variety of contaminants including trichloroethylene
(TCE), industrial sewage, and radionuclides such as
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Fig. 1. Locality map showing location of TCE plume at TAN with position of boreholes mention in text illustrated. Light gray lines indicate
roads and the TAN site is outlined in dark gray.
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®Co and *Sr. At the TAN Disposal Well TCE
concentrations as high as 35,000 g/l have been
measured as recently as 1987 (Mann and Knobel,
1987), which forms the point source for the TCE
plume present at TAN (Fig. 1). More recently (Col-
well et al., unpublished data, 1996) TCE values of
24,000 w.g/! have been measured close to the TAN
Disposal Well at borehole TSF-05. The closest bore-
hole to the TAN Disposal Well from which basalt
samples were examined in this study is TAN-37,
which has TCE concentrations of 5000 w.g/I (Col-
well et a., unpublished data, 1997). Lower TCE
concentrations have been measured from boreholes
34 (Wylie et a. 1999; 1000 wg/1), 33 (Lehman et
al., 1999; 500 wg/I), and 48 (Lehman et al., 1999;
200 pg/1) that are located further away from the
TAN Disposal Well than TAN 37 (Fig. 1). Findly,
TCE values from boreholes near the leading edge of
the plume are quite low (e.g., GIN-5; Fig. 1).

Dissolved oxygen (DO) measurements exhibit an
antithetical spatial variation when compared with
TCE. For example, DO value of 10 mg /| (Knobel et
al., 1992) has been measured in borehole ANP-08,
which is located at the southern terminus of the TCE
plume (Fig. 1). Additionaly, to the north of the
plume at TTD-03, recorded DO is similarly high (9
mg/l; Knobel et al., 1992). DO concentrations of
7-9 mg/| are typical of the SRPA outside of TAN
(Wood and Low, 1986). However, within the plume,
DO values are significantly lower and decrease pro-
gressively toward the TAN Disposal Well. At bore-
hole USGS-24 DO = 6 mg/| (Knobel et a., 1992).
Proximal to USGS-24, a later drilled borehole (TAN-
33) has a similar DO value (Colwell et a., unpub-
lished data, 1996; 6 mg/l). Closer to the TAN
Disposal Well at TAN-37, even lower values for DO
exist (Colwell et al., unpublished data, 1997; 3mg/|).
Finally, at the TAN Disposa Well DO is below
detection limit (<1 mg/l; Knobel et al., 1992;
Sorenson et al. 1999).

Groundwater Mn values exhibit significant spatial
variations. Knobel et al. (1992) document elevated
Mn at the TAN Disposa Well (84 pg/l) when
compared with ANP-08, located toward periphery of
the TCE plume (Fig. 1), which was below detection
limit (1 pwg/D). Likewise, Colwell et al. (unpublished
data, 1996) document elevated Mn values (up to 76
g/l immediately adjacent to the TAN Disposal

Well at TSF-05 (Fig. 1). Relatively low Mn values
(<20 pg/l) are present in water from most of the
other boreholes at TAN.

4. Summary of TAN microbiology

Microbial biomass in the basalt from the corehole
at intermediate distance from the TAN Disposa
Well (TAN-33) was at the limit of detection for most
assays and minima **C-acetate mineralization was
detected from samples (Lehman et a., 1998). Cultur-
able aerobic oligotrophic heterotrophs, phenol-
oxidizers, and methanotrophs were detected at con-
centrations of 0-10*, <102, and <20 cels/g,
respectively. Dissimilatory iron-reducing bacteria
were evident in only 25% of the cores. The low
numbers of culturable cellsin the cores from TAN-33
is consistent with previous studies of the numbers of
microorganisms in minimally contaminated (TAN-
48; Lehman et al., 1999) or uncontaminated areas of
the SRPA (Colwell, 1989; Colwell and Lehman,
1997; Palumbo et al. 1994).

In contrast, basalt from TAN-37, a borehole prox-
imal to the TAN Disposal Well, showed measurable
biomass by phospholipid fatty acid analysis (ca. 3
pmol /g) and much higher levels of acetate mineral-
ization (Lehman et al., 1999). Higher numbers of the
different physiological types of microorganisms were
enriched in all samples from TAN-37 relative to
those from TAN-33. The following order of preva
lence was discernible in enumerations of specific
microbial types in cores from TAN-37: phenol oxi-
dizers (< 10° cells/g) > propanotrophs (< 10*
cells/g) > methanotrophs (< 10 cells/g) >
nitrifiers. Dissimilatory iron-reducing bacteria were
evident in 75% of the cores from TAN-37.

Microbial DNA was extracted from selected
TAN-33 and TAN-37 samples and amplified using
PCR with eubacterial and archaeal primers. TAN-33
samples did not yield visible PCR bands; however,
extractions from selected TAN-37 samples indicated
higher levels of DNA (Lehman et al. 1999). Eubacte-
rial PCR bands were recovered from al of the
TAN-37 samples that were amplified except the
combusted basalt control. Only one of the 10 sam-
ples yielded an archaeal PCR band. Cloning and
sequencing of these PCR bands indicate a diversity
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of eubacterial microorganisms in the samples from
the top of the aquifer in TAN-37 including types that
are common in soil environments (e.g., Acinetobac-
ter, Pseudomonas, and actinomycetes).

Comparison of the datafrom TAN-33 and TAN-37
indicate that bacteria associated with basalt may be
present in low numbers in pristine areas of the
aquifer while a substantial stimulation of similar
types of organisms may result from organic contami-
nation. The close proximity of TAN-37 to the origi-
nal injection borehole for the waste relative to other
studied TAN boreholes is the most likely explanation
for the higher microbiologica activities in TAN-37
samples.

5. Methods

Polished thin sections (2.5 X 5.0 cm) were exam-
ined in detail in transmitted light and cathodolumi-
nescence (CL) using a Nuclide luminoscope (voltage
= 8 kV, beam current = 500 wA, and chamber pres-
sure = 60-90 mTorr). CL microscopy of thin sec-
tions was used to select areas for electron micro-
probe (EMP) andysis and CL of analyzed areas also
was verified after EMP analysis. Images of CL bands
were captured using a cooled, three-chip, charge-
coupled device (CCD) camera (Optronics DEI-750;
Goleta, CA, USA) and dimensional analysis of these
bands was performed with Image-Pro®Plus 3.0
(Media Cybernetics; Silver Spring, MD, USA).

Calcite samples for inductively coupled plasma
(ICP), stable isotope ratio (SIR), and accelerator
mass spectrometry (AMS) analysis were obtained by
drilling areas on thin section billets, matched to
accompanying thin sections, with a microscope-
mounted microdrill. Samples with mass > 100 mg
were drilled to form a powder for use in ICP analy-
ses that were completed commercially at Actilabs.
Smaller mg-to-sub-mg sized samples were aso
drilled and a powder collected for SIR and AMS
analysis that were performed at Mountain Mass
Spectrometry (MMS) and PRIME Labs, respectively.
Groundwater samples were obtained from a multi-
level sampler deployed in the TAN-33 borehole for 6
months for analysis of dissolved inorganic carbon
(DIC) 8*°C (MMS).

Wavelength dispersive EMP analysis for Mg, Ca,
Mn, Fe, and Sr in calcite was performed on polished
thin sections using a Cameca SX-50 Electron Micro-
probe (Princeton Material Institute). Operating condi-
tions included an accelerating voltage of 20 kV, a
beam current of 20 nA, and a defocused beam of 5
pm in width to minimize sample volatilization. Count
times were as follows. Ca= 10 s; Mg, Mn, and
Fe=90 s, and Sr=70 s with corresponding 2o
detection limits of Mg = 0.08 wt.% MgCO,; Mn =
200 ppm; Fe = 300 ppm; and Sr = 500 ppm.

6. Results
6.1. Petrography of vesicle filling phases

In order to put possible modern calcite into an
overall historical context, it is necessary to character-
ize the petrography of all vesicle filling phases. A
variety of calcite and non-calcite phases occlude the
vesicles and fractures of the TAN aguifer whose
relative timing of formation (or paragenetic) relation-
ships are shown in Fig. 2. Calcite is both
micritic/microspar and sparry in form. The initia
generation of sparry calcite has a non-drusy fabric
consisting of either equant or columnar cement. First
generation columnar calcite is characterized by hav-
ing obtuse crystal terminations and fluid inclusions
most of which are al-liquid and primary. Fine-
grained carbonate exhibits preserved rhizoliths, mas-
sive micritic/microsparic crusts, and micritic clasts

‘TAN-37 Paragenctic Sequence

Relative Timing

ray spar/Micrite
Massive Green ALOvlde/AlSilleate B -
Yellow Laminated Al-Silicate —

Mixed Micrite, Al-Oxide, Al-Silieate —

* Noteat Q-R Interbed Caleite Scalenohedral Bladed Caleite Pre-dates Non- Drusy Equant Caleite

e Miixed Catlcite snd Oxide/Silicate Phises
s Oides/Slieatos

— Calcite

Fig. 2. Paragenetic sequence showing relative timing relationships
between major diagenetic phases present in TAN-37.
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with circumgranular cracking. Micritic/microspar
post-datesthe first generation of sparry calcite. Mixed
carbonate/silicate /oxides also post-date first gener-
ation sparry calcite and are locally interlayered with
second generation sparry calcite. Second generation
sparry cement consists of columnar calcite with acute
crystal terminations. Calcite generations are either
gradationa with each other or are separated by dis-
tinct layer(s) consisting of various non-carbonate
phases (Fig. 2).

Nearly al of the calcite spar has a faint blue
luminescence except in three samples from TAN-37
where the distal tips of second generation columnar
cacite crystals are bright luminescent (Fig. 3). Bright
luminescent tips are very thin (< 20 pm wide) and
have a very low abundance (< 1-38 pg cdcite/g
total sample, as determined by image dimensional
andysis). For the sample with <1 wg cacite/g
total sample, it was determined by image analysis
that bright luminescent calcite occupied an area equal
to 600 pm~?2 in a sample whose overall area equals
13.609 cm~2; note that pixel resolution was =~ 4
pm. In some instances, bright luminescent calcite is
followed by a secondary thin band of blue lumines-
cent calcite.

6.2. Calcite minor element composition
The minor element composition of calcite, specif-

icaly Mn and Fe contents, varies depending on
redox state of the diagenetic fluids from which these

Fig. 3. Cathodoluminescence photomicrograph of the bright lumi-
nescent tips (arrow) of second generation columnar calcite from
TAN-37, which has a general faint blue luminescence.

cements formed. Calcite minor element compositions
were determined using in situ (EMP) and bulk (ICP)
methods. First generation sparry calcite was deter-
mined by EMP to have Mg ranging from 0.36 to
0.44 wt.% (n=3) with both Mn and Fe below
detection limit. Second generation columnar calcite
has Mg = 0.10-0.94 wt.% (n=60) as determined
by EMP. Three cathodoluminescent categories of
second generation calcite were subjected to in situ
analysis: initia blue luminescent, bright luminescent,
secondary blue luminescent. Most analyses of initial
blue luminescent calcite were below detection for
Mn (54 out of 55; with one analysis at the detection
limit, 200 ppm) and Fe (52 out of 55; with two
analyses at the detection limit, and another at 400
ppm). Bright luminescent calcite ranges from 200 to
6400 ppm in Mn (n=4) with Fe below detection
limit. Secondary calcite with blue luminescence have
Mn and Fe below the detection limit (n=1). All
cacite analyzed has Sr below detection limit (500
ppm).

Elemental compositions for first and second gen-
eration calcite spar were aso determined by ICP
(n=2 and 3, respectively) and are consistent with
EMP results. Mg values determined with ICP for
first and second generation calcite overlap with val-
ues determined by EMP (first = 0.34-0.41 wt.%,
second = 0.28-0.34 wt.%). Likewise, Mn, Fe, and
Sr values determined by ICP are consistent with the
below detection limit EMP analyses of initial blue
luminescent calcite. First and second generation cal-
cite have similar concentrations of Mn (first = 6-13
ppm, second = 4-15 ppm), Fe (first and second =
40-70 ppm), and Sr (first = 40-47 ppm, second
22-49 ppm). Other significant trace elements in
calcite determined by ICP include Na, Cd, and Ba
with values for first and second generation calcite
spar that are similar (Na, first =80-130 ppm, sec-
ond = 60-150 ppm; Cd, first and second < 2 ppm;
Ba, first = 22—27 ppm, second = 17—22 ppm).

6.3. Calcite §**C and 60 values

Stable isotopic values from calcite were obtained
from both whole-rock material and discrete phases
from TAN-33 and TAN-37 boreholes to see if any of
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these phases could have been precipitated in equilib-
rium with modern groundwater. These phases in-
clude micrite/microspar and several types of sparry
cdcite including equant calcite (filling both vugs and
fractures) and two generations of columnar calcite.
With the exception of some TAN-37 vein calcite
from the Q—R interbed, the 5°C and §'°O values of
all of the above phases overlap (Figs. 4 and 5). The
8"C and 60 values from TAN-33 calcite range
from —3.07%o to — 6.89%0 (avg.= —4.77%.) and
—12.01%0 to —17.62%0 (avg.= —14.99; n=55),
respectively. Calcite from TAN-37, without interbed
vein calcite, yields 6°C and 6O range from
—2.98% to— 7.19%0 (avg.= —5.47%) and
—12.44%o0 to — 18.32%o0 (avg. = — 14.64%o; n = 35),
respectively. Q—R interbed vein calcite from TAN

37 has dlightly more negative 8°C (—6.99%0 to
—8.83%0, avg. = — 7.92%0; n= 4, Fig. 5).

6.4. Water §°C DIC values

The 8"C of DIC in groundwater equilibrated for
6 months within a multi-level sampler deployed in
TAN-33 borehole was used to determine the plausi-
bility of TAN cacite formation from modern
groundwater. Overall values range from — 10.0%. to
—11.9%0 (avg. = —10.6%0, n=53) with most val-
ues between —10.0%o and — 10.6%o.

6.5. Carbon-14 activity from TAN 37 calcite cement

Two samples of calcite cement from TAN-37
were analyzed for *C by AMS to determine the age
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Fig. 5. 8°C and 80 cross-plots from whole-rock and discrete
calcite phases from TAN-37. Shaded equilibrium field based on
groundwater data from Wood and Low (1986).

of the carbon present in TAN calcite cement. The
latest generation of calcite cement was analyzed
from a basalt and Q—R sedimentary interbed sample.
For these samples, the concentration of **C atoms is
0.6 + 1.4 and 0+ 1.3 per 10~ ° atoms of total car-
bon, which is below detection limit.

7. Origin of tan calcite cements
7.1. Ancient calcite cements

The presence of rhizoliths, massive micritic/mi-
crosparic crusts, and micritic clasts with circumgran-
ular cracking are characteristic of carbonate forma-
tion in a meteoric diagenetic setting (James and
Choquette, 1984). As previously noted, the basalts
examined in this study are within the phreatic zone,
implying an ancient origin for the observed vadose
features.

Corroborating evidence supporting the assertion
that most calcite has an ancient, vadose origin is that
the calcite 5°C isotopic values are mostly not in the

range consistent with equilibrium formation from
modern groundwater. All calcite phases examined
from TAN-33 lie outside equilibrium values calcu-
lated from DIC determinations.

Equilibrium calcite values are determined based
on §C of DIC. These equilibrium values are calcu-
lated using temperatures ranging from 10 to 15°C; a
pH of 8, which is an average for groundwater in the
TAN area (Knobel et al., 1992); and using the
equilibrium fractionation factors of Romanek et al.
(1992).

Based on the above parameters, equilibrium cal-
cite must be fractionated in §"°C by + 1.2%o from
observed TAN-33 DIC vaues (or — 8.8%o to 10.7%o).
Calculated equilibrium values are clearly more nega-
tive than measured calcite 5°C values from various
TAN-33 carbonate phases (Fig. 4). Considering more
geographically widespread sites throughout the east-
ern SRPA (Wood and Low, 1986), a wider range of
DIC §™C values and hence a wider range of calcu-
lated calcite 5"C values are determined. Even with
the expansion of the equilibrium field, most observed
cacite values plot outside this field (Figs. 4 and 5).
Calcite 5"C values from TAN overlap with vadose
calcite compositions from elsewhere in the SRPA
(Rightmire and Lewis, 1987; Conrad et al., 1997).

Additional supporting evidence is the positive
"0 values for some TAN calcite cements. Some of
these values are more positive than can be accounted
for by equilibrium precipitation from modern
groundwater, suggesting the influence of near sur-
face evaporation. The non-detectable **C activity
measured from latest generation calcite cements also
supports an ancient origin for these cements. The
negative §°°C values of the Q—R interbed vein cal-
cite (Fig. 5) probably reflect formation in an ancient
phreatic setting. Isotopic characterization methods
used in this study are not in situ; however, and
consequently, these results do not rule out the possi-
ble existence of minor quantities of modern calcite.

7.2. Geochemical conditions associated with ancient
TAN calcite

Almost all calcite cement examined from TAN
has a faint blue luminescence (Fig. 3). Blue lumines-
cence in calcite is believed to be the intrinsic CL
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color of calcite caused by the presence of lattice
defects (Machel et al., 1991) in calcite that is essen-
tialy pure and lacks CL activators and quenchers
(Amieux et al., 1989). Blue luminescence has been
described in Iceland spar (Sippel and Glover, 1965),
unaltered Holocene marine calcite cement (Amieux
et a., 1989), and in Jurassic marine neomorphic
spars (Hendry et al., 1995). Non-activation of CL in
intrinsic blue luminescent calcite indicates low Mn
concentrations (< 15-30 ppm) based on previous
CL activator studies (Machel et al., 1991; Savard et
al., 1995). Bulk ICP analyses of first and second
generation TAN calcite cements yield values for Mn
(4-15 ppm) that are consistent with non-activation
of CL in TAN cements. Such low concentrations of
Mn (and Fe) in TAN cements is consistent with a
formation in a vadose or unconfined phreatic zone
that was in equilibrium with the overlying atmo-
sphere. The SRPA is open with respect to diffusion
from the atmosphere and is always near saturation
with respect to DO in areas away from TCE contam-
ination (Wood and Low, 1986).

7.3. Possible modern calcite cements

Today, sub-oxic to anoxic conditions are present
within the TCE plume at TAN. Additionally, the
distal tips of the latest generation of calcite cement
are distinct from preceding cement in their CL and
minor element chemistry. Specifically, some distal
tips have a bright luminescence (Fig. 3) with ele-
vated Mn values. Therefore, it is reasonable to sug-
gest that the bright luminescent distal tips formed
under different geochemical conditions than the vast
majority of TAN cement. Additionally, since the
bright luminescent distal tips form the most recent
material that has precipitated into the porosity pre-
sent in the TAN basdlts it is possible that these tips
reflect modern calcite cementation associated with
the sub-oxic to anoxic conditions that are currently
present at TAN.

Elevated Mn in calcite is consistent with equilib-
rium precipitation from a Mn-rich fluid as shown
below. In groundwater at two disposal boreholes
(TAN Disposal Well; TDD-2) measured Mn and Ca
concentrations are 0.084 and 0.017 ppm and Cais 57
and 71 ppm, respectively (Knobel et al., 1992).
Dromgoole and Walter (1990) experimentally deter-

mined the distribution coefficient (DMn?*) for the
partitioning of Mn?*into calcite. They calculated a
DMn?* = 11.7 at 10°C and at a calcite precipitation
rate of 1 wmol m~2 h™?; these parameters are most
comparable to the conditions associated with calcite
precipitation in the TAN aquifer. From this informa-
tion, we determined that with equilibrium precipita-
tion of calcite from disposal borehole fluids that the
Mn in the calcite should be 1100—6900 ppm, which
closely compares with the Mn concentration of bright
luminescent calcite where Mn= 200-6400 ppm.
These Mn values are not typical of calcite formed
from oxic meteoric water outside the TCE plume as
discussed previoudly.

A sdlient question is whether calcite is thermody-
namically favored to be precipitated from modern
TAN groundwater? Speciation modeling (PHRE-
EQE) addresses the above guestion. Input parameters
include the measured cation and anion concentra-
tions, pH, and temperatures of waters from four
wells proximal to the TCE plume at TAN (data from
Knobel et a., 1992). Total DIC was assumed to be
the measured HCO; and the pe of the system was
specified by DO content. Model results were consid-
ered to be valid if overal electrical charge balance
was < 5%. Calculated saturation indexes (SI) for
calcite in the TAN area range from 0.2 to 0.5, which
suggest that calcite is dightly supersaturated within
the TCE plume at TAN. It is significant to note that
near the TAN disposal well at the center of the TCE
plume that while DIC (and hence, calculated pCO,
values) were elevated, so was the temperature (by up
to 4°C) — resulting in roughly similar calcite Sl
values compared with wells away from the TAN
disposal well. Wylie et al. (1999) suggest that the
increased temperature at the disposal well reflects
metabolic heat released by enhanced microbial activ-
ity; however, the alternative that “hot” sewage was
pumped into disposal well at some point in the past
cannot be discounted.

Another question that arises is if the bright lumi-
nescent calcite formed in association with microbia
activity (either directly or indirectly), then what is
the relationship between CO, mineralization and
calcite formation? The observed abundance of bright
luminescent calcite < 1-38 p.g calcite/g total sam-
ple is low particularly when considering that this
calcite was present in only 3 out of the 30 samples
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from TAN-37. Additionaly, bright luminescent cal-
cite is not present in samples from other boreholes.
Fredrickson (unpublished data) determined bulk aer-
obic and anaerobic heteorotrophic microbial respira-
tion on fresh basalt chips from multiple intervals at
TAN-37. CO, minerdization rates range from 56 to
244 nmol of CO, g~* year™!. If this rate has been
constant over the 45-year period (1952-1997), and
assuming that all of this respired CO, has been
incorporated into calcite, then 250—1100 w.g calcite
would potentially have been formed per g of sample.
Calculated calcite formation based on CO, mineral-
ization is significantly higher than the observed
abundance of bright luminescent calcite. These re-
sults are consistent with previous studies in which in
situ microbial activity measurements tend to overes-
timate biomass production (Chapelle and Lovley,
1990; Phelps et al., 1994).

8. Calcite as a proxy for redox statusin contami-
nated aquifers

Zachara (1999) defines two categories of micro-
bia mineralization (microbial directed, microbial
driven). Microbia directed mineralization involves
the formation of mineral products that confer an
ecological advantage to an microorganism (Phoenix
et a., this volume). Microbial driven mineralization
is associated with biological activity that indirectly
modulates geochemical conditions resulting in min-
eral formation (Zachara, 1999). Note that the sites of
microbial-driven precipitation need not be in direct
physical contact with the metabolicaly active mi-
croorganisms. A third category, microbialy-in-
fluenced mineralization, defined here as microbial
activity that does not actually facilitate mineral for-
mation but does impart a geochemical signature on
to abiotic precipitates.

This study does not attempt to establish a direct
linkage between epicellular calcite precipitation and
microbial activity. Instead it is our goa to establish
that by either direct or indirect means microbial
activity has imparted a recognizable signature into a
cacite that can be related to the redox status within
the SRPA at TAN. Two lines of evidence are gener-
ally used to establish a biotic connection in geo-

chemical processes (Murphy and Schramke, 1998).
These lines of evidence include the occurrence of
microorganisms that utilize specific metabolic activi-
ties that can be linked to concentrations of agueous
species like Mn and Fe and the fractionation of
stable isotopes that are indicative of overall biotic
activity. The unconfined nature of the SRPA at TAN
largely mutes the potential for variations in stable
isotopes related to microbial activity as documented
by the overall constancy of groundwater 8**C of DIC
measured from the TAN-33 borehole.

Severa independent indicators indicate increased
microbiological activity toward the center of the
TCE plume at TAN. Basalt from the TAN-37 bore-
hole, when compared with rock from other TAN
boreholes (e.g., TAN-33) located more distally from
the TAN Disposal Well, contained higher levels of
culturable microorganisms, rates of aerobic and
anaerobic acetate mineralization, and concentrations
of extractable microbial DNA (Colwell, 1989; Col-
well and Lehman, 1997; Palumbo et a. 1994,
Lehman et al. 1998, 1999). Additionally, significant
microbial iron reduction was noted in 75% of the
cores obtained from TAN-37 vs. only 25% of the
cores from TAN-33; a finding consistent with the
decreased DO content of TAN-37 vs. TAN-33
groundwater. While enrichments for Mn reducing
bacteria were not completed it is commonly recog-
nized that iron-reducing bacteria are capable of also
using oxidized Mn as a terminal electron acceptor
(e.g., Loveley and Goodwin, 1988).

The above evidence does not conclusively demon-
strate a microbial connection to the elevated Mn
values of the bright luminescent distal tips. However,
injection of TCE and sewage has certainly simulated
microbial activity around the TAN injection well
relative to ambient conditions in the SRPA. Conse-
quently, it would seem dubious to advance a purely
inorganic mechanism to explain the elevated Mn
content of distal tip calcite. Whether the significant
Mn present in TAN groundwater (and distal tip
calcite) are due to microbial reduction of Mn-bearing
minerals coupled with oxidation of organic matter
(eg., Lovely, 1991), reflect inorganic alteration of
silicates (pyroxene) or Mn oxyhydroxides (Stumm
and Morgan, 1981) in a setting where oxygen was
locally depleted by microbial activity, or both is not
determinable at present.
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It is conceivable that such an approach could be
applied to recently formed calcite (either naturally
formed or artificially induced) present in other
groundwater systems that have distinct redox zona
tions. Significantly, the minor element geochemistry
of recently formed calcite have the potentia to pro-
vide a proxy record for variations in redox zonation
associated with successional changes in terminal
electron acceptor utilization within subsurface micro-
bial communities. Possible applicable sites span lo-
cal, unconfined flow systems (e.g., il spill a Be-
midji, MN; Hiebert, 1994; leachate down gradient
from landfill at Grindsted, Denmark; Bjerg et al.,
1995) to regional flow systems that exhibits progres-
sive depletion of potential electron acceptors (O,,
Fe’*, SO?~, and CH,) along a flowpath (e.g., Mid-
dendorf aguifer, SC; Murphy and Schramke, 1998).
Additionally, such criteria may be of potential usein
the recognition of microbially-influenced carbonate
from rocks whose geologic history is not well con-
strained (e.g., SNC meteorites; rocks from the Mar-
tian sample return mission).

9. Summary

Most calcite cement present in the ESRP aquifer
at TAN is ancient in origin. However, the distal tips
of the last calcite cement generation are brightly
luminescent and have elevated Mn content. Given
the history of this region, it is probable that the
formation of the distal tips was the result of localized
oxygen consumption associated with injection of or-
ganic contaminates starting in the 1950s.
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