
Q'  = Qo[l - sin2(?) ~ i n ~ ( 0 ) ] " ~(1) 

Q t  cos(Tt)= Qo cos(W) (2) 

In Fig. 4, C and D, the two sets of optical 
diffraction spots, from Figs. 3A and 3B, 
respectively, are shown fit to ellipses given 
by Eqs. 1 and 2. The open circles are the 
experimental points. Because, in each data 
set, the magnitude of the scattering vectors 
for the spots with the largest spacing were 
approximately 2 ~ l d= 1.53 nm-', these 
spots were taken to define the Q, axis. The 
points in Fig. 4C closest to the Q t b  axis 
correspond to diffraction from blocks simi-
lar in orientation to the rightmost blocks in 
Fig. 4A. The intersection of the fracture 
surface with these blocks results in only a 
few layer "lines," and the resulting diffrac-
tion features were either diffuse (Fig. 3A) or 
unobservable (Fig. 3B). The x's in Fig. 4, 
C and D, are the expected locations of the 
optical diffraction spots for a constant rota-
tion angle between layer blocks of A?. 
Except for the single point in Fig. 4C near 
the Qlb axis (which corresponds to one of 
the weakest diffraction features), excellent 
agreement between the fits and the data are 
obtained for 0 = 60" and A T  = 15.5" for 
Fig. 4C and 0 = 55" and A T  = 19" for Fig. 
4D. This variation in A T  is within the 
range consistent with the temperature vari-
ation of the helical pitch. Of course, the 
real fracture surface is not planar, but this 
idealized fracture closely approximates the 
optical diffraction. [The symmetry of the 
optical transforms in Fig. 3 is broken by the 
shadowing effect of the sample preparation 
(27), and hence only two of the four quad-
rants of the ideal transform are visible.] 
Finally, the parameters that give the best fit 
in Fig. 4C have approximately the same 
values as the parameters used in generating 
Fig. 4A. 

From the average A? and the measured 
layer spacing of 4.1 nm, we calculate a 
spacing between screw dislocations, ed = 
d/AT = 14 to 15 nm, which is consistent 
with our observations of the screw disloca-
tion density in Fig. 2B. From our measured 
A T  and the measured pitch, Xo = 0.5 to 
0.6 Fm, we estimate the distance between 
grain boundaries, eb= XoA?/2~ = 24 to 
28 nm. 

Our freeze-fracture results give clear ev-
idence that the TGB model is a good 
description of the SmA* phase. The images 
show a regular undulating cholesteric-like 
structure with a length scale of 0.5 to 0.6 
pm, consistent with a macroscopic helical 
pitch, and simultaneously show the smectic 
layering with a spacing of 4.1 nm. In 
addition, we see the characteristic fracture 
pattern of a high density of elementary 
screw dislocations oriented normal to the 
twist axis. Optical diffraction shows that 
the layers twist in discrete steps of about 

278 

17", dictating that the screw dislocations Phys. Rev. Lett. 53, 1951 (1984). 

are s~acedeven 14 to 15 nm and there is 14. N. D. Mermin and S. M. Troian, ibid. 54, 1525 
,,no=\
( 1  Y 0 2 ) .

abou; 24 nm between grain boundaries. 15. P A. Kalugin, A. Yu. Kitaev, L. S .  Levitov, JETP 
This combination of evidence, which is 
unobtainable by any other technique, clear-
ly shows that the SmA* phase is the liquid-
crystal analog of the Abrikosov phase in 
superconductors and completes the analogy 
between smectic phases and superconduc-
tors as given by the TGB model. 
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Microbial Control of Silicate Weathering in 
Organic-Rich Ground Water 

Franz K. Hiebert and Philip C. Bennett 
An in situ microcosm study of the influence of surface-adhering bacteria on silicate di-
agenesis in a shallow petroleum-contaminatedaquifer showed that minerals were colo-
nized by indigenous bacteria and chemically weathered at a rate faster than theoretically 
predicted.Feldsparandquartzfragmentswere placedin anoxic,organic-richgroundwater, 
left for 14 months, recovered,and compared to unreacted controls with scanning electron 
microscopy. Ground-water geochemistry was characterized before and after the experi-
ment. Localized mineral etching probably occurred in a reaction zone at the bacteria-mineral 
interface where high concentrations of organic acids,formed by bacteriaduring metabolism 
of hydrocarbon, selectively mobilized silica and aluminum from the mineral surface. 

Chemical weathering of rock-forming sili-
cate minerals at the Earth's surface is a 
fundamental process and is a basis of the 
global geochemical cycling of the elements 
( I ) .  Silicate solubility and aqueous dissolu-
tion kinetics are reasonably well character-
ized and are known to be controlled by 
many variables, including crystal lattice 
defects, solution pH, temperature, ionic 
strength, and the presence or absence of 
inorganic and organic ligands (2). The role 
of microbes is rarely factored into models of 
subsurface rock-water interactions, even 
though silicates dissolve faster in microbi-
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ally active organic-rich waters than predict-
ed bv estimates made on the basis of the 
bulk ground-water geochemical environ-
ment (3. 41.> , ., 

In the pH range of most natural waters, 
silicate dissolution is extremelv slow (21. In~, 

the absence of complexing ligands, silica 
(SiO,) is released from microcline at pH 7 
and at 25°C at a rate of about mol 
cm-Z s-'. Under similar conditions, quartz 
dissolves at a rate of mol cm-2 s-' 
(5, 6). Organic electrolytes, especially or-
ganic acids, accelerate the dissolution of 
feldspar at mildly acidic pH by surface 
complexing of metals that speed the break-
down of framework metal-oxygen bonds, 
which is considered the rate-limiting step 



(5). A few multifunctional organic acids 
accelerate auartz dissolution at near-neutral 
pH but only at high concentrations (6). 
These observations suggest that quartz and 
feldspar solubilities are controlled primarily 
by conventional inorganic equilibrium in 
ground water at near-neutral pH except 
under conditions of high concentrations of 
chelating organic acids. 

Microbial metabolism of hydrocarbon, a 
common form of organic carbon in subsur-
face sedimentary systems, results in the 
production of a variety of metastable inter-
mediate by-products, including organic ac-
ids (7). Depending on the geochemical 
environment, these by-products may build 
up to measurable quantities in the extracel-
lular environment (8); however, little work 
has been done on defining the role that 
bacteria may play in influencing the fate of 
the surrounding rocks (9). 

We examined the in situ rate of feldspar 
and quartz dissolution and the morphology 
of crvstal surfaces weathered for 14 months 
in a microbially active, oil-contaminated 
ground water and documented the ground-
water geochemistry over a 40-m flow path 
in the microbially active zone. The site of 
this experiment is a petroleum-contaminat-
ed sand and gravel aquifer near Bemidji, 
Minnesota (Fig. 1). Ground-water chemis-
try has been monitored since 1983 by the 
U.S. Geological Survey (3, 10). 

Earlier work at the Bemidji location 
showed that indigenous microfauna utilize 
petroleum, produce organic acids as meta-
bolic by-products, and alter the ground-
water geochemistry (8). Seven common 
genera of aerobic bacteria known to utilize" 

hydrocarbon have been identified and in-
clude Acinetobacter. Aeromonas. Vibrio, 
Pseudomonas, ~~cobacterium,Micrococcus; 
and Achromobacter (1I). Under the floating. , -
pool of oil, oxygen is consumed, and the 
ground water has a near-neutral pH. In this 
zone, SiOz is mobilized, probably from sil-
icates, and the waters approach equilibrium 
with amorphous SiO,. Native silicate sand 
grains collected from the contaminated 
zone are weathered. and evidence of chem-
ical etching of quartz grains has been pre-
viously reported (3, 4, 10). It was impossi-
ble, however, to determine when the alter-
ation occurred, how fast it proceeded, or 
the mechanism of apparently enhanced dis-
solution. 

In order to examine possible mecha-
nisms of silicate dissolution, we used in situ 
microcosm experiments and calculated field 
SiO, release rates. Crystals of albite, anor-
thite, anorthoclase, microcline, and quartz 
were crushed, dry-sieved to collect the 5- to 
10-mm size fraction. and rinsed in distilled 
water (12). Crystal surfaces were cleaned of 
rock dust by brief low-power ultrasonifica-
tion. Split samples of each prepared mineral 

type were characterized by scanning elec-
tron microscopy (SEM) and energy disper-
sive analysis by x-ray (EDAX) and reserved 
as reference and controls. The surface area 
of the experimental and aquifer material 
was estimated by geometric analysis and 
measured by both nitrogen and krypton 
Brunauer-Emmett-Teller (BET) sorption 
methods. 

The remaining samples of crystal frag-
ments were mixed and loaded into porous 
polyethylene cylinders (microcosms) and 
submerged in the aquifer for 14 months 
(13). The study wells were screened in 
ground water just below the floating pool of 
oil. The microcosms were suspended in the 
screened portion of the well about 10 cm 
below the oil layer. The well bore was 
purged with nitrogen, sealed, and left undis-
turbed for the duration of the experiment. 
Ground-water samples were collected during 
microcosm emplacement and recovery. 

On recovery, microcosms were placed in 

sterile jars filled with formation water and 
stored at 4OC until analysis. Microcosm 
materials were split into archive and study 
portions and treated to fix biological tissue. 
Mineral grains were prepared for SEM in-
spection by critical-point drying and gold 
coating (14). 

Aquifer sediments consist primarily of 
quartz (60%), mixed feldspars (30%), and 
some calcite and dolomite (5% total) (3, 
10). The surface area of the bulk sediments 
is 1.8 mZg-l. Water flowing under the oil 
pool is reducing, slightly acidic, has no 
detectable oxygen, and contains a high 
concentration of dissolved organic carbon 
(Table 1). The carbon is a combination of 
unaltered volatile oetroleum comoonents 
and partially degrahed petroleum'in the 
form of simple and complex organic acids 
(3, 8, 10). 

Dissolved SiOz increases along the flow 
path from a background concentration of 
0.2 mmol liter-' to a maximum of about 

Fig. 1. Research site and cross 
section of aqu~ferflow path. Micro-
cosms (M) were located in wells 
1018 and 1015 as indicated. 
Crosses (+) indicate the locat~on 
of well screens. The geochemistry 
of this aquifer has been studied for 
10 years. 

410 / I I 
-1 00 -50 0 50 

Distance(m) 

Table 1. Geochemical parameters of the aquifer flow path within which the experimental micro-
cosms were placed. Although the values reported here represent the chemistry at a s~nglepoint in 
time, there was l~ttlevariation over the previous 4 years; thus, values in Table 1 probably represent 
a characteristic geochemistry. 

Well 
Parameter 

707 1018 1017 1016 1015 

Distance (m)* 0 36 
PH 6.8 6.7 
Si ( P P ~ )  9.4 21.1 
A1 ( P P ~ )  20 38 
Ca (PPm) 142.2 168.7 
Fe ( P P ~ )  0 24.9 
Dissolved inorganic 116 185 

carbon (ppm) 
Dissolved organic 19 35 

carbon (ppm) 

*Meters from edge of petroleum pool in aquifer. 
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Fig. 2. Scanning electron micrographs of control and in situ-reacted mineral grains. (A) Surface of 
control quartz crystal shard. Note smooth surface and stair-step fracture pattern. Scale bar, 1 pm. 
(B) Surface of quartz crystal shard recovered from in situ microcosm after 14 months. Note 
triangular etch pits (P) on smooth surface and near bacteria. The bacterium in the central portion of 
the micrograph is dividing, indicating that bacterial growth occurs in the aquifer. Scale bar, 1 pm. 
(C) Etch pits (P) on the surface of quartz shard recovered from in situ microcosm after 14 months. 
The triangular morphology of the pits is characteristic of chemical etching; however, the chemistry 
of the bulk pore water indicates that dissolution of quartz should not have occurred. Scale bar, 1 
pm. (D) Surface of control microcline crystal fragment. Smooth surfaces are evident between linear 
cleavage planes. Scale bar, 5 pm. (E) Surface of microcline crystal fragment recovered from in situ 
microcosm. Note deep chemical etching along the cleavage plane of the mineral. Bacteria (6) 
occur in three morphologies in the field of this micrograph. Dendritic fibrils are most likely clay 
minerals (kaolinite or halloysite). Scale bar, 5 pm. (F) Surface of microcline crystal fragment 
recovered from in situ microcosm. This crystal fragment was recovered from the same microcosm 
as that in (E) and has been ultrasonically cleaned of debris to reveal the deep chemical etching 
pattern on its surface. The morphology of these surface pits is similar to those produced in 
laboratory studies of chemical dissolution of feldspars (6). Scale bar, 5 pm. 

1.0 mmol liter-' under the center of the oil 
~ o o l .  The microcosms were located in 
ground water containing -0.7 mmol li- 
ter-' of dissolved Si where the change in 
dissolved Si02 with distance along the flow 
path is greatest (-lo-'' mol m-2 s-', on 
the basis of 1.8 m2 g-' specific surface area, 
3.5 x m s-' flow velocity, and a 
porosity of 30%). This dissolution rate is 
slightly greater than that expected for oli- 
goclase, for example, at this temperature 
(2). If this rate were uniformly distributed 
over the entire exposed surface area, about 
100 molecular lavers would be removed. or 
about 0.1 pm of mineral surface over a 
14-month period. 

The amount of dissolved total A1 is low, 
increasing from a background concentra- 
tion of less than 1 to about 3 pmol liter-'; 
most of the A1 consists of monomeric hy- 
droxy-A1 or possibly organic-A1 complexes. 
Although the increase in A1 spatially cor- 
responds to the increase in Si, the nearly 
500:l ratio of H4Si04 to A1 in a water 
where feldspar is dissolving suggests that A1 

is conserved in a solid phase. Calculations 
from chemical speciation and equilibrium 
models (3, 10) show that the contaminated 
ground water is supersaturated with respect 
to quartz and approaches equilibrium with 
amorphous silica. The waters are supersat- 
urated with respect to gibbsite and kaolinite 
but undersaturated with respect to the pri- 
maw silicate ~hases such as anorthite. mi- 
crocline, and albite, within the uncertainty 
of the thermodynamic database. 

Examination of the reference mineral 
grains by SEM showed that the surfaces are 
clean and without evidence of chemical or 
mechanical weathering. Quartz grains are 
angular and irregular, and the surfaces con- 
sist of conchoidal and step fractures (Fig. 
2A). Feldspar surfaces are smooth and ir- 
regular, and cleavage can be distinguished 
(Fig. 2D). 

Examination of mineral surfaces from 
the microcosms, however, shows evidence 
of biological colonization and chemical al- 
teration. Bacterial cells in a variety of 
morphologies colonized the mineral sur- 

Fig. 3. Conceptual model of a bacterially gen- 
erated microreaction zone at the surface of a 
quartz crystal fragment. Surface-adhering bac- 
teria create a reaction zone in their immediate 
vicinity by producing and releasing organic 
acids during metabolism. The organic acids 
released by the cell create a gradient between 
the cell surface and the surrounding pore wa- 
ter. In this microenvironment, complex organic 
acids chelate SiO, from the mineral surface 
and cause dissolution despite the quartz-su- 
persaturated status of the bulk pore water. 

faces, primarily as individual cells and small 
patches (Fig. 2, B and E). Bacterial distri- 
bution was sparse, though ubiquitous, con- 
sistent with the results of previous studies of 
bacterial attachment to sediment in contact 
with hydrocarbon-rich fluids (1 5). We esti- 
mate that as much as 50% of the attached 
biomass may have dislodged during the 
critical-point drying, even though efforts 
were made to minimize sample disruption. 
Therefore, where we see individual cells 
and small colonies established on mineral 
grain surfaces, larger and more numerous 
colonies of bacteria may have been present. 

Intense chemical etching of feldspars. 
and light but distinct etching of quartz was 
noted, especially in the vicinity of attached 
bacterial cells (Fig. 2, B, C, and E). Etch- 
ing of quartz occurred in water that was 
many times supersaturated with respect to 
quartz (Table 1). Etching is seen as oriented 
triangular pits that are clearly grouped in 
discrete areas, whereas other areas are ap- 
~arentlv unetched. An unknown solid 
phase precipitated on some mineral surfaces 
(Fig. 2B). The triangular etch pits noted on 
weathered quartz shards are diagnostic of 
crystallographic control of dissolution (3, 
4). The occurrence of these pits suggests 
that a volume of weathering fluid more 
reactive than ground water persisted at the 
mineral interface long enough to initiate 
etching. Etch pits in the shape of bacterial 
cells were not noted. 

In contrast to the light weathering of 
quartz, some feldspar surfaces are locally 
intensely etched and weathered (Fig. 2, E 
and F). Etch pits are prismatic, varying 
from 1 to 5 pm in diameter, and are over 1 
pm deep. The preferential orientation of 
prismatic etch pits along cleavage planes 
again suggests that dissolution was crystal- 
lographically controlled (1 6). During the 
14-month period at 10°C, with the mea- 
sured water composition, etching should 
have been on the order of 100 nm, in 
contrast to the deep localized weathering 

280 SCIENCE VOL. 258 9 OCTOBER 1992 



that actually occurred. Furthermore, the 
native feldspar grains collected from uncon-
taminated regions of the aquifer showed 
little evidence of chemical weathering, 
consistent with the expected inorganic dis-
solution rate (10). 

Bacteria were located at or near the etch 
pits. The etch pits, however, are not at the 
actual contact surface of the microbes, and 
the distinctive shape and extent of etching 
suggest that the mineral surface is in con-
tact with an aqueous weathering fluid. We 
postulate that surface-adheringbacteria cre-
ated a reaction zone in their immediate 
vicinity in which organic acids, produced 
within the cell and released extracellularly, 
were concentrated at the cell solution-
mineral interface (Fig. 3). During metabo-
lism, organic substrate was consumed by 
heterotro~hic bacteria, whereas enzvmes 
and metakolic by-prod;cts such as organic 
acids were exuorted from the cell interior to 
the nearby fluid environment. A gradient 
in chemical uotential was oroduced be-
tween the cell surface and the surrounding 
bulk fluid. High concentrations of these 
by-products may be present in the near 
vicinity of the microorganisms. Within this 
microenvironment, complex organic acids 
chelated SiOz at the quartz surface and 
dissolved the mineral even though the bulk 
pore water was supersaturated with respect 
to the dissolving mineral. Silica, and pos-
sibly alumina, thus chelated and in solu-
tion, is available for transport away from 
the dissolution site along the ground-water 
flow path. 

The activity of indigenous microorga-
nisms may represent a previously over-
looked factor in modeling subsurface 
geochemistry. In addition, those geochem-
ical processes reported may represent an 
alternative mechanism for the generation of 
secondary porosity in low-temperature (up 
to 70°C) sedimentary basins. 
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Fault Zone Connectivity: Slip Rates on Faults in 
the San Francisco Bay Area, California 

Roger Bilham and Paul Bodin 
The slip rate of a fault segment is related to the length of the fault zone of which it is part. 
In turn, the slip rate of a fault zone is related to its connectivitywith adjoining or contiguous 
fault zones. The observedvariation in slip rate on fault segments in the San Francisco Bay 
area in California isconsistentwith connectivitybetweenthe Hayward,Calaveras,and San 
Andreas fault zones. Slip rates on the southern Hayward fault taper northward from a 
maximumof morethan 10 millimeters per year and are sensitive to the active length of the 
Maacama fault. 

T h e  mean recurrence interval between 
damaging earthquakes on a fault is deter-
mined in part by its slip rate (I) .  Slip rate 
data are obtained by summing the moments 
of historic earthquakes (2) or by direct 
observation of the offset rate of geological 
features (3). Historic summations of seismic. . 
moment are inaccurate where the instru-
mental or written record endures for fewer 
than several earthquake cycles, as in Cali-
fornia. Moreover, exhumation of faults to 
learn their historic slip rates can result in 
inaccurate estimates of slip rate at seis-
mogenic depths because slip may be distrib-
uted over a wide region. For example, no 
surface evidence for fault sliu exists for the 
inferred 1.8 m of dextral slip that accom-
uanied the 1989 Loma Prieta earthauake 
i4), and slip on the nearby San ~ n h r e a s  
fault during the 1906 San Francisco earth--
quake was significantly underestimated by 
observed fault offsets (5). Relative plate 
motion between the Pacific and North 
American plates is distributed principally 
among faults of the San Andreas system, a 
branching network of interconnected fault 
zones (6). Although detailed geodetic stud-
ies show the distribution of velocities across 
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the plate boundary, these data do not con-
tribute to our understanding of long-term 
slip rates on mapped faults. The observed 
deformation field may be generated by sev-
eral plausible but non-unique distributions 
of slip on faults in the plate boundary (7). 
In this report we examine an alternative 
method to estimate the relative slip rates of 
faults in a complex plate boundary based on 
the geometry and mechanical linkage of 
mapped faults. In our proposed model we 
assume that the long-term slip rates of faults 
are determined by their current and evolv-
ing geometries. 

For a wide range of fault lengths, the 
total geologic offset of a fault zone increases 
with fault zone length (8). Total offset is a 
maximum near the center of the fault zone 
and decays to small values near its ends. 
Similarly, the coseismic slip on an individ-
ual rupture increases with rupture length 
(9) and decays to zero at the ends of the 
rupture. Slip amplitude and distribution are 
influenced by the strain at failure (10), the 
geometry of the fault (11, 12), and the 
aspect ratio of the rupture surface (13). 
Earthquakes seldom rupture an entire fault 
zone. Instead they rupture segments or 
groups of segments that together result in 
the observed total offset of faults (14). As a 
result (Fig. I) ,  the slip rate of a segmented 
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