
AUTHORS

James R. Boles � Department of Geological
Sciences, University of California, Santa Bar-
bara, California, 93106; boles@geol.ucsb.edu

James Boles is a professor of geology at the
University of California at Santa Barbara. His
B.S. degree is from Purdue, his M.S. degree is
from the University of Wyoming, and his Ph.D. is
from the University of Otago (New Zealand). He
has conducted research on various aspects of
clastic diagenesis for more than 35 years. His
current research is on fault diagenesis, pres-
sure solution, and geochemical tools for inter-
preting diagenetic processes.

Peter Eichhubl � Department of Geologi-
cal and Environmental Sciences, Stanford
University, Stanford, California, 94305-2115

Peter Eichhubl (Ph.D., University of California,
Santa Barbara, 1997) is a research associate
affiliated with the Stanford Rock Fracture Proj-
ect. His research interests include fault and
fracture mechanics, deformation processes in
sediment and sedimentary rock, fluid flow in
sedimentary basins, and the chemical interac-
tion of rock and pore fluid.

Grant Garven � Department of Earth and
Planetary Sciences, Johns Hopkins University,
Baltimore, Maryland, 21218-2687

Grant Garven is a professor of hydrogeology
at Johns Hopkins University and founding
coeditor of the new journal Geofluids. His
research focuses on the paleohydrology of
sedimentary basins and the application of
reactive fluid-flow modeling for understanding
processes of diagenesis, hydrothermal ore
formation, and poroelastic deformation.

Jim Chen � Division of Geological and
Planetary Sciences, California Institute of
Technology, Pasadena, California, 91125

James Chen (Ph.D., University of California,
Santa Barbara, 1977) is a research scientist
affiliated with the Jet Propulsion Laboratory,
Caltech. His research interests include investi-
gating various aspects of isotope geochemistry,
geochronology, and cosmochemistry using
both long-lived and short-lived radioactive
nuclei.

Evolution of a hydrocarbon
migration pathway along
basin-bounding faults:
Evidence from fault cement
James R. Boles, Peter Eichhubl, Grant Garven, and
Jim Chen

ABSTRACT

Extensive calcite fault cement has resulted from leakage of Santa

Barbara basin fluids and hydrocarbons into the Refugio-Carneros

fault, a north-bounding structure to the basin. Calcite cements are

only found at the end segments of the 24-km (15-mi)-long fault

zone, which has less than 150 m (490 ft) of maximum normal

offset. The calcite is contemporaneous with fault movement, as

evidenced by pervasive crystal twinning and brecciation, as well as

textures indicating repeated episodes of rapid fluid flow and calcite

cementation. Based on U-Th dates of the calcite, fluid flow along

the fault occurred between 110 and greater than 500 ka, indicating

that fluid migration was intermittently active during the recent up-

lift history of the basin flank. Stable carbon isotopic values of the

calcite are d13CPDB = �35 to �41x, which means that the carbon

source is predominantly thermogenic methane. The composition of

fluid inclusions in calcite is consistent with mixing of meteoric and

saline water in the presence of liquid and gaseous hydrocarbons.

Fluid-inclusion homogenization temperatures of about 80–95jC

suggest that hot water leaked from 2- to 3-km (1.2- to 1.9-mi) depths

in the basin and moved up faults on the basin flank at rates rapid

enough to transport substantial heat to shallow depths. Finite-element

models show that, in this case, this process requires faulting of an

overpressured basin and that a single flow event would have lasted

for at least 103 yr.

Subsurface fluid pressures at comparable depths in the offshore

section today are close to hydrostatic, and therefore, only slow hy-

drocarbon seepage occurs. When combined with the U-Th age

data, this suggests that over a 105-yr timescale, basin fluid flow has

evolved from the rapid expulsion of hot water and gas being carried

up along active, bounding faults derived from overpressured strata

to present hydrostatic conditions of slow, buoyancy-driven seepage

of hydrocarbons.
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INTRODUCTION

Hydrocarbon migration pathways are important components of

hydrocarbon systems (Magoon and Dow, 1994; Losh et al., 1999;

Aydin, 2000), and if pathways extend to the surface, they may

contribute to greenhouse gas and influence global climate (MacDo-

nald, 1990; Nisbet, 1990; Kennett et al., 2002). Modern surface

seeps can be the manifestation of major structurally controlled sub-

surface hydrocarbon migration pathways (e.g., Wilson et al., 1974;

Hornafius et al., 1999; Tryon et al., 1999; Eichhubl et al., 2000).

Hydrocarbon migration pathways are becoming increasingly rec-

ognized in the geologic record from application of geochemical

tools, as well as fluid inclusions in cements (e.g., Hathaway and

Degens, 1969; Sample et al., 1993; Chan et al., 2000; Eichhubl and

Boles, 2000a, b; Budai et al., 2002). The isotopically light carbon in

calcite cement (commonly with d13CPDB of �20xor less) is the

prime geochemical evidence for the former presence of methane,

because it represents carbon derived from oxidation of methane

(e.g., Donovan et al., 1974; see review in Jørgensen, 1992; Schu-

macher, 1996). The association of light carbon isotopes with hy-

drocarbon fluid inclusions suggests ancient hydrocarbon pathways.

In many cases, this geochemical evidence is found above leaking

hydrocarbon reservoirs. In some cases, bacterially generated soil

methane may also be oxidized to form CO2 and calcite (Quade

et al., 1989), but these are not associated with liquid hydrocarbon

inclusions.

In this paper, extensive calcite deposits filling a fault zone are

described, in which the calcite carbon is derived from oxidation of

methane (Boles and Grivetti, 2000). These deposits resulted from

high-temperature fluids, including both liquid and gaseous hydro-

carbons, derived from a probable overpressured basin. The fluids

were focused up a fault zone to the surface where they mixed with

oxygenated meteoric water. Our study, when viewed in conjunc-

tion with modern offshore, cold hydrocarbon seeps in the Santa

Barbara Channel (Fischer and Stevenson, 1973; Hornafius et al.,

1999; Eichhubl et al., 2000), creates a picture of how hydrocarbon

migration has evolved through time at a basin margin as the pore-

fluid pressure at depth has dissipated.

GEOLOGIC FRAMEWORK

Tectonic and Hydrocarbon Setting

The Santa Barbara coastal area was a site of largely marine sedimen-

tation that extended from the Cretaceous until late Pleistocene (Ingle,

1980). During this time, the area was undergoing plate convergence

and, beginning after the Oligocene, transpression resulted in crustal

rotation and the opening of subbasins (Atwater, 1970; Hornafius

et al., 1986). Beginning in the Pliocene, the east-west–trending

Santa Ynez Mountains, bounded to the north by the Santa Ynez
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fault (Figure 1a) (Dibblee, 1966), was uplifted along the

margin of the Santa Barbara basin (Jackson and Yeats,

1982). This uplift and deformation created several sec-

ondary fault systems, including the Refugio-Carneros

fault, which roughly parallel the coastline in the Santa

Ynez Mountains (Figure 1a). Offshore burial of sed-

iment was sufficiently deep that hydrocarbons were

generated, chiefly from the Miocene Monterey For-

mation, an organic-rich siliceous mudstone deposited

as a result of coastal upwelling (Ogle et al., 1987).

Fractured siliceous mudstone and dolomite of the Mon-

terey Formation are also the main reservoir for offshore

oil production in the Santa Barbara Channel.

Hydrocarbon accumulations in the area adjacent

to the Refugio-Carneros fault include the now aban-

doned onshore Refugio Cove Gas, Capitan Oil, Ell-

wood Onshore/Offshore Oil, La Goleta Gas, and Mesa

Oil fields (Figure 1a; Table 1). Today, offshore pro-

duction in the area includes the South Ellwood anti-

cline producing from Platform Holly, the Molino off-

shore gas accumulation (under development), and the

Hondo structure currently being produced from Plat-

forms Hondo and Harmony. In general, formation waters

of onshore oil fields have lower salinity values com-

pared to offshore fields because of the dilution of orig-

inal trapped marine water by meteoric recharge from

the mountains (Table 1). This paper will demonstrate

that the calcite deposits in the Refugio-Carneros fault

reflect the mixing of offshore and meteoric fluids, with

hydrocarbons derived from offshore accumulations and

meteoric fluids providing a source of oxygen for oxida-

tion of methane.

Refugio-Carneros Fault

The Refugio-Carneros fault is one of several east-west–

to northwest-southeast–trending faults in the Santa

Barbara coastal area, including the Dos Pueblos, Eagle,

Glen Annie, More Ranch, San Pedro, and San Jose faults

and the major Santa Ynez fault (Figure 1a) (Dibblee,

1987a, b; 1988, U.S. Geological Survey, unpublished

work). These faults cut strata of Miocene and younger

age and are believed to be part of the regional trans-

pressive deformation and clockwise rotation that has

occurred along the Pacific and North American plate

junction since the Miocene (Nicholson et al., 1994).

The Refugio-Carneros fault (Figure 1a) is 24 km

(15 mi) long, strikes approximately east-west roughly

parallel to bedding, and dips 35–60j north. Fault off-

sets of formation contacts on several ridge tops and

sides of steep canyons indicate as much as 120 m (390 ft)

of normal slip. Although well defined on a 1:24,000

map scale (Dibblee, 1987a, b; 1988), most of the fault

outcrops are covered with brush, with exposure lim-

ited to cemented portions of the fault and of its damage

zone. In the western part, the fault strikes N75jW

(Figures 1b, c; 2) and cuts Miocene Vaqueros sand-

stone and Rincon formation shale (Dibblee, 1988). The

eastern section is within Vaqueros sandstone. The east-

ern end of the fault is poorly exposed because of Quater-

nary cover, but an east-west–oriented set of steeply

dipping, carbonate-cemented veins in Vaqueros sand-

stone can be found in a gully approximately 600 m

(1970 ft) north of the projected trace of the Refugio-

Carneros fault (Figure 1a) as mapped by Dibblee

(1987a). We interpret this isolated exposure as marking

an eastern segment of the Refugio-Carneros fault.

FAULT ZONE MINERALIZATION

Distribution and Morphology of Fault Cement

Coarsely crystalline calcite fault cement, as much as

1.5 m (5 ft) thick, is only found along the western and

eastern parts of the fault. Calcite cement has not been

found in the fault along the central part, despite the

fact that the fault trace is exposed in numerous can-

yons and hilltops.

Along the westernmost 1.5-km (1-mi)-long section

of the fault, calcite cements occur as discontinuous tab-

ular bodies as much as 1.5 m (5 ft) thick (Figure 1a, b

locations A–F). The largest exposure of fault cement

(Rancho Tajiguas at N34j29.4690, W120j5.3330) is

about 200 m (660 ft) from the western termination of

the fault, forming a tabular body of calcite at least 1.5�
15 � 15 m (5 � 50 � 50 ft) in size or about 338 m3

(11,900 ft3) (Figure 1b, location A). The tabular bodies

are parallel to the strike of the fault, which dips north at

35–60j (Figure 3a). The main fault is consistently on

the north side of the calcite bodies, forming striated

and polished slip surfaces (Figure 1b). At one of the

calcite outcrops (Figures 1b, location E; 3b), slicken-

sides rake 20jE on the main fault surface, indicating a

predominant strike-slip component. Veins with pre-

dominant opening mode, varying in thickness from a

few millimeters to more than 10 cm (4 in.), extend into

the sandstone host rock at this and several other loca-

tions. These veins are oriented at an oblique angle to

the main trace (Figure 3b) that is consistent with splay

crack geometry resulting from a left-lateral strike-slip

component on the Refugio-Carneros fault.
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Figure 1. (a) Location
of Refugio-Carneros
fault, Santa Ynez fault
and oil and gas fields in
the vicinity of Santa Bar-
bara, California. (b) Field
map of fault calcite lo-
calities near the western
end of Refugio-Carneros
fault. Topographic con-
tour interval is 40 ft.
Locality A = 1.5 � 15 �
15 m (5 � 49 � 49 ft)
coarse blocky and brec-
ciated calcite slab; B =
blocky and brecciated
calcite, 1.7 m (5.6 ft)
thick, with hematite al-
teration; C = blocky cal-
cite with acicular crystal
spray remnant; D =
coarse blocky calcite, 1 �
1.75 � 1 m (3.3 � 5.7 �
3.3 ft) float block; E =
blocky and brecciated
calcite with polished slip
surface 1 � 2.5 � 5 m
(3.3 � 8 � 16 ft); F =
blocky coarse calcite
0.5 m (1.6 ft) thick (ex-
posed on dirt road).
(c) Cross section YY0

from (b).
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At the eastern part of the Refugio-Carneros fault,

calcite occurs in a 4-m (13-ft)-long ravine exposure

perpendicular to the fault trend at N34j27.6980,

W119j49.5670. At this locality, calcite occurs in a

series of subparallel veins 1–30 cm (0.4–12 in.) thick

and separated by sandstone matrix. The sequence of

veins is about 2 m (7 ft) thick and dips 80j north,

parallel to bedding. The fault is not exposed in the

ravine, but float of thick calcite vein cement (>20 cm

[>8 in.] thick) on the north end of the exposure

suggests the fault is a few meters to the north.

At both the eastern and western parts of the fault,

some calcite forms radiating sprays of acicular crystals,

as much as 10 cm (4 in.) long, which have nucleated

on the walls of veins and grown inward (Figure 3c).

The growth of the crystals into open fracture space

suggests that the rate of fracture opening outpaced the

rate of cement precipitation. These crystal sprays are

most common at the eastern locality. The acicular crys-

tals appear to be replaced in most locations by blocky

calcite (Figure 3d). The blocky crystals range in size

from a few millimeters to 7 cm (3 in.) and have mul-

tiple sets of twin lamellae (Figure 3e). Blocky calcite is

commonly brecciated because of shearing along slip

surfaces that are contained in the cement bodies and

that are subparallel to the strike of the fault (Figure 3f ).

A float sample, collected 1.2 km (0.7 mi) from

the western fault termination on Rancho Agua Ito

(N34j28.4760, W120j04.4100), consists of millimeter-

thick calcite bands (Figure 3g). In thin section, the

bands are composed of radiating crystal sets with eu-

hedral terminations. Heavy minerals and quartz sand

grains are trapped on the growth faces along the bands

(Figure 3h). We interpret these detrital layers to reflect

episodic pulses of rapid fluid flow and sand-particle

entrainment. Intervening periods of slower fluid flow re-

sulted in precipitation of detritus-free cement layers.

The contact to the calcite-filled veins in several

examples contains a diffuse zone with as much as 30–

40% sand grains cemented by calcite as determined by

point counting (Figure 3i). In comparison, the sand-

stone country rock has about 70% sand grains with

30% calcite cement. In Figure 3i, the detrital micas in

the country rock are oriented roughly perpendicular

to the vein wall, parallel to bedding, whereas in the

diffuse zone, the micas are oriented subparallel to the

vein wall. The micas in the diffuse zone appear to have

been reoriented from fluid flow or shearing, although

the calcite in the diffuse zone does not show evidence

of shearing. The reorientation of micas suggests that

the sand was eroded from the vein walls during rapid

flow events, and that grains were realigned parallel to

flow. As will be shown in the subsequent discussion,

these thin veins have a different isotopic composition

than the calcite in the main fault.

Iron oxide, predominantly hematite, is relatively

common in sandstone adjacent to the fault (Figure 3j).

Hematite occurs as a red alteration product after detrital

lithic sand grains, and as grain rim and pore-filling patches

of hematite cement. In some cases, hematite also occurs

in the calcite vein fill, where it rims pseudomorphs of

preexisting crystals and follows fractures. Sandstones

sampled away from the fault typically have minor py-

rite cement, and hematite is sparse. The presence of

hematite suggests highly oxidizing conditions associated

with fluids in the fault zone. The source of iron in hem-

atite (Fe2O3) is likely from oxidation of pyrite (FeS2).

U-Th Age of Calcite Mineralization

Eleven samples of calcite fault cement were dated using

the U-Th technique. Details on the technique and a

detailed analysis of these results will be described in a

separate paper. Blocky carbonate has uranium con-

centrations ranging from 3.8 to 456 ppb, and thorium

concentrations from 0.17 to 36.8 ppb. All samples

display large 238U-234U disequilibrium, with activity

ratios ranging from 1.06 to 1.39, exhibiting large excess

of 234U. Five samples yield apparent U-Th ages ranging

from 107 to 420 ka. Six other samples yield ages greater

than 500 ka, which are outside of the useful range of

this dating technique (Faure, 1986). Relatively old and

young ages are found at both end segments of the fault,

suggesting fluid movement did not progress from one

end to the other.

These ages reflect the final crystallization of the cal-

cite that may have undergone multiple stages of dissolu-

tion and precipitation. Therefore, the dates are minimum

ages of the fluid flow that resulted in calcite precipi-

tation. Because the calcite fills fault-related openings, it

postdates the initiation of faulting. Furthermore, the

calcite in the dated samples is twinned and brecciated,

which means that it predates the last fault movement.

Therefore, the age of the calcite vein fill is within the span

of fault activity. These results indicate that the Refugio-

Carneros fault is relatively young (Pleistocene), and that

it was active for at least several hundred thousand years.

Calcite Fluid Inclusions

Fluid-inclusion heating and freezing experiments were

performed on three calcite samples to obtain information

Boles et al. 953



about temperature and fluid composition at the time

of cement precipitation (Table 2). There are numerous

single-phase aqueous inclusions and less common pri-

mary two-phase inclusions. Two-phase inclusions have

homogenization temperatures ranging from around 80

to in excess of 100jC (Table 2). Salinities, as determined

from melting temperatures of previously frozen inclu-

sions, are highly variable, with some samples having

relatively freshwater inclusions (0.3 wt.% NaCl equiv-

alent), and others having salinities similar to seawater

(3.5 wt.% NaCl equivalent). There is no correlation

between salinity and homogenization temperature in

this limited data set (Figure 4). Finally, liquid hydro-

carbon inclusions are present in one of the samples.

Figure 3. Occurrence of fault
cements. (a) Field geologist
showing solid mass of calcite in
north (left)-dipping fault zone.
Arrows show boundaries of
calcite fault zone. Location B,
Figure 1b. (b) Sandstone sliver
contained between the blocky
calcite fault cement and a
calcite-cemented vein extending
into the host sandstone at an
oblique angle. The oblique vein
orientation suggests a left-lateral
strike-slip component for the
Refugio-Carneros fault at this
location. Location E, Figure 1b.
White ruler is 20 cm (8 in.) long.

954 Evolution of a Hydrocarbon Migration Pathway along Basin-Bounding Faults



Figure 3. Continued. (c) Acicular calcite sprays growing into fault fracture space. Sample from ravine locality, eastern segment of
fault. (d) Acicular crystals of calcite (A) partially recrystallized to blocky calcite (B). Photo from locality C, Figure 1b. Coin (2.5 cm; 1 in.)
rests on host sandstone. (e) Large 10-cm (4-in.)-scale, blocky, calcite crystals with twin lamellae. Sample from location A, Figure 1b.
Pencil is 15 cm (6 in.) long. (f) Brecciated outcrop showing a striated slip surface. Calcite breccia clasts have multiple finely twinned
lamella. Photo from location E, Figure 1b. Pencil is 15 cm (6 in.) long. (g) Calcite fault cement from western part of fault with multiple
growth bands. Right side of sample is sandstone host rock. Sample from Rancho Agua Ito at N34j28.4760, W120j04.4100.

Boles et al. 955



Most of these hydrocarbon inclusions have pale yel-

low ultraviolet fluorescence, with a few having a blue

fluorescence.

Oxygen and Carbon Isotopic Composition of Calcite

Calcite vein and fault cement was sampled using a

dental drill with a 1-mm (0.04-in.)-diameter tip. A

few samples are acid extracts from calcite-cemented

sandstone adjacent to the fault zone. Several of the

acicular calcites were analyzed along their length to

check for composition changes with growth. Suites of

samples were also analyzed across the fault zone, per-

pendicular to the fault strike, to look for composition

trends at the outcrop scale.

Calcite from the main fault zone has a relatively

narrow range of oxygen isotopic composition between

�9.5 and �11x(Peedee belemnite, PDB) and carbon

isotopic compositions between �40 and �30x(PDB)

(Table 3; Figure 5). Heavy carbon values are from

cements in the sandstone matrix (analyses 28–33 of

Table 3; Figure 5). There is no systematic difference

between acicular and blocky calcite, indicating that they

both have formed at similar conditions. The lightest car-

bon isotopic values (�40 to �42x, analyses 9, 10, 13,

26, and 27 of Table 3) are commonly associated with

the relatively coarse, blocky crystals near the bound-

aries of the fault zones.

Analyses of calcite from closely spaced samples

(millimeter scale) of the banded calcite (Figure 3g)

have relatively uniform isotopic compositions (analy-

ses 16–25 of Table 3), varying by only 3xin carbon

and 0.5xin oxygen. Assuming these layers represent

distinct fluid-flow events, each pulse appears to have

had approximately the same composition as the pre-

ceding one, at least on the 1-mm (0.04-in.) sampling

scale. The acicular crystals at the eastern part of the

fault (analyses 46–75 of Table 3) likewise show very

little variation in isotopic composition along their

70-mm (2.7-in.) length.

The heavier oxygen isotopic composition of the

sandstone cement relative to the calcite in the main

fault is consistent with cooling of the fluid in the sand-

stone matrix adjacent to the main fault. The heavier

carbon isotopic composition of the sandstone matrix as

well as some of the thin veins relative to the calcite

values in the main fault calcite could be explained by

dissolution of locally abundant calcite tests of marine

fossils from the sandstone.

Strontium Isotopic Composition of Calcite

Strontium isotopic ratios of two samples from the

western part of the fault (same samples as analyses 12

and 26 of Table 3) have strontium isotopic values of

0.709272 (±17) and 0.709433 (±16), respectively

Figure 3. Continued. (h) Pho-
tomicrograph of (g) showing
growth bands with euhedral
crystal terminations overlain by
concentrations of detrital min-
erals (arrows). Plain light.
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(standard errors in parenthesis, analyses by J. Bryce in

the laboratory of J. Mattinson, University of California

at Santa Barbara, values relative to National Bureau

Standards (NBS) 987 = 0.71024). The second value is

significantly higher than modern seawater, which has

a value of about 0.7092 (DePaolo and Ingram, 1985).

The Sr content of the fault calcite is very low (0.001–

0.01 wt.%), which means that the isotope ratios re-

corded in these calcites would be sensitive to small

perturbations in fluid isotopic composition. In compar-

ison, calcites formed in equilibrium with the normal

Sr content of seawater should have about 0.1 wt.% Sr

or greater (see Bathhurst, 1975, p. 262 for summary).

This indicates that the fault calcite has probably not

precipitated from unmodified seawater. The relatively

radiogenic values probably indicate addition of radio-

genic 87Sr from detrital potassium-bearing phases by the

ascending hot fluids or by descending meteoric water.

Figure 3. Continued. (i) Pho-
tomicrograph of thin vein from
ravine locality at eastern part
of fault with diffuse boundary
zone (I) with 70% cement
separating vein (V) from coun-
try rock (C) with 30% cement.
Detrital micas (dark elongate
grains) are oriented subparallel
to the walls of the main vein
in the diffuse zone, whereas
micas in the country rock are
mostly perpendicular to the vein
and parallel to bedding. Plain
light.
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Trace-Element Content of Calcite (Mn, Mg, Fe)

The trace-element composition of carbonate minerals

gives clues as to the type of fluids present at the time

of crystallization. As reviewed by Boles (1998) and

also shown in Morad (1998), marine calcite is com-

monly Mg enriched, whereas calcite forming in me-

teoric water along basin margins has relatively low

trace-element contents and proportionally high Mn

contents relative to Mg and Fe.

Microprobe analyses of seven vein samples for

Mg, Mn, and Fe show that the fault calcite is generally

relatively pure, with the total of Mg + Fe + Mn being

less than about 2 mol% (Table 4; Figure 6). The pro-

portions of Mg, Fe, and Mn differ between samples

from the east and west parts of the Refugio-Carneros

fault. Western samples are relatively rich in Mn, whereas

eastern samples have more Mg. Fe is relatively low in

both suites.

Magnesium-rich calcites are commonly formed dur-

ing early diagenesis of marine sandstones as a result of

the initial relatively high Mg content of trapped sea-

water. Magnesium contents of 5–10% are common

(see, e.g., Boles et al., 1985). The fault calcites are rela-

tively low in Mg, which is consistent with crystallization

from relatively Mg-depleted marine basin water. Such

waters are found in petroleum basins of southern

California at temperatures in excess of 100jC (e.g., see

Fisher and Boles, 1990) Thus, the water in the fault

zone is consistent with diagenetically evolved seawater,

instead of unmodified seawater. The elevated temper-

atures at which these calcites appear to have formed

should cause increased trace-element substitution

(e.g., Boles, 1998). High-temperature crystallization

of calcite from Mg-rich seawater should result in Mg-

rich calcite, as increased Mg substitution is favored

at higher temperature. Thus, the relatively low Mg

content of these calcites infers that the fault water

Figure 3. Continued. ( j) Hem-
atite cement (arrows) in sand-
stone adjacent to Refugio-
Carneros fault zone. Sample
from location A, Figure 1b.
Plain light.

Table 2. Fluid-Inclusion Data from Calcite Cements in Refugio-Carneros Fault Zone*

Sample Mean T h (aq) n Salinity (wt.%) n Mean T h (hc) n Data Source

RF 1A-4 104 ± 9 16 0.35% ± 0.02 10 not determined data from Fluid Inc.

RF 2A 91 ± 15 24 3.25% ± 5.9 11 89 ± 6 5 data from Fluid Inc.

MAT-1 83 ± 3 10 1.4% ± 0.5 9 not recorded data from Renee Perez

*See Table 3 for location of samples. T h (aq) is aqueous fluid homogenization temperature in jC. T h (hc) is hydrocarbon homogenization temperature in jC. Salinity
(wt.%) is fluid salinity as weight % NaCl estimated from freezing temperature. n = number of measurements.
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was Mg-depleted water, consistent with diagenet-

ically evolved marine formation water derived from

the subsurface (Table 1). The relative Mn-rich trace-

element content of some samples might indicate a

meteoric influence. Manganese-enriched calcites are

common in the San Joaquin marine basin margins

because of meteoric incursions (Hayes and Boles, 1993;

Lee and Boles, 1996).

Overall, the trace-element content of these cal-

cites is relatively low compared with calcite cements

in sandstones that have formed at comparable temper-

atures during burial diagenesis (e.g., Boles and Ram-

seyer, 1987; Boles, 1998). The difference is believed to

be caused by the dilution of the deep-basin brine by

shallow meteoric water.

BASIN-MARGIN PALEOHYDROLOGY

Water and Gas Source

Present-day offshore waters from Monterey producers

in the Santa Barbara area have oxygen isotopic com-

positions ranging from +1 to +6x(table 5 in Eich-

hubl and Boles, 1998; Table 1, this paper). Present-day

meteoric-derived shallow groundwater in the Santa Bar-

bara area is about d18OSMOW �7 to �8x(SMOW =

standard mean ocean water) (Rademacher et al., 2003).

Fluid inclusions suggest crystallization temperatures

of 80–120jC. Using isotope fractionation factors of

Friedman and O’Neil (1977) and calcite oxygen iso-

topes values of �9.5 to �11x, isotopic composition

of the water in the fault zone would be about 0 to

+4x. This indicates that fault water was dominantly

seawater or slightly evolved marine water from the

subsurface instead of meteoric water. The present-day

geothermal gradient in the Santa Barbara basin is about

50jC/km (81jC/mi) based on shut-in well tempera-

tures at Platform Holly of about 58jC at a depth of

1060 m (3480 ft). Calcite crystallization temperatures

of about 80–120jC would require fluids to come from

a minimum depth of at least 1.5 km (1 mi). This is a

minimum depth because some heat loss would occur

during transport toward the surface. The Santa Barbara

coastal area in the vicinity of the Refugio-Carneros fault

has no known volcanic or local intrusive activity that

could account for elevated temperatures at a near-

surface to surface outcropping fault after the Miocene.

Therefore, hot, basinal fluids must have been driven

up the fault zone from depth in the adjacent sedi-

mentary basin to the south.

Oxygen isotopic values of the calcite are relatively

uniform, differing by only a few per mil, which indi-

cates that the crystallization conditions (i.e., temper-

ature and isotopic composition of the fluid) in the fault

zone were relatively uniform. To maintain relatively

constant temperature and isotopic composition of a

Figure 4. Homogenization
temperatures (T h) plotted
against salinity estimates for
fluid inclusions from Refugio-
Carneros fault calcites. Salinity
is in weight percent NaCl
equivalent. Data from Table 2.
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fluid, flow volumes must be relatively large and sourced

from a uniform reservoir. Considering that the oxygen

isotopic range of natural waters could range as much as

15x(i.e., varying from evolved connate waters of

+5xto isotopically light meteoric waters of �10x),

it is clear that the fluids were relatively well mixed

and were of uniform composition. The volume of crys-

tallized calcite also suggests that fluid volumes passing

through the fault zone were relatively high.

The oxidation of methane requires an oxidizing

fluid. Deep subsurface waters are in a reduced state and

are low in sulfate ion because of the reducing prop-

erties of hydrocarbons and hence would not be a po-

tential oxygen source (see Table 1). Anaerobic oxidation

from unaltered seawater is a possibility because of the

relatively high content of sulfate ion (Table 1), which is

a potential oxidant (e.g., Machel et al., 1995). However,

reduction of sulfate ion would release sulfide, and evi-

dence is lacking for Fe sulfide precipitates (e.g., pyrite).

This suggests that seawater sulfate was not the source of

oxygen, and that the calcite was not coming in direct

contact with unaltered seawater. The occurrence of

hematite (Figure 3j) suggests highly oxidizing condi-

tions. The most likely source of oxygen was dissolved

oxygen in meteoric water. Modern groundwaters in

the Vaqueros sandstone at the eastern end of the fault

(60–150 m [�490 ft] deep) are relatively high in

sulfate (Table 1) and sometimes in nitrate, suggesting

relatively oxidizing conditions in these waters. The

low salinity value of some fluid inclusions (Table 2)

confirms the presence of meteoric water.

The extremely light carbon isotopic composition of

many of the calcites (d13CPDB �30 to �40x) indicates

oxidation of methane (e.g., Hathaway and Degens,

1969; Donovan et al., 1974; Whiticar and Faber, 1986).

Methane presently found in offshore reservoir gas at

Platform Holly and nearby seeps has an isotopic com-

position of about �40 to �45 x(J. R. Boles, unpub-

lished data).

Gas fields that may have leaked methane are lo-

cated downdip of the western and eastern parts of the

Refugio-Carneros fault, including the Refugio Cove

gas field and the Capitan oil field in the western part,

and the La Goleta gas field in the eastern part of the

fault (Figure 1a). More likely, because of the associa-

tion with relatively high-temperature fluids, the meth-

ane may have been derived directly from the source

rocks in the basin having bypassed hydrocarbon reser-

voirs. It seems unlikely that fluids have come from the

Santa Ynez fault (Figure 1a) or areas north of this fault

because of the lack of hydrocarbons in that region.71
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Mass Balance Constraints for Methane and Water

The amount of gas required to account for the ob-

served mass of calcite is relatively small. Assuming a

generalized methane oxidation reaction of

CH4 þ 2O2 ¼ CO2 þ 2H2O

1 mol of calcite (37 cm3; 2.3 in.3) requires a minimum

of 1 mol of CO2 by a reaction of

H2O þ CO2 þ Ca2þ ¼ CaCO3 þ 2Hþ

For example, for the 338-m3 (11,900-ft3) mass of

calcite at that western part of the fault (Figure 1b,

location A), this amounts to about 108 L of CO2 (at

25jC, 1 atm). This amount of gas is less than 1% of the

produced gas for the nearby Refugio Cove gas field,

which is 2.7 km (1.7 mi) downdip. Thus, a small vol-

ume of methane leakage can produce relatively large

calcite accumulations.

The volume of aqueous solution required to pre-

cipitate these calcite deposits, however, is comparably

large because of the low solubility of calcite in water.

For an observed mass of calcite of 106.7 mol (338 m3;

Figure 5. Oxygen and carbon
isotopic values from calcite asso-
ciated with the Refugio-Carneros
fault. Data from Table 3. Units
are per mil.

Table 4. Microprobe Data of Fault Calcite*

Mg Mn Fe

Sample

Number

of Spots Average

Standard

Deviation Average

Standard

Deviation Average

Standard

Deviation

MAT-2 vein traverse 49 0.499 0.220 0.666 0.132 0.030 0.040

MAT-2 sandstone matrix 3 0.735 0.293 0.963 0.289 0.012 0.021

MAT-3 vein traverse 23 0.680 0.205 0.768 0.085 0.036 0.040

RF-11 vein traverse 93 0.047 0.056 0.451 0.092 0.043 0.039

RF-11 area A 6 0.056 0.063 0.406 0.121 0.066 0.056

RF-11 area B 11 0.072 0.112 0.482 0.110 0.036 0.039

*In mol%. Normalized with calcium to 100 mol%. Sr and Ba each present at less than 0.02 wt.%, most less than 0.01 wt.%. See Table 3 for location of samples.
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11,900 ft3), activities of Ca2+ and CO3
2� assumed to

be roughly equal, and for a solubility product of calcite

at 80jC of [Ca+2][CO3
�2] = 10�8.6, then less than

10�4.6 mol of calcite would be precipitated from each

liter of fluid passing through the fault zone. Thus, a

minimum of 1011.2 L or 1.6 � 108 m3 (5.6 � 109 ft3) of

fluid would be required to produce the volume of

observed calcite. Assuming the porosity in the Vaque-

ros sandstone is 20%, and the formation is 112 m

(367 ft) thick, this is equivalent to draining the fluid

from a cylinder of the sandstone with an approximate

radius of 1.5 km (1 mi). This estimate is compara-

ble to a radius of influence of 4–12 km (2.5–7 mi)

obtained by Eichhubl and Boles (2000a) for a fault

hosted in siliceous mudstone of the Miocene Mon-

terey Formation at the western end of the Santa Ynez

fault system. Whereas their estimate was derived for a

fault hosted in a different rock type, both fault loca-

tions are in a similar structural setting along the north-

ern flanks of the Santa Barbara basin.

Finite-Element Modeling of Fluid Flow and Heat Transfer

To quantify fault-controlled fluid and heat transport,

we have developed finite-element simulations for both

steady flow and transient flow in the coastal Santa

Barbara cross section shown in Figure 2. Fluid and heat

transport in faulted, saturated strata can be mathe-

matically modeled by solving continuum-based flow

equations representing conservation of fluid mass, flow

vorticity, and thermal energy. Numerical solutions to

the flow equations are required for the model to ac-

commodate the nonlinearity in fluid properties, effects

of convective flow on heat transport, and multidimen-

sional effects on flow because of heterogeneity in per-

meability and thermal conductivity.

The first step in our hydrogeologic modeling is to

solve for the Darcy flow field for variable-density flow

using the theory, model parameters, and finite-element

code JHU2D/CPFLOW (Johns Hopkins University/

coupled flow model) as described in Raffensperger

(1996). The result is a coupled mathematical model for

steady-state and/or transient fluid flow and heat trans-

port in a nondeforming, two-dimensional profile. Fluid

density and viscosity are assumed to depend on pressure,

temperature, and salinity according to the equations

of state for NaCl-type fluids programmed in Raffen-

sperger and Garven (1995). For the applications dis-

cussed later, we assume a uniform salinity everywhere

in the flow field and focus on the nature of fluid and

heat flow in a coastal sedimentary profile with normal

faults. Issues of fluid mixing and the transient evolu-

tion of fluid composition, mineralization, and geochem-

ical reactions require development of transient solute-

transport calculations with RST2D (reactive solute

transport, two-dimensional), such as the type described

in Appold and Garven (1999, 2000) and Wilson et al.

(1999), and these effects will be discussed in a later

publication.

For finite-element modeling of the paleohydrology,

the geologic profile has been restored to approximately

100 ka, when sea level had submerged much of the

stratigraphic profile except for the more elevated Santa

Ynez terrane north of the fault. The Vaqueros sand-

stone is assumed to be the principal sandstone aquifer in

the modeled north-south profile. The model domain is

more than 3 km (1.9 mi) thick and extends laterally for

13 km (8 mi) (Figure 7). The Vaqueros sandstone is

buried by more than 300 m (1000 ft) of Miocene mud-

stone of the Rincon and Monterey formations near the

Refugio-Carneros fault, and this section thickens off-

shore because of rapid Pliocene and Pleistocene sedi-

mentation in the basin. Older and less permeable Ter-

tiary mudstone, siltstone, and sandstone underlie the

Vaqueros, and these formations crop out in the Santa

Ynez Mountains. In addition to the Refugio-Carneros

fault, the model included the subparallel Coast fault,

which is located 4 km (2.5 mi) south of the Refugio-

Carneros fault.

Nine hydrogeologic units have been discretized

using a finite-element mesh comprised of 2925 quadri-

lateral-shaped elements (45 rows and 65 columns); the

mesh is finer in both the Refugio-Carneros and Coast

faults to capture detail in these 100-m (330-ft)-wide

Figure 6. Ternary plot of Mn, Mg, and Fe in fault calcite. Data
from Table 4.
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damage zones. Model parameters were chosen to be

representative of formation properties (permeability,

porosity, thermal conductivity, etc.) known from

present-day petroleum reservoirs. The Vaqueros aqui-

fer is assigned a porosity n = 20%, a lateral permeability

kx = 10�13 m2 (100 md), and vertical permeability kz =

10�15 m2 (1 md). Other hydrostratigraphic formations

in the profile are assigned anisotropic permeabilities

from 1 to 1000 times lower, except for the Refugio-

Carneros fault, which is assigned an isotropic perme-

ability of kx = kz = 10�13 m2. The section is submerged

by a few hundreds of meters of seawater south of the

Refugio fault, but north of the coast, it becomes sub-

aerial such that a meteoric water table is assigned atmo-

spheric pressure to the top row of mesh nodes. Both the

left (north) and right (south) sides of the finite-element

mesh serve as hydrologic divides (no lateral flow

boundary). A constant heat flow of 90 mW/m2 is as-

signed to the base of the mesh and represents elevated

crustal heat flow along the continental margin.

Simulations were first conducted to test the ther-

mal effects of steady-state groundwater flow caused by

simple topographic relief along the coastal ranges of

the Santa Ynez Mountains. In this scenario, meteoric

groundwater from the elevated terrane is driven sea-

ward from the outcrop areas, and fluid flow is focused

laterally by the high-permeability Vaqueros Forma-

tion. Meteoric groundwater is driven offshore as far as a

few kilometers, with most seepage focused to the sea-

floor along the Refugio-Carneros and coast faults, which

channel vertical discharge and thus prevent cross-fault

flow. Offshore seepage rates are predicted to be rela-

tively small because of the weak driving force. These

upward flow rates are too slow to move hot water to

the surface under this hydrologic scenario.

A second set of modeling experiments were con-

ducted to test the effects of transient flow caused by

fault venting. In this scenario, we assume that the sub-

marine part of the finite-element mesh has been over-

pressured to about 80% of lithostatic pressure because

Figure 7. Coastal Santa Barbara finite-element mesh used in fluid-flow calculations. Mesh based on cross section shown in Figure 2.
RF = Refugio-Carneros fault, CF = Coast fault, Tsa = Alegria, Gaviota, and Sacate formations, Tma = Matilija Sandstone, Kjss = Jalama
Formation. See key in Figure 2 for other strata.
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of tectonic forces squeezing the sedimentary wedge

offshore and because of petroleum generation as the

sediments are deeply buried. To begin the hydrogeologic

simulation, the overpressured section is allowed to vent,

assuming the Refugio-Carneros fault is activated as a

flow conduit first, and we then track the transient pres-

sure and temperature field through time, until the ex-

cess pressures have dissipated. The model parameters

are the same as described previously. Results show

that the overpressured fluids regionally drain through

the sand aquifer and vent rapidly along the Refugio-

Carneros fault. Flow rates in the fault zone near the

top of Vaqueros sandstone are predicted to peak at

about 2000 m/yr (6600 ft/yr), about 50 yr after rup-

ture, but this rate decays exponentially over a few hun-

dred years (Figure 8). Heat transport is a much slower

process, and therefore, the thermal decay history is

much longer. The transient-flow model predicts a burst

of cold formation water right after fault rupture, fol-

lowed by a stream of hotter water, where the temper-

ature peaks at 110–120jC. Temperature gradually falls

below 100jC about 1000 yr after rupture (Figure 9).

The transient flow rates predicted above likely

represent an extreme estimate, as the model does not

take into account the small scale and structural com-

plexity of faulted sandstones (Antonellini and Aydin,

1994; Davatzes et al., 2003), the effects of diagenetic-

hydrothermal reactions during flow, the effects of

hydrologic feedback on deformation, or the effects of

sea level and salinity changes over time. However,

these first-order estimates are probably realistic and

suggestive of the timescales and types of processes

affecting structurally controlled fluid migration in the

Refugio-Carneros fault area.

Effect of Sea Level Changes on Meteoric Recharge

The presence of meteoric water in the Refugio-

Carneros fault indicates that the southward tilting of

the Santa Ynez Mountains was sufficient to subaeri-

ally expose the rocks and allow meteoric recharge into

south-dipping permeable layers and/or directly into

the fault zone from above. This means that at least

during some periods, perhaps accelerated during the

four sea level lowstands of the 100,000–500,000-yr

period (Rohling et al., 1998), meteoric incursions were

significant. Present-day formation waters from off-

shore hydrocarbon-producing fields are progressively

more saline in an offshore direction, showing that mix-

ing of meteoric water with the original marine water has

occurred (Table 1).

The current tectonic uplift rate along the Santa Bar-

bara coast exceeds recent sea level rise by 1–2 mm/yr

(0.04–0.08 in./yr) based on dating of marine ter-

races that are less than 100,000 yr old (Gurrola et al.,

2001). Extrapolating this uplift rate for the 110,000–

500,000-yr age of cementation, the area would be

about 110–1000 m (360–3300 ft) lower in elevation

than it is today. The present position of the calcite-

cemented fault is from 120 to 180 m (390 to 590 ft)

above sea level. Thus, because past sea level was as

much as 120 m (390 ft) below present levels (Rohling

et al., 1998), it is likely that the coastal area near the

western end of the fault, at least, was below sea level

for most of the calcite cementation, assuming current

coastal uplift rates. Uplift rates would have to be an

order of magnitude lower than current estimates to

Figure 8. Calculated fluid velocities at 300-m (1000-ft) depth
in the Refugio-Carneros fault during venting. See text for
calculations.

Figure 9. Calculated fluid temperatures at 300-m (1000-ft)
depth in the Refugio-Carneros fault during venting. See text for
calculations.
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place the western outcrops above sea level. Further

north, the crest of the Santa Ynez Mountains was ap-

parently exposed to influx of meteoric water.

Comparison to Observations in the
Coastal Monterey Formation

The evidence shown here supports the conclusions of

many previous workers that fluid movement is actively

associated with fault rupturing (e.g., Sibson, 1994;

Eichhubl and Boles, 2000b). Episodic fluid pulses trans-

porting mineral grains are similar to those described by

Eichhubl and Boles (2000b) for carbonate breccia frag-

ments (>2 cm [>0.8 in.] in size) in the Jalama Beach

fault near Point Conception in the Monterey Formation.

Winter and Knauth (1992), Eichhubl and Boles

(1998, 2000a, b), and Martin and Rymerson (2002)

have described a series of fault-related carbonates in the

coastal Monterey Formation from Jalama Beach, near

Point Conception, at Arroyo Burro Beach near Santa

Barbara and some smaller scale vein systems (Figure 1a).

These occurrences are similar to the Refugio-Carneros

fault system in terms of showing repeated episodes of

fluid movement and cementation and having relatively

high temperature based on fluid inclusions (Bodnar,

1990; Eichhubl and Boles, 2000b). They also are asso-

ciated hydrocarbons, which largely postdate the carbon-

ate emplacement in these faults. They mainly differ in

mineralogical composition (the Jalama Beach occur-

rence is dolomite and late-stage quartz), and in contrast

to the extremely light carbon isotopic signature in the

Refugio-Carneros calcite, they exhibit relatively heavy

carbon isotopes. At Jalama Beach, the dolomites have

carbon values between �5 and �20x, with the mean

being about �15x. At Arroyo Burro and its vicinity,

the calcite is extremely heavy, with carbon isotopic val-

ues ranging from 0 to +16x. Apparently, methane

oxidation was much more common in the Refugio-

Carneros fault than in these other examples, perhaps

because of its close proximity to an oxygenated mete-

oric source.

Comparison of Modern and Ancient Seeps in the
Coastal Area

There are significant differences between the hydro-

carbon seeps in the Refugio-Carneros fault system and

the modern offshore seeps in the Santa Barbara Chan-

nel. The ancient seeps were hot and must have involved

substantial flux of very hot water up the fault. The

offshore Ellwood fault (Figure 1a) is presently the site of

natural leakage of methane (Hornafius et al., 1999;

Eichhubl et al., 2000; Boles et al., 2001).

Fluid pressures, at the time of development in the

1960s, at Platform Holly in the Monterey reservoir were

approximately 10% over hydrostatic pressure at about

1-km (0.62-mi) subsea depth. At Platform Hondo, ini-

tial pressure in the Monterey Formation at 2.6 km

(1.6 mi) subsea was 15% less than hydrostatic, whereas

pressures at 3-km (1.9-mi) depth in the underlying

Vaqueros sandstone were about 15% over hydrostat-

ic pressure (data from Mineral Management Service,

U.S. Department of Interior). Thus, we would not ex-

pect hot fluids to be coming from these depths because

of lack of a pressure gradient. Our modeling demon-

strates that the offshore section was likely highly over-

pressured several hundred thousand years ago and has

since dissipated the pressure, possibly because of basin

deformation.

Modern gas seeps in the vicinity of Platform Holly,

captured by giant seafloor tents (Boles et al., 2001), do

not appear to be associated with hot water. In addi-

tion, remote-operated vessel surveys from the 1980s,

which were conducted prior to emplacement of the

collection tents, did not report any carbonate accumu-

lations. More recent detailed remote-operated vessel

studies by Monterey Bay Aquarium Research Institute

in the Santa Barbara Channel (Eichhubl et al., 2000) also

indicate the modern gas seeps do not involve detect-

able quantities of deep formation water coming to the

surface. Carbonate nodules and crusts are common in

the sediment and on the seafloor in the area, and these

are reported to be made of aragonite, high-Mg calcite,

and dolomite (Eichhubl et al., 2000), which are dif-

ferent from the Refugio-Carneros fault calcite. To date,

there have been no reports of carbonate in the offshore

area like that in the Refugio-Carneros fault zone.

CONCLUSIONS

Field, petrologic, and geochemical studies show that

calcite in the Refugio-Carneros fault zone has been

derived from the oxidation of methane during episodic

fluid expulsions related to faulting. Fluid inclusions

show that hydrocarbons were present with hot fluids,

indicating that the fluids were derived from depth in

the Santa Barbara basin. Salinities are variable, indi-

cating the presence and mixing of both dilute and saline

water. Geochemical conditions in the fault were highly

oxidizing, presumably from mixing of shallow oxygen-

ated groundwater with the basinal fluids.
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As shown in our fluid-flow modeling, the offshore

area is a likely source of saline fluid and hydrocarbons,

which we calculate to be expelled from overpressured

strata in the Monterey Formation. At the time the fault

was active, we infer the fault was plumbed into the

offshore basin, where Monterey and older formations

contain diagenetically modified seawater with salin-

ities of around 3.5 wt.%. The uplift of the Santa Ynez

Mountains north of the fault has created a hydraulic

head to drive fresh oxygenated water down permeable

sandstone beds into the fault. Thus, the fault appears

to have been a mixing zone between meteoric water

derived from the north and upward-moving hot for-

mation water and hydrocarbons rising from the deep

basin to the south.

The overall picture indicates an evolution in fluid

pressure over a period of several hundred thousand

years. Initially, during the period from at least 500 ka

to as recent as 100 ka, overpressured hot formation

water and hydrocarbons rapidly migrated up to the

basin flanks from kilometers depth in the Earth’s crust

and was released along the lateral parts of a coastal fault.

Continued deformation in the basin ultimately resulted

in the release of the overpressured fluids. At present,

fluid pressures are close to a hydrostatic condition (at the

time of offshore oil development) resulting in passive,

buoyancy-driven seepage of hydrocarbons without sub-

stantial formation water.
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