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ABSTRACT

Many faults in active and exhumed hydrocarbon-generating basins are characterized by thick deposits of carbon-

ate fault cement of limited vertical and horizontal extent. Based on fluid inclusion and stable isotope characteris-

tics, these deposits have been attributed to upward flow of formation water and hydrocarbons. The present

study sought to test this hypothesis by using numerical reactive transport modeling to investigate the origin of

calcite cements in the Refugio-Carneros fault located on the northern flank of the Santa Barbara Basin of south-

ern California. Previous research has shown this calcite to have low d13C values of about )40 to )30& PDB, sug-

gesting that methane-rich fluids ascended the fault and contributed carbon for the mineralization. Fluid inclusion

homogenization temperatures of 80–125�C in the calcite indicate that the fluids also transported significant quan-

tities of heat. Fluid inclusion salinities ranging from fresh water to seawater values and the proximity of the Refu-

gio-Carneros fault to a zone of groundwater recharge in the Santa Ynez Mountains suggest that calcite

precipitation in the fault may have been induced by the oxidation of methane-rich basinal fluids by infiltrating

meteoric fluids descending steeply dipping sedimentary layers on the northern basin flank. This oxidation could

have occurred via at least two different mixing scenarios. In the first, overpressures in the central part of the

basin may have driven methane-rich formation waters derived from the Monterey Formation northward toward

the basin flanks where they mixed with meteoric water descending from the Santa Ynez Mountains and diverted

upward through the Refugio-Carneros fault. In the second scenario, methane-rich fluids sourced from deeper

Paleogene sediments would have been driven upward by overpressures generated in the fault zones because of

deformation, pressure solution, and flow, and released during fault rupture, ultimately mixing with meteoric water

at shallow depth. The models in the present study were designed to test this second scenario, and show that in

order for the observed fluid inclusion temperatures to be reached within 200 m of the surface, moderate over-

pressures and high permeabilities were required in the fault zone. Sudden release of overpressure may have been

triggered by earthquakes and led to transient pulses of accelerated fluid flow and heat transport along faults,

most likely on the order of tens to hundreds of years in duration. While the models also showed that methane-

rich fluids ascending the Refugio-Carneros fault could be oxidized by meteoric water traversing the Vaqueros

Sandstone to form calcite, they raised doubts about whether the length of time and the number of fault pulses

needed for mineralization by the fault overpressuring mechanism were too high given existing geologic con-

straints.
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INTRODUCTION

The Santa Barbara Basin is an approximately 100 km-long

sedimentary trough that originated from transpression of

the southern California continental margin beginning in

the late Oligocene (Fig. 1). The basin has been geologic-

ally very active throughout its brief history, and is import-

ant as a laboratory for modern marine tectonic and

sedimentary processes, as well as for the commercial pro-

duction of hydrocarbons. Significant accumulations of

hydrocarbons occur throughout the Tertiary stratigraphic

section leading to a total resource endowment – the sum

of cumulative production, proven reserves, and probable

undiscovered reserves – of about 3 billion barrels of oil

and 7 trillion cubic feet of natural gas (Galloway 1998),

with the greatest concentrations occurring in the Miocene-

age Monterey Formation (Fig. 2). Recent to modern

hydrocarbon seeps, manifest as active gas vents, mats of

sulfide oxidizing bacteria, and authigenic carbonate

cements are common in the geographic center of the basin

where subsidence, burial, and diagenesis are ongoing, and

along the basin’s northern flank (Eichhubl et al. 2000;

Boles et al. 2001). The seeps are strongly controlled by

faults and fractures that serve as conduits through low per-

meability fine-grained clastic units prevalent in the basin

(Eichhubl & Behl 1998; Eichhubl et al. 2000).

A prominent example of recent (as young as Quaternary)

hydrocarbon seepage in the Santa Barbara Basin occurs as

extensive calcite cements as much as 1.5 m thick at the

ends of the Refugio-Carneros fault, an approximately

24-km long WNW-ESE trending fault on the northern

margin of the basin (Fig. 1). The Refugio-Carneros fault is

one of several similarly trending faults on the basin’s

coastal margin that together reflect a clockwise shift along

the Pacific and North American plate junction since the

Miocene (Nicholson et al. 1994). Boles & Grivetti (2000)

and Boles et al. (2004) have studied the calcite cementa-

tion in the Refugio-Carneros fault and provide important

insights into the calcite’s origin and more broadly into the

fluid history of the Santa Barbara Basin. Their work

showed that carbon in the calcite cements was probably

derived from methane, based on low d13C values clustered

predominantly between about )30 and )40& (PDB).

They suggested that the cementation was likely contem-

poraneous with faulting based on the cement’s brecciation,

slickensides, and pervasive lamellar twinning. U-Th dating

of calcite indicates that this cementation may have occurred

as recently as 107 000–420 000 years ago, though a sec-

ond set of samples yielded apparent ages older than the

500 000 year maximum limit of applicability of the U-Th

dating technique. Fluid inclusion homogenization data

indicate minimum temperatures of calcite precipitation of

about 80–125�C. Because the calcite deposition was relati-

vely recent and was probably never deeply buried (Boles &

Grivetti 2000), these temperatures indicate rapid fluid flow

and heat transport up the fault. Fluid inclusion last ice

melting temperatures indicate a range of salinities from

about 0.3 to 3.5 equivalent weight percent NaCl.

Together with low overall trace element concentrations

compared to pore-filling calcite cements formed at similar

temperatures and burial diagenetic settings, these data sug-

gest mixing between a saline basinal fluid and a dilute, pos-

sibly meteoric fluid.

The results of Boles & Grivetti (2000) and Boles et al.

(2004) suggest a scenario for the origin of the calcite

cements in the Refugio-Carneros fault in which saline,
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reducing, methane-rich fluids ascended the fault from dee-

per parts of the basin and mixed with dilute, oxidizing,

meteoric fluids descending from a recharge zone in the

Santa Ynez Mountains. The Vaqueros Sandstone may have

been a particularly important conduit for this meteoric

fluid based on its high present-day permeability (Briggs

2003) and the fact that the calcite mineralization occurs at

the intersection of the Refugio-Carneros fault with the

Vaqueros. At least two manifestations of this mixing scen-

ario can be postulated. In the first, overpressures in the

central part of the basin may have driven methane-rich

formation waters derived from the Monterey Formation

northward toward the basin flanks where they mixed with

meteoric water descending from the Santa Ynez Mountains

through steeply dipping aquifers and diverted upward

through the Refugio-Carneros fault. Boles et al. (2004)

began testing this first scenario with numerical fluid flow

and heat transport modeling, showing that if the submar-

ine portion of the Santa Barbara Basin had reached over-

pressures on the order of 80% of lithostatic, a thermal

transient with duration on the order of 103 years could

have been produced once the fault became conductive to

fluid flow, and with temperatures similar to the fluid inclu-

sion homogenization temperatures at depths as shallow as

300 m. In the second scenario, methane-rich fluids sourced

from deeper Paleogene sediments would have been driven

upward by overpressures generated in the fault zones

because of deformation, pressure solution, and flow

(Gratier et al. 2002, 2003), and released during fault rup-

ture, ultimately mixing with meteoric water at shallow

depth. The focus of the present study was on this second

scenario, and treated the effects not only of fluid flow and

heat transport considered by Boles et al. (2004) but also

reactive solute transport. The incorporation in the current

models of reactive solute transport had the benefit of

allowing the response of calcite precipitation to changing

solute and heat fluxes to be tested directly. In short, the

study sought to quantify the relative contributions of

topography and fault overpressuring as fluid-driving mech-

anisms in the basin, the conditions needed for apparent

calcite mineralization temperatures to be reached in the

upper parts of the Refugio-Carneros fault, and the spatial

distribution and mass of calcite mineralization produced by

mixing of oxidizing meteoric groundwater with methane-

rich basinal fluids derived from deep hydrocarbon reser-

voirs or source rocks in the basin.

GEOLOGIC BACKGROUND

The Santa Barbara Basin is located at the northern end of

the California continental borderland, a region of irregular

shelf morphology extending from Isla Cedros off Baja Cali-

fornia to Point Arguello in southern California (Gorsline

& Teng 1989). The Santa Barbara Basin is one of about

two dozen sedimentary basins in this region that formed as

a result of a progressive shift beginning in the Late Meso-

zoic from high angle subduction to transform slip, with

the resulting crustal rotation largely responsible for bring-

ing about the opening of the basins (Crouch 1979; Howell

et al. 1980; Hornafius et al. 1986; Gorsline & Teng

1989). The oldest sedimentary rocks in the Santa Barbara

Basin belong to the Upper Cretaceous Jalama Formation

and consist of marine mudstones and sandstones deposited

in a forearc setting (Galloway 1998). This tectonic envir-

onment and the deposition of similar lithologies persisted

until the Oligocene, producing an aggregate thickness of

sediment approaching as much as 6 km (Tennyson &

Isaacs 2001). During the Miocene, the crust in the Santa

Barbara Basin region was rotated 90� clockwise to its
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present east–west trending configuration (Hornafius et al.

1986). Rapid subsidence and sedimentation continued,

leading to the accumulation of perhaps another 5 km of

sediment from the Miocene to the present day (Tennyson

& Isaacs 2001). Sedimentation during this time interval

still consisted predominantly of fine-grained clastics, but

with a significant proportion of sandstones and conglomer-

ates caused by the emergence and weathering of topo-

graphic highs created as a result of the crustal rotation.

Further products of this crustal rotation are the formation

of several west–east- to northwest–southeast-trending faults

in the Santa Barbara coastal area and the uplift of the Santa

Ynez Mountains, which form the northern margin of the

Santa Barbara Basin, by Pliocene time (Jackson & Yeats

1982).

The Refugio-Carneros fault is an example of one of

these faults and has been described by Boles & Grivetti

(2000) and Boles et al. (2004), from which the following

summary is based. The fault crops out intermittently over a

24-km length in Oligocene–Miocene Vaqueros Sandstone

and Miocene Rincon Shale, and may penetrate to several

kilometers depth at a northward dip ranging from 35� to

60�. Coarsely crystalline calcite cement occurs as tabular

bodies and is limited to the western and eastern ends of

the fault, perhaps because these regions experienced the

greatest dilation and therefore would have allowed the

highest fluxes of fluid. High fluid fluxes may also have

made it possible to transport the heavy mineral and quartz

sand grains that occur as detrital layers in the growth

bands of many radiating crystals of calcite. Acicular sprays

of these crystals that nucleated on the walls of veins and

grew inward to lengths as great as 10 cm indicate that the

rate of fracture opening was greater than that of crystal

growth, and that the fault may have had a relatively large

aperture, which would have promoted rapid fluid flow.

Some of the calcite in the fault as well as sandstone coun-

try rock adjacent to the fault contains abundant hematite,

whereas sandstone farther from the fault contains pyrite

and only sparse hematite. These observations indicate the

presence of oxidizing fluids within the fault zone, and sup-

port the hypothesis that calcite occurring there originated

by oxidation of methane. The observations also suggest

that if meteoric water descended through the Vaqueros

Sandstone, a hypothesis considered in the current study,

flow may have been predominantly through fractures and

bedding plane partings to prevent pyrite in the matrix from

becoming oxidized.

Hydrocarbon generation has occurred during much of

the history of the Santa Barbara Basin, with major fields

reported for strata ranging from the Cretaceous Jalama

Formation to the Late Pliocene Pico Formation (Galloway

1998). The Miocene Monterey Formation is widely con-

sidered to be the most important source of hydrocarbons

in the basin, though smaller amounts may also have been

contributed from other formations. Most of the larger

hydrocarbon accumulations occur in anticlinal traps, com-

monly bounded on at least one side by steeply dipping

reverse faults (Nagle & Parker 1971; Keller 1990; Tenny-

son & Isaacs 2001). Major hydrocarbon fields presently

located near the Refugio-Carneros fault and the strati-

graphic unit in which they occur (parentheses) include the

Gaviota (Sespe-Vaqueros), Molino (Monterey), Refugio

Cove (Sespe-Vaqueros), Capitan (Sespe-Vaqueros), Naples

(Vaqueros), Ellwood (Upper Sespe-Vaqueros-Rincon),

La Goleta (Vaqueros), and More Mesa (Vaqueros; Fig. 1;

Giallonardo & Koller 1978; Boles et al. 2004). Any one of

these fields would have had sufficient methane to account

for the calcite contained within the Refugio-Carneros fault.

For example, a mass balance calculation by Boles &

Grivetti (2000) shows that the carbon needed to form all

of the calcite known from the western end of the fault

could have been supplied from only 1% of the total

methane formerly present in the now abandoned Refugio

Cove field, the closest to the calcite mineralization.

MODEL DESIGN

Finite element numerical modeling of fluid flow, heat

transport, and reactive solute transport was carried out

on a grid (Fig. 3) based on the cross section shown in

Fig. 4 using the program RST2D, developed and des-

cribed by Raffensperger & Garven (1995a,b). To com-

pute fluid flow, RST2D solves a mass balance equation

of the form,

�r � ð�qÞ ¼ �Ss
oh

ot
ð1Þ

in conjunction with a variable-density and viscosity form of

Darcy’s law,

q ¼ �K�rðrh þ �rrzÞ: ð2Þ

In these equations, h is equivalent fresh water hydraulic

head, K is the hydraulic conductivity tensor, q is the speci-

fic discharge, Ss is specific storage, t is time, z is elevation,

q is fluid density at ambient conditions, qr is relative fluid

density, defined as

�r ¼
�� �0

�
; ð3Þ

where q0 is a reference state density, and lr is a relative

density defined as

�r ¼
�0

�
; ð4Þ

where l0 is a reference state viscosity, and l is the viscosity

at ambient conditions.

Heat transport is computed by RST2D via the following

conservation of thermal energy equation:
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r � ð��rT Þ � �f cf q � rT ¼ ð�cÞe
oT

ot
; ð5Þ

where c is the heat capacity, T is temperature, and k* is an

effective thermal dispersion coefficient. The subscripts ‘f’

and ‘e’ refer to the fluid and effective saturated porous

medium, respectively. Reactive solute transport is compu-

ted according to the equation:

r � ðUDrM T
c;aqÞ � Uv � rM T

c;aq ¼
oUM T

c

ot
: ð6Þ

Here M T
c is the total concentration in moles per cubic

meter of bulk porous medium (mol m)3 BPM) of a com-

ponent divided among all geochemical species, present in

both the matrix and in the aqueous phase. The term M T
c;aq

is the total concentration of a component in mol m)3

BPM divided only among aqueous species. D is the disper-

sion tensor, v is the average linear velocity, and U is poros-

ity. Chemical reaction is computed according to

equilibrium mass action equations:

K ¼
Y

i

avi

i ; ð7Þ

where ai is the activity of the ith species, vi is the stoichio-

metric reaction coefficient for the ith species, and K is the

thermodynamic equilibrium constant. Reaction kinetics are

not treated in the modeling, implying that the rate of reac-

tion is fast compared to the rate of groundwater flow.

Equation (7) is coupled to the solute transport Eqn (6)
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through mineral precipitation or dissolution reactions that

change the value of M T
c;aq. Equilibrium constants were

computed using the SUPCRT software and database

(Johnson et al. 1992) for temperatures and pressures lying

along the liquid–vapor equilibrium curve. Aqueous activity

coefficients were computed using a high ionic strength

form of the extended Debye-Hückel equation (Helgeson

1969). Changes in permeability as a function of changes in

porosity due to mineral precipitation and dissolution were

calculated using the empirical relationship of Walsh

(1983):

ln
k

k0
¼ 45:7ðU� U0Þ; ð8Þ

where Ui is the initial porosity and k0 is the initial per-

meability.

The models in the present study were based on the cross

section in Fig. 4, which shows the present-day geology

along the transect A–A¢ in Fig. 1 and intersects the western

end of the Refugio-Carneros fault. The cross section was

altered for the models so that steeply dipping units incom-

pletely depicted in Fig. 4 were projected downward as far

as the Coast fault at dips approximately parallel to shal-

lower, more completely depicted units (Fig. 3). Complex

and poorly understood structures south of the Coast fault

were simplified and generalized as continuous folds. A fur-

ther assumption of the modeling was that the coastline was

further inland at the time of mineralization than at the pre-

sent day, i.e., at about the location of the Refugio-Carner-

os fault instead of the Coast fault, because of ongoing

uplift, though the precise location of the coastline at that

time is uncertain.

Nine separate hydrogeologic units were considered in

the model. The geology of these units has been described

in numerous publications, including Hinman & Schwartz

(1990), Tennyson & Kropp (1998), and Tennyson &

Isaacs (2001). The lowermost unit in the model grid cor-

responds to the upper Jalama Formation, a unit of Cretac-

eous age abyssal shales and claystones, interbedded with

minor thin sandstones. The Jalama Formation is overlain

in the model by an Eocene–Oligocene sequence of alter-

nating sandstones and shales that encompasses the Anita

Formation, Matilija Sandstone, Cozy Dell Shale, Sacate

Formation, Coldwater Sandstone, Gaviota Formation, and

Alegria Formation. The next unit considered is the Sespe

Formation, which consists of Oligocene alluvial sandstones,

siltstones, and conglomerates. Overlying the Sespe is the

Vaqueros Sandstone, a relatively thin formation of near-

shore well cemented sandstones and conglomerates of lat-

est Oligocene to earliest Miocene in age. The Lower

Miocene Rincon Shale overlies the Vaqueros Sandstone

and consists of mudstone, shale, and sandstone. Above the

Rincon Shale is the Monterey Formation, a thick, mostly

deep water sequence of shales, siliceous and calcareous

mudstones, dolostones and limestones, and porcellanites

and cherts, parts of which have been heavily fractured. The

topmost unit considered in the model is a thick sequence

of undifferentiated Late Miocene to Pleistocene sediments

that includes the diatomaceous clay shales of the Sisquoc

Formation, fine-grained sandstones and siltstones of the

Repetto, Pico, and Santa Barbara formations, and gravel

and pebbly sandstones of the Casitas Formation. The Refu-

gio-Carneros and Coast faults in the models were treated

as separate hydrogeologic units from the remaining units

described above, each consisting of a 10- to 25-m wide

steeply dipping high permeability conduit cutting across

the basin. Thus, in the models, the faults were treated as

high permeability fractured zones that were wider than the

apertures of the Refugio-Carneros and Coast faults alone,

which is supported by observations of calcite veins extend-

ing from the faults well into the adjacent country rock

(Boles et al. 2004). Evidence for the relatively high per-

meability of these fault zones comes from the high fluid

inclusion homogenization temperatures and detritus in the

calcite cements noted previously (Boles & Grivetti 2000;

Boles et al. 2004), features that are present in other faults

in the area where high permeabilities have been documen-

ted (Eichhubl & Boles 2000a,b).

The values of major physical parameters used for the

base case simulation are listed in Table 1. Constraints on

the hydraulic conductivities of the major hydrostratigraphic

units in the model were obtained from reports by Giallo-

nardo & Koller (1978), Keller (1995), and Briggs (2003).

Fault hydraulic conductivities were not included in these

reports, so in the present models they were varied systema-

tically as part of the sensitivity analysis. Porosity values for

the Late Miocene–Pleistocene sediments and Monterey

Formation were chosen from within the ranges reported

by Keller (1995). For the remaining hydrogeologic units,

porosity values were chosen from within the ranges for

general lithologic type reported by Schwartz & Zhang

(2003). Longitudinal solute dispersivity values of 100 m

typical for flow at regional scales were chosen for most of

the hydrogeologic units, with transverse values a factor of

10 lower (Gelhar et al. 1992). Thermal dispersivities were

assumed to reflect solute dispersivities but to be isotropic.

Matrix thermal conductivity values of 2.5 W m)1 K)1 were

assigned to shale units and to the faults, and values of

3.5 W m)1 K)1 were assigned to sandstones (Blackwell &

Steele 1989). Matrix compressibility values were chosen

from within the range corresponding to consolidated rock,

with the faults and younger Pliocene–Pleistocene sediments

assumed to have values near the lower end of this range

(Freeze & Cherry 1979). A specific heat value of

750 J kg)1 K)1 representative of sandstone and shale

(Sabins 1997) was assigned to each hydrogeologic unit.

The models were designed to consider two major dri-

ving forces for fluid flow in the basin – (1) topographic
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gradients from the Santa Ynez Mountains to the coastline

and (2) overpressures developed in the Refugio-Carneros

and Coast faults due to their hydraulic connection to

higher pressure fluids deeper in the crust, or crack sealing

by pressure solution and compaction of low permeability

fault gouge during fault compression (Byerlee 1990, 1993;

Rice 1992; Sleep & Blanpied 1992; Gratier et al. 2002,

2003). The models assumed an initially conductive tem-

perature profile throughout the basin. The models also

assumed initially hydrostatic conditions throughout the

basin, except in the Refugio-Carneros and Coast fault

zones, which were overpressured by up to 80% of litho-

static. These levels of overpressuring are indicated by work

carried out by Gratier et al. (2002, 2003), who showed

that fluid pressures in coastal faults in southern California

may approach lithostatic pressures at shallow levels in the

Earth’s crust due to a combination of the mechanisms

cited above. Boundary conditions along the bottom mar-

gin of the grid were no fluid flow and a constant heat flow

of 85 mW m)2 (Henyey 1976). An isotherm boundary

condition of 20�C was assumed across the subaerial por-

tion of the top margin of the grid. For the submarine por-

tion, an isotherm boundary condition of 13�C was

assigned, consistent with observed mid-latitude ocean tem-

peratures to depths of a few hundred meters (Knauss

1996). Exceptions to these boundary conditions occurred

where the top grid margin was intersected by the Refugio-

Carneros and Coast faults. Here zero heat flow was pre-

scribed to emulate a sea floor spring discharge condition

and to prevent temperature increases caused by rapid

upward groundwater advection in the faults from being

suppressed by an imposed isotherm. Hydraulic head along

the top boundary was set equal to topographic elevation

from the Refugio-Carneros fault northward, and to be

equal to sea level from the Refugio-Carneros fault south-

ward. The vertical boundaries of the grid were assumed to

be no-flow boundaries for both fluid and heat.

Three simplified groundwater compositions were inclu-

ded in the models and are described in Table 2. The list of

aqueous and mineral phases considered is shown in

Table 3. The resident basinal fluid was assumed to be
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Table 2 Concentrations (mol l)1) of geochemical components used in

reactive transport simulations.

Component

Meteoric

recharge

Methane-rich

basinal fluid

Methane-poor

basinal fluid

Na+ 1.3 · 10)4 4.8 · 10)1 4.8 · 10)1

Ca2+ 1.0 · 10)4 1.0 · 10)2 1.0 · 10)2

Cl) 1.3 · 10)4 5.0 · 10)1 5.0 · 10)1

HS) 1.0 · 10)7 1.0 · 10)4 1.0 · 10)4

SO2�
4 1.0 · 10)3 1.0 · 10)7 1.0 · 10)7

CH0
4 1.0 · 10)5 5.0 · 10)2 1.0 · 10)5

SiO0
2 1.1 · 10)4 2.5 · 10)4 2.5 · 10)4

pH 8.5 7.5 7.0
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reducing, slightly alkaline, and to have a salinity similar to

that of modern-day seawater, based on fluid inclusion bulk

salinity data and well head samples (Boles et al. 2004; J.R.

Boles, unpublished data). The main objectives of the solute

transport calculations were to model the transport and oxi-

dation of methane to form calcite. Thus, numerous chem-

ical species known to be abundant in seawater but not

directly pertinent to the transport of methane or precipita-

tion of calcite were omitted from the model to simplify the

calculations.

Significant reservoirs of methane occur across much of

the stratigraphic section in the Santa Barbara Basin. Likely

source formations of methane are limited to a smaller por-

tion of the stratigraphy. The most important source of

methane in the basin appears to be the Miocene Monterey

Formation, with lesser amounts possibly sourced from the

Pliocene Repetto Formation, the Miocene Rincon Shale,

and the Eocene Anita Formation and Cozy Dell Shale

(Nagle & Parker 1971; Galloway 1998; Tennyson & Isaacs

2001). The Monterey and Repetto formations are strati-

graphically and structurally above the calcite cementation

in the Refugio-Carneros fault. To result in fault cementa-

tion, methane derived from these formations would had to

have migrated down section which, although conceivable,

has not been implemented in this numerical model. The

Rincon Shale intersects the Refugio-Carneros fault near

the site of calcite mineralization and could conceivably

have been a source of methane if the portion near the fault

had been buried more deeply in the past than it is now.

The present study examines a scenario in which methane is

transported along the Refugio-Carneros fault from depth,

consistent with the fluid inclusion homogenization tem-

perature data in the calcite fault cements that indicate rapid

fluid fluxes along the fault from depth. Thus in the mod-

els, the lowest shale unit in the Paleogene section, which

would correspond to the Anita Shale, was assigned an ini-

tially high methane concentration of 0.05 mol l)1, a value

that reflects the solubility of methane in a moderately sal-

ine fluid at temperatures below 250�C and pressures on

the order of 102 bars (Hanor 1980). In addition, those

portions of the Monterey Formation, Rincon Shale, and

the undifferentiated Late Miocene-Pleistocene sediments

that lie at depths greater than about 1 km and are more

favorable for methanogenesis, i.e., the portions south of

the Coast fault, were also assigned initially high methane

concentrations of 0.05 mol l)1. Elsewhere in the basin, the

resident fluid was assigned a low methane concentration of

10)5 mol l)1 but otherwise had the same composition as

the methane-rich fluid. The third fluid considered in the

model was a dilute, oxidizing, meteoric fluid that entered

the basin along a row of constant source nodes extending

along the top margin of the grid from the northern termi-

nus to its intersection with the Refugio fault, an interval

corresponding to the subaerially exposed portion of the

basin that would have been subject to meteoric recharge.

In summary, the geologic scenario modeled represents a

time shortly after the uplift of the Santa Ynez Mountains

when meteoric water began to infiltrate the Santa Barbara

Basin on a large scale. Methanogenesis in the source for-

mations noted above had already progressed to the point

that the formation water there was saturated with respect

to methane. The rate of meteoric water infiltration is

assumed to have been fast relative to the rate of methane

generation, so that no further methane generation

occurred during the model simulations beyond what was

initially present at the start of the simulations after uplift,

thus effectively only making one pore volume of methane-

rich fluid in the formation available for reaction. Ongoing

north–south-directed tectonic shortening of the basin led

to episodic overpressure development and fluid expulsion

in the Refugio-Carneros and Coast fault zones because of

compaction and sealing of fault gouge and its subsequent

rupture. Methane-rich fluids that intersected these faults

were transported to higher stratigraphic levels where they

were able to mix with infiltrating meteoric fluids, causing

methane to become oxidized to carbonate, and leading to

the precipitation of calcite. High fluid flow rates in the

faults also led to significant transport of heat, causing the

elevated fluid temperatures recorded by fluid inclusions in

the calcite fault cement.

Table 3 List of aqueous species (components and secondary) and mineral phases considered in the modeling.

Component

H2O

Secondary aqueous species Minerals

Species Formation reaction Species Formation reaction

OH) H+ H+ ¼ H2O)OH) Calcite CaCO3 ¼ CH0
4 þ SO2�

4 þ Ca2þ þ OH� �HS� � 2H2O

Na+ HCO�3 HCO�3 ¼ CH0
4 þ SO2�

4 �HS� �H2O Quartz SiO2 ¼ SiO0
2

Ca2+ CO2�
3 CO2�

3 ¼ CH0
4 þ SO2�

4 þ OH� �HS� � 2H2O

Cl) H2S0 H2S0 ¼ HS) + H2O)OH)

HS) NaCl0 NaCl0 ¼ Na+ + Cl)

SO2�
4 CaCl+ CaCl+ ¼ Ca2+ + Cl)

CH0
4 CaCl02 CaCl02 ¼ Ca2þ þ 2Cl�

SiO0
2 CO0

2 CO0
2 ¼ CH0

4 þ SO2�
4 �HS� �OH� �H2O

Equilibrium between components SO2�
4 and HS), which are not linearly independent, was used to define redox state in the simulations.
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HYDROLOGIC MODELING RESULTS

Figure 5 illustrates the evolution of the hydraulic head in

the basin for the base case scenario described in Table 1

immediately after fault rupture. Hydraulic head is represen-

ted by a relative overpressuring term, k*, defined as

(h ) hH)/(hL ) hH), where h is the hydraulic head, hH is

hydrostatic head, and hL is lithostatic head. From this rela-

tionship it is evident that k* will have a positive value when

the hydraulic head is greater than hydrostatic (i.e., over-

pressured), reaching a maximum value of 1 when the

hydraulic head is equal to lithostatic head. Further, k* will

have a value of zero when hydraulic head is equal to

hydrostatic head and a negative value when hydraulic head

is lower than hydrostatic head (i.e., underpressured). As

noted previously, hydraulic heads were assumed to be ini-

tially hydrostatic throughout the basin except in the Refu-

gio-Carneros and Coast faults, where they were assumed

to be overpressured to up to 80% of lithostatic. Overpres-

sures diffuse rapidly out of the faults, decaying to a third

of their initial value or less over much of the fault length

within 10 years. Diffusion of overpressures is most rapid

over the middle portions of the faults, where the hydroge-

ologic units intersecting the faults have both low matrix

compressibility and high hydraulic conductivity. By

100 years, overpressures in the faults have dissipated to

essentially background hydrostatic levels.

Because of the large, order-of-magnitude variations in

fluid velocity predicted in the simulations, fluid flow pat-

terns are best represented by the stream function shown in

Fig. 6. The results plotted are for a time of 200 years,

when overpressures in the faults have largely diffused into

the surroundings and the system is approaching a hydro-

logic steady-state. Because the mass fluid flux is equivalent

between any two streamlines, the more closely packed the

streamlines are over an area the greater the groundwater

flow velocities. Slight changes to the flow patterns depicted

in Fig. 6 occur at early times in the immediate vicinity of

the faults, where high initial heads can temporarily drive

fluid away from the faults. At late times, flow in the faults

reverses direction and is downward instead of upward. Lit-

tle fluid flow occurs in the low permeability Jalama Forma-

tion in the northernmost and lower part of the grid. South

of the topographic maximum and corresponding hydraulic

divide, fluid moves more rapidly down the steeply dipping

Cenozoic sediments, particularly the more permeable sand-

stone units. Some fluid in the steeply dipping sediments is

entrained by the Refugio-Carneros fault while most of the

remainder continues southward, though generally at a

lower velocity because of the constant head boundary con-

dition at the top margin of the grid south of the fault cre-

ated by the presence of the sea. Most of the remaining

fluid is entrained by the Coast fault, though fluid velocities

are slightly lower there than in the Refugio-Carneros fault.
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Fig. 5. Evolution of relative overpressuring in the Santa Barbara Basin over

time following fault rupture at (A) time ¼ 0, (B) time ¼ 10 years, (C)

time ¼ 100 years. The relative overpressuring is expressed as

k* ¼ (h ) hH)/(hL ) hH), where h is the hydraulic head, hH is hydrostatic

head, and hL is lithostatic head.
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This greater degree of fluid capture is due in large part to

the greater amount of stratigraphic displacement on the

Coast fault compared to the Refugio-Carneros (Fig. 6),

rather than to a difference in hydraulic conductivities,

which are the same for both faults. Among the sedimentary

units, the greatest flux of fluid occurs in the Vaqueros

Sandstone (cf. Fig. 3), which has a lateral hydraulic con-

ductivity equivalent to that of the faults in the base case

simulation. Lateral average linear velocities in the Vaqueros

range from several meters per year in the north to several

tenths of meters per year in the south. As with the other

sedimentary units, some fluid in the Vaqueros is captured

by the Refugio-Carneros fault. South of the Coast fault,

fluid flow velocities gradually diminish in all of the units as

a result of the dampening effects on the hydraulic head

gradient caused by the constant head boundary condition

equal to sea level along the top grid margin.

The high degree of overpressuring in the faults causes a

transient upsurge of fluid within them that builds to a

maximum velocity over approximately the first 20 years of

the simulation and gradually decays thereafter, approaching

a steady-state value after a few hundred years. This behav-

ior is shown in Fig. 7(A) for a point located near the top

of the Refugio-Carneros fault, approximately 200 m below

the ground surface. Vertical average linear velocities at this

point reach a maximum of about 420 m year)1 and decay

to a value around 1 m year)1 by 1000 years. Lowering the

degree of overpressuring in the faults from 80% to 60% of

lithostatic diminishes fluid velocities. Maximum vertical

average linear velocities in the top 200 m of the Refugio-

Carneros fault diminish to about 160 m year)1 but

approach approximately the same steady-state value of

around 1 m year)1 after 1000 years.

The transient upsurges in fluid flow in the faults create

transient increases in temperature (Figs 7B and 8). At a

fault overpressure of 80% of lithostatic, temperature in the

top 200 m of the Refugio-Carneros fault reaches 114�C
after about 60 years, decaying to 30�C by 1000 years,

which is near the steady-state value. A decrease in fault

overpressure to 60% of lithostatic delays the arrival of the
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Fig. 6. Stream function after 200 years of simulation time, showing fluid

flow patterns in the basin. The contour interval is 2976 kg m)1 year)1.

Higher densities of streamlines indicated higher fluxes of fluid flow. Thus,

the highest fluxes occur in the Vaqueros Sandstone (cf. Figs 3 and 4). The

results show fluids entering the basin in the topographically high northern

margin of the basin in the Santa Ynez Mountains and descending the stee-

ply dipping strata occurring there. Much of the fluid is captured by the Ref-

ugio-Carneros and Coast faults and rises to the surface. Flow rates diminish

south of the Coast fault where the hydraulic head gradient diminishes.
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Fig. 7. Evolution after fault rupture of (A) average linear groundwater

velocity and (B) temperature (�C) over time in the top 200 m of the Refu-

gio-Carneros fault for a vertical fault hydraulic conductivity of 100 m year)1

and initial overpressures of 60% and 80% of lithostatic.
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temperature maximum to about 74 years and lowers its

magnitude to about 78�C. Thus, at a fault hydraulic con-

ductivity of 100 m year)1, overpressures >60% of lithostatic

and approaching 80% or greater are needed to generate

the temperatures indicated by fluid inclusions in the calcite

fault cements.

Figure 9 also displays average linear velocity and tem-

perature as a function of time in the upper 200 m of the

Refugio-Carneros fault and illustrates the effect of raising

the fault hydraulic conductivities from 100 to

500 m year)1. The higher hydraulic conductivity leads to a

more rapid diffusion of overpressures out of the fault, and

to a corresponding earlier arrival in the temperature max-

ima by about a factor of 5 over the lower hydraulic con-

ductivity case. As in the lower hydraulic conductivity case,
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Fig. 8. Temperature (�C) evolution over time following fault rupture shown
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the average linear velocity maximum precedes the tempera-

ture maximum, but the magnitudes of velocity and tem-

perature are both significantly greater in the higher

hydraulic conductivity case. Maximum velocities reach

about 3100 and 1300 m year)1 after about 4 years and

maximum temperatures reach about 134 and 106�C after

about 10 years at overpressures of 80% and 60% of litho-

static head, respectively. The results show that higher fault

hydraulic conductivity promotes greater heat transport,

allowing a lower degree of overpressuring to account for

the temperatures recorded by the fluid inclusions in the

fault cements. However, near-hydrostatic pressures could

not generate the necessary heat transport, even at fault

hydraulic conductivity values significantly higher than for

the 500 m year)1 case shown in Fig. 9. This indicates that

a topography-driven flow system is unlikely to have been

sufficient to account for the observed fluid inclusion tem-

peratures and that some mechanism of overpressuring was

probably needed.

REACTIVE TRANSPORT SIMULATIONS

As described above, the purpose of the reactive transport

simulations was to test the effects of mixing of oxidizing

meteoric water entering the basin as recharge in the Santa

Ynez Mountains with more saline methane-rich basinal flu-

ids. In the models, these methane-rich basin fluids were

restricted to potential shale source rocks near the base of

the Paleogene sedimentary sequence, corresponding

approximately to the Anita Shale, and to the Monterey

Formation and Rincon Shale at depths greater than about

1 km from the surface (Fig. 3). The remainder of the basin

was assumed initially to contain a saline fluid of similar

composition but a low methane content of 10)5 mol l)1

instead of 0.05 mol l)1. Meteoric recharge was allowed to

enter the basin along a row of constant source nodes

extending along the top margin of the grid from the nor-

thernmost boundary to the Refugio-Carneros fault, beyond

which the basin was considered to be submarine. The Ref-

ugio-Carneros and Coast faults were not initially overpres-

sured in the reactive transport simulations, but were

initially assigned hydrostatic head values and low hydraulic

conductivities to represent a period of fault sealing.

Figure 10 shows the concentration of total chloride (i.e.,

the sum of all chloride species in solution) after 30 000 and

75 000 years. Fresh water can be seen to migrate preferen-

tially through the permeable sandstone units of the Paleo-

gene sedimentary package and through the Vaqueros

Sandstone. Fresh water migrating through the Vaqueros

Sandstone reaches the Refugio-Carneros fault in only a few

hundred years. However, the low permeability of the fault

greatly hinders movement of fresh water past the fault and

causes the fresh water primarily to be deflected upward par-

allel to it. Once the fresh water plume from the Vaqueros

Sandstone has reached the Refugio-Carneros fault, it pro-

vides a means to oxidize any methane rising along the fault

from depth in the basin. Eventually, fresh water plumes in

other hydrostratigraphic units fed by meteoric recharge at

the surface also reach the Refugio-Carneros fault, allowing

for potential oxidation of methane deeper in the basin.

A further important result of the simulations is that even

after the fresh water plumes traveling through the more

permeable hydrostratigraphic units have reached the Refu-

gio-Carneros fault, no calcite mineralization develops in

the fault until there is a release of overpressured fluids from

the methane source region. This is because the topographi-

cally generated hydraulic head gradient is too low to drive

methane-rich fluid from the base of the Paleogene section
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up the fault to supply the carbon needed for calcite preci-

pitation. In addition, methane-rich fluids south of the Ref-

ugio-Carneros fault would have little means of reaching

the fault in the absence of another fluid flow mechanism

because the prevailing direction of groundwater flow based

on the topographic gradient is from north to south. Thus,

the development of overpressure in the Refugio-Carneros

fault after the time that meteoric water had reached the

fault from recharge areas in the Santa Ynez Mountains was

necessary in the models to produce calcite mineralization

in the fault.

The first of these renewed overpressures of 80% of litho-

static was inserted into the models at 10 000 years at

which time the fault was also made open to fluid flow

(Table 1), and this sequence was repeated thereafter at

1000 year intervals. Figure 11 shows the ascent of

methane-enriched plumes of basinal fluid along the Refu-

gio-Carneros and Coast faults at 10 002 and 10 008 years.

The results show that methane-rich fluids with concentra-

tions on the order of about 10)3 mol l)1 have reached the

upper 200 m of the Refugio-Carneros fault within only a

few years. Methane-rich fluids continue to ascend the faults

for the remainder of the 1000 year interval, though at pro-

gressively slower rates (cf. Fig. 7A). This ascent now allows

the precipitation of calcite to begin as oxidizing meteoric

water and methane-rich fluids have now been brought into

contact with one another.

The distribution of calcite precipitation after 10 100 and

11 000 years is shown in Fig. 12 for a portion of the basin

centered on the top of the Refugio-Carneros fault. The fig-

ure shows the effects of a single pulse of methane-rich bas-

inal fluid mixing over a 1000-year period with a fresh

water plume already in place in the upper aquifers (cf.

Fig. 10). Weak calcite mineralization on the order of

10)1 mol m)3 BPM develops in the Vaqueros Sandstone a

few hundred meters north of its intersection with the Ref-

ugio-Carneros fault. (Note that in computing this mol m)3

BPM concentration, it is assumed that the length in the

third dimension, i.e., perpendicular to the plane of the

cross section, is 1 m.) The mineralization initially develops

north of the fault in part because fresh water invasion has

progressed further on the north side of the fault than on

the south side. In addition, as high hydraulic heads in the

fault at the time of rupture begin to diffuse outward, fluid

moves away from the fault in response to the head gradient

produced. Methane-rich fluids that had been ascending the

fault then begin displacing the descending meteoric water,

creating a mixing zone, and hence calcite precipitation

zone, slightly offset from the fault to the north. With

increasing time, the overpressure-induced hydraulic head

gradient around the Refugio-Carneros fault weakens and

the hydraulic head pattern returns to a topography-driven

one in which head decreases from north to south. As fluid

north of the fault begins to flow south again, the mixing

zone between oxidizing meteoric water and methane-rich

fluid shifts southward and becomes centered on the fault,

where the greatest quantities of calcite are also precipitated.

Lesser quantities of calcite are precipitated in the Vaqueros

Sandstone south of the Refugio-Carneros fault, as the

meteoric water plume descending the Vaqueros entrains

methane as it passes the fault.

The greatest concentration of calcite mineralization

occurs in the upper several hundred meters of the Refugio-

Carneros fault (Fig. 12B). After 11 000 years, which
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Fig. 11. Methane concentration at (A) 10 002 years and (B) 10 008 years.

Methane-rich (0.05 mol l)1) pore fluids were initially assigned to portions

of the Anita Shale, Monterey Formation, Rincon Shale, and Miocene–Pleis-

tocene sediments that lay at depths of greater than about 1 km in the

model cross section. The simulation was first run to 10 000 years to allow

thorough invasion of the fresh meteoric water plume in the Vaqueros Sand-

stone as far as the Refugio-Carneros fault. At 10 000 years, overpressures

of 80% of lithostatic were assigned to the Refugio-Carneros and Coast

faults. Continuation of the simulation beyond 10 000 years showed

methane-rich fluid being transported up the faults from the Anita Shale.

Numerical modeling of calcite mineralization 91

� 2007 Blackwell Publishing Ltd, Geofluids, 7, 79–95



represents the end of the first fault overpressuring event

and the time immediately prior to the onset of the next

one, calcite concentrations have reached a maximum of

nearly 7 mol m)3 BPM within the fault. If the volume over

which calcite mineralization occurred in the model at this

concentration equaled the 1.5 · 15 · 15 m volume of

calcite occurring in the corresponding field location (Boles

et al. 2004), a plausible scenario given that the areal distri-

bution of mineralization in the model exceeds the areal

distribution in the field, then about 3800 such fault pulses

would be required to produce the entire mass of calcite

observed in the field. If the fault pulses occurred at

1000 year intervals as in the models, then about 3.8 Myr

would be needed to form the calcite. The time required

for calcite mineralization could be reduced if the fault

pulse interval were shorter, the fault permeability were

higher, methane concentrations were higher, perhaps even

to the point where some methane was transported as a

separate fluid phase, or if higher hydraulic diffusivities exis-

ted in the country rocks.

If the cross-sectional area through which fluid in the

Refugio-Carneros fault flows is the 10 m minimum width

of the fault zone multiplied by the 15 m length of the

mineralization, and if the effective porosity of the fault

zone is 10%, then integrating over the first 100 years of

the 80% of lithostatic average linear velocity curve in

Fig. 7A, which is when the flow and methane concentra-

tions are the highest, would lead a volume of fluid for each

fault pulse of about 3.5 · 105 m3. If the fluid ascending

the fault were able to maintain a methane concentration of

0.01 mol l)1 (slightly lower than the concentration pre-

scribed to the source area), then only about three fault

pulses would be required to produce all of the observed

calcite in the Refugio-Carneros fault. The models however

predict the calcite mineralization process to be considerably

less efficient than this. In part this is caused by dispersion,

which causes the concentration of the methane arriving at

the mineralization site to be diminished well below the

level at the source. In addition, the methane-rich basinal

fluid tends to displace the oxidizing meteoric fluid rather

than to become entrained within it, causing only the frin-

ges of the solute plumes in the two fluids to interact with

one another and thus leaving much of the methane unoxi-

dized.

DISCUSSION

The results of this study indicate conditions under which

calcite in the Refugio-Carneros fault could have formed by

mixing of meteoric water descending from the Santa Ynez

Mountains on the northern flank of the basin with rising

methane-rich basinal fluids driven by fault overpressures.

The modeling shows that meteoric fluids would have been

capable of descending the steeply dipping sediments on the

northern flank of the basin, and where the hydraulic con-

ductivities were high, such as in the Vaqueros Sandstone,

could have reached the Refugio-Carneros fault in a relat-

ively short period of time. Though any of the sandstone

units cropping out at the northern end of the basin could

have transmitted significant fluxes of meteoric fluid, the

Vaqueros is a particularly important conduit because it is at

its intersection with the Refugio-Carneros fault that the

calcite cements are found. Methane in quantities sufficient
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Fig. 12. Calcite mineralization at (A) 10 100 years and (B) 11 000 years

shown for a region centered on the upper 200 m of the Refugio-Carneros

fault (cf. Fig. 3). The mineralization is produced in a mixing zone within the

fault itself and immediately adjacent to the fault on its north side. All of the

mineralization is produced from the methane transported from a single

pulse of fluid initiated by the emplacement of overpressuring along the

fault at 80% of lithostatic at 10 000 years. Within 1000 years after fault

rupture, upward fluid flow, and hence upward solute flux, has largely subsi-

ded (cf. Fig. 7A) and little additional accumulation of calcite mineralization

occurs.
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to account for the observed amount of calcite cement in

the fault could conceivably have been derived from one of

several possible stratigraphic units in the basin (Nagle &

Parker 1971; Galloway 1998), though most of the hydro-

carbons in the basin appear to have been derived from the

Monterey Formation (Curran et al. 1971; Isaacs & Petersen

1987; Keller 1990). The scenario modeled in which

the Eocene Anita Shale, the Late Miocene-Pleistocene sedi-

ments, and the deeper portions of the Monterey Forma-

tion and Rincon Shale south of the Coast fault were the

principal methane sources represents one of the more diffi-

cult scenarios to realize in that most of the methane con-

tributing to calcite precipitation in the fault was derived

from the Anita Shale and traversed one of the longer poss-

ible vertical transport distances in the basin. The fact that

calcite was easily precipitated under this scenario means

that calcite would have been formed with even less diffi-

culty if the methane had been derived from a shallower

source that intersected the Refugio-Carneros fault. The cal-

cite formation process however was not very efficient in

the models, requiring about 3800 fault pulses to account

for the entire mass of calcite observed in the field. Thus, at

a fault pulse interval of 1000 years as used in the models,

approximately 3.8 Myr would be required to form the cal-

cite. This period is probably too long, as the meteoric flow

regime that would have oxidized the methane probably did

not exist until the beginning of deposition of the coarse

clastic Santa Barbara Formation, which is believed to be no

older than about 1 Ma (Huftile & Yeats 1995). The time

needed for calcite deposition could be shortened if the

fault pulse interval were shorter, but the high number of

fault pulses required may also be problematic as no clear

evidence for this has been recognized in the field, e.g., in

the form of discrete brecciation events. The models thus

may point to the need for a more efficient mixing mechan-

ism between the basinal and meteoric fluids, perhaps

through the inducement of turbulence in the mixing zone,

or for a more continuous or concentrated source of

methane.

Though fault overpressuring was not found to be an

efficient means of solute transport in the models, it was

found to be an effective means for vertical heat transport

and raising the temperature in the upper 200 m of the

fault to the approximately 100�C values indicated by the

fluid inclusion data. Without fault overpressuring, the

remaining driving force for fluid flow was the gradient

in elevation of the water table and this was insufficient

to produce the upward fluxes of heat needed to account

for the observed temperatures. In fact, at longer times

of thousands to tens of thousands of years as the flow

system approaches a steady-state dominated by topogra-

phy-driven flow, fluid flow in the Refugio-Carneros fault

becomes directed downward preventing temperature ele-

vation.

The models did not incorporate an explicit mechanism

for overpressure generation. However, based on previous

work by Byerlee (1990, 1993), Rice (1992), Sleep & Blan-

pied (1992), and Gratier et al. (2002, 2003), much of it

specifically in reference to geologically young faults in

southern California, overpressures could plausibly have

been produced in the Refugio-Carneros and Coast faults at

levels approaching lithostatic due to a combination of crack

sealing by pressure solution and fault gouge compaction

during fault compression, and fluid flow from higher pres-

sure environments at depth. These overpressures would

have been largely confined to the faults until earthquakes

increased their porosity and permeability, allowing the

overpressures to diffuse into the surrounding rocks. Thus

the faults would have experienced histories of episodic

overpressure build-up and release on time scales probably

on the order of thousands of years, though shorter inter-

vals are possible. This was modeled in the present study

simply by assigning instantaneous overpressures in the

faults at prescribed times and allowing the overpressures to

begin diffusing away immediately thereafter.

Other mechanisms for overpressuring could possibly

have existed in the Santa Barbara Basin during the time of

calcite mineralization in the Refugio-Carneros fault. The

active hydrocarbon generation that has occurred during

much of the basin’s history suggests the possibility of over-

pressures developing at depth through methanogenesis.

Alternatively, the rapid deposition, relatively young age,

and low permeability of much of the sediment suggest that

disequilibrium compaction may have been occurring in the

basin and led to the development of overpressures. Both

mechanisms could potentially have provided a long-lived

driving force for fluid flow up the faults and laterally from

the southern part of the basin, at the same time providing

the means for heat and solute transport. Investigation of

these mechanisms was outside of the scope of the present

study, but is suggested as a possibility for future work.

CONCLUSIONS

Numerical reactive transport modeling has demonstrated

conditions under which massive calcite cement in the Refu-

gio-Carneros fault could have precipitated by mixing of

oxidizing meteoric water driven by topography with

methane-rich basinal fluid driven by fault overpressuring.

The results show that meteoric fluid could have entered

the Santa Barbara Basin as recharge in the Santa Ynez

Mountains and flowed through the Vaqueros Sandstone to

its intersection with the Refugio-Carneros fault and

beyond. Methane-rich basinal fluids could have risen along

the faults from deeper source regions in the basin provided

the faults were episodically overpressured and episodically

permeable. Overpressuring and high permeability in the

faults were also needed to allow the amount of heat
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transport necessary to raise temperatures in the upper

200 m of the Refugio-Carneros fault to the 80–125�C
range indicated by fluid inclusions in the calcite. If

methane concentrations in the source formations were near

the saturation level expected at kilometer-scale depths,

fault hydraulic conductivity was on the order of at least

100 m year)1, maximum overpressure in the faults before

rupture was around 80% of lithostatic or more, and the fre-

quency of fault rupture was around 1000 years, then the

mass of calcite found in the Refugio-Carneros fault could

be produced in a few million years or less by the scenario

modeled. However, the length of time and number of fault

pulses needed to produce the calcite mineralization were

probably difficult to attain given the tectonic and sedimen-

tary environment in the recent history of the basin, and

point to the need to explore alternate mechanisms for

solute transport.
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