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Ancient hydrocarbon seeps from the Mesozoic
convergent margin of California: carbonate
geochemistry, fluids and palacoenvironments
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ABSTRACT

More than a dozen hydrocarbon seep-carbonate Occurrencesin late Jurassic to late Cretaceous foreare and accretion-
ary pnisen strata, western Caiifornia.accumulated in turbiditelfault-hosted or serpentine diapir-related settings. Three
sites. Paskenta, Cold Fork of Cottonwood Creek and Wilbur Springs. were analyzed for their petrographic. geochem-
ical and palaeoecological attributes, and each showed a three-stage development that recordedthe evalution of fluids
through reducing-oxidizing-reducingconditions. The first stage constituted diffusive, reduced fluid seepage {CH.,,
H.5) through seafloor sediments, as indicated by Fe-rich detrital micrite. corroded surfaces encrusted with framboidal
pyrite, anhedral yellow calcite and negative cement stable isotopic signatures (8*3C as low as —35.5% PDB: §'%0 as
low as —10.8% PDB). Mega-invertebrates,adapted to reduced conditions and/or bacterial chemosymbiosis, ¢colo-
nized the sites during this earliest period of fluid seepage. A second, early stage Of centralized venting at the seafloor
followed. which was coincident with hydrocarbon migration. as evidenced by nonluminescent fibrous cements with
87°C values as low & —43.7%. PDB, elevated 5"2C (up to =+2.3%. PDB), petroleum inclusions, marine borings and
tack of pyrite. Throughout these early phases of hydrocarbonseepage. microbial sediments were preserved & layered
and clotted. nondetrital micrites. A final late-stage of development marked a return to reducing conditions during
burial diageneris. as implied by pore-associated Mn-rich cement phases with bright cathodoluminescent patterns.
and negative &'80 signatures (zs low as —14%. PDB}. These recurring patterns among sites highlight similarities in
the hydrogeological evolution of the Mesozoic convergent margin of California, which influenced local geochemical
conditions and organism responses. A Comparison of stable carbon and oxygen isotopic data for 33 globally distrib-
uted seep-carbonates, ranging in age from Devonianto Recent, delineated three groupings that reflect variable fluid
input, different tectone-sedimentary regimes and time-temperature-dependentburial diagenesis.
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INTRODUCTION

Modern hydrocarbon seeps and hydrothermal vent environ-
ments (Fig. 1) arc situated at distincuve geotectonic, geo-
chemical and biological interfaces where H.S- and CH,-rich
fluids arc discharged at the scafloor, sustaining lush chemo-
synthetic ecosystems. Modernvent-seep biota are dominated
by chemoautotrophic microbes, and recurring assemblages of
sulphide-tolerant mega-invertebrates, some with endosym-
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biotic bactcria (reviewed in Van Dover 2000). Chemosyn-
thetic bactcria oxidize vent-seep fluids, which are gcncrated
alongplate boundaries(oceanic spreading ceatres, subduction
zones), or where faulting, diapirism or undersealandslides tap
organic-rich porcu'atcrs {e.g. Humphris ez 2l 1995; Langseth
k& Moore 1990, Schumacher & Abrams 1996). Authigenic
precipitaies form from vent-seep fluids, ranging frem metal-
rich, sulphate—sulphide—silica deposits at high-temperatare
vent sites {(~200-400°C), to carbonates at hydrocarbon scep
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Fig.1. World-wide distribution map of modern and ancient (Archaean to recent) hydrothermal vent and hydrocarbon seep occurrences with ¢hemosynthetic
eommunity associations Plate boundary symbals include: double line, constructive: tooth patiern, destructive; single line, strike-slip Data compiled from numerous
literature sources (e.g. Campbell & Bottjer 1995z, Hovland & Judd 1988, Link et a/. 2002; Van Dover 2000).

sites with near-ambicnt bortom water temperatures (e.g.
Hanningron eta!. 1995; Ritger ez al. 1987).

Ancient hydrocarbon seep and hydrothermal vent deposits
of Early Archacan to Quaternary age have been reponed from
ore deposirs and marine sedimentary sequences world-wide
(Fig. 1){e.g. Campbell & Botger 1995a; dc Rondc 8 Ebbe-
sen 1996). Microorganisms have occupied marine hydrother-
mal vent settings since the Precambrian (e.g. 3.2 Ga, dc
Rondc & Ebbesen 1996; 2.2 Gz, Rasmussen 2000), and
mega-invertebrates have existed in volcanic vent deposits
since at jeast the Silurian {Little £z 8/, 1997). Seep-carbonates
with abundant mepa-fossils have been recognized in sedi-
mentary rocks as old as Devonian (Peckmann &z /. 2000).
Criteria used to identfy vent-seep deposits in the geological
record arc deseribed in detail elsewhere (Aharon 1994,2000,
Beauchamp ¢z 2/, 1989; Campbell & Bottjer 1995z; Cavagna
et &l 1999; Gaillard et &/ 1992; Little ot al. 1998; Peckimann
et &l 1999a). In general, vent-secp deposits arc rccognized
by their structural and stratigraphic associations, rheir distine-

tive mineralogical and geochemical fearures, and rheir body
fossil, textural or molecular biomarker signatures indicative
of chemosynrthetic organism activity In partcular, the para-
genetic sequence of cement/mineral phases within vent or
seep deposits provides a temporal-spatial context for the geo-
chemical assessment of whether the fuels for chemosynthesis
(e.g. HaS, CH,) werc present and contemporaneous wirh
organism activity (cf. Cook & Stakes 1995). Moreover,
within the context of well-defined paragenetic sequences,
the isoropic and elemental geochemistry of discrere fabric
types and mineral phases can be used to trace the changing
fluid-diagenctic pathways of an ancienr vent or secp deposit
withir its Jarger geotectonic and geohydrological framework
(cf. Sample 1996; Sample er . 1993).

To date, more than a dozen Upper Jurassic to Upper Cre-
taceous (Tithonian-Campanian) hydrocarbon seep-carbonate
occutrences have been recognized in forearc strata (Great Val-
Jey Group) and accretionary prism rocks {Franciscan Group)
of northern and central California (Fig.2). The present study
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Fig.2. Geotectoni and location map for Mesozoic seep-carbonatedepasits
{tilled circler) of western California. The three seep-carbonate occurrences of
this study include the Cold Fork of Cottonwand Creek, Paskenta and Wilpur
Springs localities. Simplified geology of north-south-trending convergent
margin system incluges, from west 10 east Franciscan Accretionary Complex
(urassic to Cretaceous) — belts of mélange, broken formation and tectonic
sivers of oceanic ¢rust substratum; Great Vailey Croup (Jurassic lo
Palaeagene) — siliciclastic forearc turbidites, and Sierra Nevada batholith -
present-day roats of Mesozaic volcanic arc. Blank areas indicate rock types or
alluvium unrelatedte this study.

is the first to provide an integrated view ofrhc sedimentology,
paragenesis and geochemistry of three of these seep-carbo-
nates as a context for their palacoecological and palacoenvir-
onmental development. The Paskenta (Tithonian, Upper
Jurassic), Wilbur Springs {Hauterivian, Lower Creraceous)
and Cold Fork of Cottonwood Creek (Albian-Aptian, Lower
Cretaceous) seep dcposirs (Fig.2), northern California, were
chosen for derailed study because rhey span a considerable
portion ofthe 70 Myr history of fluid seepage and contem-
porancous marine sedimentation in the Great Valley foreare,
In addition, the deposits formed in either of the two known
types of tectono-sedimentary regimes that gererated hydro-
carbon secpage along this ancient convergent margin = syn-
sedimentary fault-associated turbidites, and serpentine
diapir-refated settings (Fig.3; Campbell ez &l 1993). The
fossil Sauna ofrhe three localities also recorded pan of an evo-
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Fig.3. Geology of the three seep-carbonate deposits (stars) 01 this
study. (A) The Paskenta deposit (Tithonian) is situated within a synsedimen-
tary, listric fault 2one (Paskenta Fault) Compare with held photograph
(Fig 4A) ul, IK = Upper jurassic, Lower Cretaceous Geology modgified from
Jones el &l (1963). (B) The Cold Fork of Cottonwood Creek site (Albian-
Aptian) 15 situated near the junction of the synsedimentary Ceoid Fak and
Sulphur Springs Faults. Val= Valanginian, H-B = Maulerivian-Barremian;
Alb = Albian; Apt= Aptan; T =Teriiary Map and ages of stratigraphic unit5
madihed from Bailey & Jones (1873). (C) The Wilbur Spfings deposit
{Hauterivian) occurs in diapir-associated sedimentary serpentinites (Kss)
affilated with the Coast Range Ophiolite (CROJ Kugv = Cretaceous,
undifferentiated Great Valley Group turbidites. Map simplified trom Carlson
(19846.
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Jutionary transition in vent-step benthos world-wide (Camp-
bell % Botgjer 1995a), yet rhe enclosing secp-carbonates had
nor, until this study, been analyzed for their geochemical and
palacoenvironmental attributes.

GEOLOGICAL AND PALAEONTOLOGICAL
CONTEXT OF STUDY SITES

The tectonic significance ofthc Great Valley Group, western
California, as a deep marine forearc basin was recognized in
the early years of plate tectonic reconstruction ofcontinental
geology (Dickinson 1971; Ernst 1970; Hamilton 1969).
Strata up to 15km thick constitute mostly siliciclastic turbi-
dites that were deposited from the late Jurassicto the Palaco-
gene, in a north—sourh axial forearc basin {Ingersoli %
Dickinson 1981).The petrofacies and tectono-chronological
links among the forearc basin (Great Valley Group), accre-
tionary wedge (Franciscan Complex) and' magmatic arc
(Sierra Mevada batholith} arc now well-established {Ingersoll
1983). In places along the western margin of their outcrop
extent, Great Valley forearc strata and structural shivers of
the oceanic crust substratum (Coast Range Ophiolirc) were
tectonically juxtaposed ahovc the coeval, highly deformed
and mctamorphozed Franciscan subduction complex (e.g.
Bailey ez al. 1964; Dickinson ¢z &l. 1996).

For many years, isolated pods and Jenses of anomalous
‘white limestones’ with ahundanr mega-fossils were known
from the otherwise fossil-poor Great Valley rurbidites {e.g.
Anderson 1945; Berkiand 1973; Campbell ¢z al. 1993; Carl-
son 1984a; Gabh 1369; Lawton 1956; Stanton 1395)
{Fig. 2) .Before it was undersrood thar the enclosing siliciclas-
tic strata had deep-water, offshore origins, most early investi-
gators assigned these straographically restricted carbonare
lenses to shallow reef palacoenvironments. Specracular gas-
tropod and brachiopod coquinas from these carbonates arc
notewarthy (e.g. Campbell 1996, Campbell & Zotijer
1995h; Kiosterman et &4, 2001; Sandy & Campbell 1994).
Also abundant arc masses of warm tuhcs and fossil represen-
tarives Of solemyid, lucinid, thyasirid and mytlid bivalves
(including mussels up wo 25 ¢m in length), which arc now
rccognized to be related to living ehecmosymbiode groups
(Campbell er al. 1993).

Turbidite-hosted deposits predominarc among the docu-
mented Mesozoic seep-carbonares of California. They collec-
tively represent diachronous fluid migration and localized
fluid expulsion in an evolving forcarc basin, from the Late

Jurassic (Tithonian) to the Late Creraceous (Campanian).

Examples from this study include both the Paskenta and
Cold Fork of Cortonwood Creck limestone deposits, which
occur along large-scale, norrh-cast-trending, regional struc-
tural features (Paskenta and Sulphur Springs Faults, respec-
tvely; Fig. 3A,B). Suchacki (1984 and Moxon (1990) used
regional structural and stratigraphic relanions to infer a listric,
normal geometry for these and other similar faults acdve

during the sedimenrtation of Great Valley strata. Faults
offcred flow pathways for both hydrocarbon-charged fluids
generated within the sedimentary prism and fluid contri-
butons from greater depth. When considered within rhe
overall tectono-stratigraphic context for the Late Mesozoic
arc—trench system, the turbidite-hosted, Great Valley seep-
carbonates formed more or less continuously, in patchy
distributions along surike for ~500 km (Fig. 2}, duringa time
span ofat least 70 Myr offorcarc subducnon history.

Sedimentary serpentinites, or foliate serpentinite breccias,
host seep-carbonatcs of the Wilbur Springs area, the third
srudysitc (Fig. 3C}, which are part of an unusual, remporally
and spatially restricted rcctonic event of the Early Cretaceous
(Hauterivian to Alhian). This cvent represenrs entertatnment
and subseguent expulsion in seafloor serpentine diapirs of
both high-pressure metamorphic blocks and deepiy origi-
narcd fluids from the subjacent oceanic crust {Coast Range
Ophiolirc; Campbell ef &l 1993; Carlson 1984a). The ser-
pentinite exposed at Wilbur Springs is an example of a sub-
marine extrusion, possibly a seamount (Campbell £ al.
1993), and is analogous to the extensional field of serpentine
mud volcanoes, scamounts and seep-carbonate chimneys
found today in the outer Marianas forearc basin (Fryer
1992; Haggerry 1987, 1991). The Wilbur Springs carho-
nares of this study likely formed wiiere seeps occurred arop
or on the flanks of the source protrusion, as fluids exuded
from the diapir breaching the seafloor (Campbell £ &l
1993).Subsequently, the carbonarcs were raked away from
the source protrusion by mobile serpentinite flows that
advanced eastward to interfinger with terrigenous turbidites
along the axial floor of the forearc basin {Campbell ¢t &l
1993; Carlson 1984a).

METHODS OF STUDY

Standard thin sections were examined by plane-polari-
zed, cross-polarized, W and reflected light microscopy.
Cathodoluminescence (CL) was generated by a Cambndge
luminoscope systern (10-13kV, 500 pA). CL maps were con-
strucred of representative thin sections te aid in rhe selection
of spot-sample transects for elemental analysis. Carbonate
cements were stained with alizarin red and Feigl’s soluton
{Lewis & McConchie 1994)to differentiate among mineral
phases. Rock-chip preparation for stable isotope analysis
included sonication in discilled water, oven drying and mucro-
drilling of sampies under a binocular microscope. Powdered
samples were weighed (150—400mg) and roasted t vacuo at
378°C for L h. COx(g} was evaived from each sample hy reac-
tion with orthophosphoric acid ($0°C}, and analyzed in an
automated carbonate device attached to a VG Prism 11 stable
isotope ratio mass spectrometer at the University of Southern
California {USC). Toremove SO;(g) in sulphide-rich carho-
narc, micrirc powders were run offline at North Carolina
Stare University (NCS5U) on a Finnigan MAT 251 ranio mass
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spectromercr, after the CQ,{g) had bezen passed through 2
variable temperature trap {~120°C). Weighed internal
laboratory standards were interspersed with samples and ana-
lyzed during the runs. For both carbon and oxygen, {abora-
tory precision was better than €.1% (USC) and 6.06%
(NCSU).

Ira sizx elemental analyses of carbon-coated, polished thin
secrions were performed on a Cameca SX-51 wavelength dis-
persive (WDS5) electron probe microanalyzer at the Univer-
sity of California, Berkeley (UCB). Operating conditions
were as follows: take-off angle, 40.0'; width of defocused
bcam, 20un; becam voltage, 20kV; bcam current, 50 nA;
count times for majors/traces, 160,/320s To dctcrnminc
the precision and cetection limits during microprobe runs,
multiple beam spots were analyzed on a standard caicite
(UCB #135) under die same operating conditions as the
unknowns, The accuracy of measurements was improved
by correction of offsets acquired during standard runs, in
accordance with measured <¢lemiental abundance on the
srandard calcite (by inductively coupled plasma-mass spec-
romerry (JCP-MS), X-ray fluorescence-energy dispersive
spectroscopy (XRF-EDS)). Online data acquisidon and
reduction were performed by Probe for Windows® sofrware,
with an empirical technique applied xo improve interference
corrections fortrace clement analyses (Donovan gr 2! 1993)
- the Bence-Albee o-factor correction (polynomial fit) as
modified by Armstrong (1988). In addition, the software cal.
culated CO? — content based an a one-to-one atom of Ca,
and corrected the measurements of the other elements for
the mawix effecr of the carbonate ion, further improving
accuracy. Moreover, X-ray intensides were corrected for
beam drift, count time, standard count drift, spectral intetfer-
ence, off-peak backgrounds (linear interpolation) and pulse
height analysis.

RESULTS OF FIELD STUDIES

Detailed outcrop descriptions of the Paskenta, Cold Fork of
Cotronwood Creek and Wilbur Springs localities can be
found in Campbell & Bottjer (1993, 1995h}, Campbell
eral (1993)and Campbell (19951.1n the ficld, seep-carbo-
nates occurred in isolated pods or lenses {e.g. Fig.4A), which
generally were divisible into rwo broad types {¢.g. Fig.4B,C):
(i) dark microcrystalline calcite {(micrite), containing fossils
and derrital grains; and {ii) various lighter coloured, laycred
cements. Commonly, these two carbonarc rypes were spa-
tially separated by irregular, pyrite-coated corrosion surfaces
(Fig.4C). Cavinies {millimezre to decimetre scale) were com-
mon (Fig. 4C), with a fill ofinternal silt-clay, peloida) geope-
tals or blocky, clear spar. In addiuon, small (up to a few
cenametres in diamctcr), nodular masses of micritic carbo-
nate could be traced laterally into the enclosing siliciclastics
for short distances away from the central areas of carbonate
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Fig.4. Typical eutcrop, hand sample and broad petrographic characteristics
cf Mesozoic seep-carbonates, California. (A) Paskents held locality. situated
between Digger Creek (## and foreground) and county road A9; view to
west lllustrated geology includes: isolated seep-carbonale mounds (circles)
enclosed by fine-grained slope turbidites of Upper Jurassic Great Valley Group
(ulgv), syrsedimentary Paskenta Fault zone (broken line, PF) and tectonically
juxtaposed Coast Range Ophiolite tCROY}. (B) Outcrop fioat block from wilbur
Spnings seep-tarbonate deposit, characierized by fossil-rich micrite and seep-
restricted brachiopod Peregrinella whilneyi (cf. Campbell & Bottjer 1995b).
Coin= 1.8cm in diameter. (C) Entirethin section view (4.0 ¢rn long. PS1.14)
of typical seep-carbonale, broadly divisible into dirk micrite {m) and fight-
toloured cements (I¢), separated by dark. irregular, pyrite-coated corrosion
surlaces. Clear calcite spar-filied vugs {v) common. Transmitted light.

accumulation The Paskenta lens (~10 m long, Fig.4A) and
the Cold Fork lens {~260m long) were sampled along their
lengths, whereas the Wilbur Springs deposin were quarried
previously, and hence only broken float blocks could he
sampled (Campbel]l 1995).
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RESULTS OF LABORATORY STUDIES

A derailed perrographic, stable isotopic and €lemental analysis
of carboanates collected from the three srudy sites led to the
recognition of a recurring cement stratigraphy, and an
inferred fluid-diagenetic history that was broadly similar
among localities. Hence, this relanve temporal framework
allowed the elucidaton of the evolving geochemical condi-
tions that influenced the nature and timing of seep organism
activity and palaeoenvironmental change. Laboratory resuits
arc outlined in the following sections, followed by the inter-
pretation and discussion of these peuographic, isotopic and
compositional dara.

Petrography and paragenesis of three Californian
Mesozoic seep deposits

Overview

A recurring paragenetic sequence was identified for the three
study sites, including four major carbonate phases, one com-
mon sulphide phasc, 10 minor phases {various carbonarc or
sulphate precipitates, internal siliciclastics) and three corrosion
events {CE1-CE3) (carbonate phases outlined in Table 1).
Corrosion was eithcr accompanied by an iron-rich mineral
phasc {pyrite coating, CELj, or was nonferroan (CE2,
CE3). The relative uming for all 18 paragenetic phases/
events is summarized schemadeally in Fig. 5. Volumetrically
speaking, only five distinct mineralogical and textural phases
dominated the Californian seep deposits (see asterisks in
Fig.5; Figs 6 and TA). A similar paragenetic sequence was
reported from Cretaceous methane seep-carbonates of rhe
Canadian Arctc (Beauchamp e &/ 1989; Beauchamp &
Savard 1992; Savard ¢ al. 1996). For the Californian sites,
e complete sequence of paragencuc events (Fig. 5) may
be grouped into two main diagenetic stages: (i} early seafloor
{events 1-7; Fig.7) with concurrent organism activiry; and
(2) port-associated, late burial-diagenctic {events 8-18;
Fig. S), with no preserved biouc associarions. In addition,
the taphonomy and petrography of fossil worm tubes
(Fig.9)are evaluated below. Thesc structures were imporranr
in acting as open conduits for fluid migration, especially dur-
ing later burial diagenesis, long after the primary seep plumb-
ing had been occluded by cementation. Thus, die presence of
tube worm animals early in seep history srongly influenced
the later fluid-diagenetic record that was preserved in the
Californian seep deposits. Finally, with respect to cement
stratigraphy, we summarize the character and relative parage-
netic position of probable microbial textures (Fig. 10).

Early diagenelic stage

The earlicst events of paragenesis occurred in conjunction
with colonization by a mega-inveriebrare benthos; hence,
early fluid secpage is inferred to have occurred at or near

the sediment—water interface. In particular, most seep fossils
were associared wirh the earliest micrirc phase (micrirc 1,
event 1,e.g. Figs4B,C and 7B), which preserved abundant,
whole to fragmented mega-fossils, calcispheres, radiolaria,
foraminifera, ostracodes and bioturbation structures. Micrite
1 also contained disseminated pyrite and abundant silt-sand-
sized detritus from the host turbidites. Pervasive corrosion
(CE1), coeval with and posr-dating the micritc, creared vugs
and irregular surfaces which, in places, were lined with pyrite
precipitates (event 25 Fig.4C}. Following corrosion, remnant
micritic peloids and pyrite-encrusred micrite islands com-
monly were all that remained of the early micrirc phase; sub-
sequently, residual micrite regions were engulfed by younger
cements (Figs 4C, 6 and 7Aj.

Worm rubes {event 3) and othcr surfaces were subse-
quently coated by a distinctive carbonarc phase {event 4) diat
appears in thin section as an anhedral yellow caleite cement
(cf. Beauchamp 8; Savard 1992). This ubiquitous Cement
typically contained inclusions of organic matter and pyrirc,
and either filled spaces or encrusted existing grains (Figs6
and 7A). The yellow calcite likely formed as an aggrading,
in situ replacement of the early micrirc, probably related to
dissolution associated with CE1, as indicated by the emer-
gencc and growth of yellow calcite crystals from corroded
micrite 1 regions. Both carbonare phases displayed similar
brightness patterns under CL {orange ro brighr orange). A
carbonate phasc that accurs both as primary cement and as
neomorphic replacement spar has been documented fiother
geological sertings (e.g. Fouke 1994).

The next major early cement phasc consisted ofa pervasive
fibrous cement (fibrous 1 cement), which formed botryoids
or radiating isopachous horizons (event 5) that rypicalty
grade outward fraom,or arc intcrlaycred with, the yellow cal-
cite described above (Figs6 and 7A). Fan-likc suberystals of
fibrous cement displayed undulosc extinction in cross-polar-
ized light, and were nonluminescent under CL. At the Pas-
kenta locality, fibrous cements ¢ncased dark inclusions that
appcarcd as reddish to yellow—brown globules or black
streaks in plane-polarized light (Fig. 7C-E). The dart inclu-
sions fluoresced bright vellow-green under UV (Fig.7D),
and are inferred to be entapped hydrocarbons. Fibrous
cements from the Cold Fork and Wilbur Springs sites do
not contain these inclusions, either because of diagenetic
modification, or liquid hydrocarbons may nor have been
entrained in the fluids from these localities. A final, unique
characteristic of the fibrous cement is an inferred boring
structure of a marine organism (Fig.7E}, which was most
clearly revealed under CL (Fig. 7F). The prescnce of the bor-
ing (event 6}, which cut through both micrirc and fibrous
cement, indicates that a hard ground existed on the scafloor
prior 1o burial.

Geopetal fillings or linings of micrite (micritc 2, detriral-
poor, =peloids} {event 7 )were most common at the transi-
tion berween carly and late diagenctic stages (Figs S and 6).

© 2002 Blackwel! Science Lid, Grofluids, 2, 63-94
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Table 1 continued

AU UL IE S BT

(1Y chararter

—r g avar

,,,..
carbonate phase

Crystal size

Eimuwa

Cirrirrrenca

motphology

Pelrographic character

4C, 6, BA-D, 9F,

10C

ac W

Homoegeneous,

fo 1.5 tm thick

wiear, DIocky, witn Euhedral

LACHE spar £ (spZ)

moderately bright

well-developed cleavage

orarge; £ thin bo thick
sectoral zonation with
orange/yellow regions

striae, as pore-filling cement

‘Clear, with irregular, embayed
margins; occurs at phase

6, BG, H

P,CW

Homogeneous; bright
yellow to orange

Several mm thick

?Anhedral

Calcite spar 3 (sp3)

boundaries, along fractures,

filling fenestrae {m1, y)

oG, H

P, W

Homogeneous; brght

yellow orange: + thin,
faint £z

Ta 150pum thick

Mimics radial fibrous

As concentric bands within 11;

some bands connect at

Fibrous 2 calcite {12)

habit of original crystal

phase boundaries 1o sp3

fenestrae

In places, this pore-associated, nondetrital micrite distup-
ted or was intercalated with the fibrous cements discussed
above,

Late diagenetic stage

The parageneuic phases and events of late diagencsis were
recorded in pores and voids, or by lare-stage dissolution/
recrystallization of selected fabrics (Fig. 8). The onset of late
diagenesis was marked by nonferrcan corrosion (CE2, cvent
8)along vug margins {e.g. Fig. 6), and the formation of sev-
eral rim cement types. For example, a nonluminescent, inter-
locking, dentate cement (event 9) rimmed some cavities
(Fig.84A,B}, and engulfed acicular splays of remnant arago-
Nrc in some fibrous cements, both of which displayed the
same dark CL pattern (Fig. SB). Another rim fabric type con-
sistcd of thin horizons {~100 pm rhick) ofan inclusion-rich,
isopachous calcite {event 10; Fig. 8A-D), which was asso-
ciated with cavity margins, or the outermost tips of some
fibrous ccmenrs. These isopachous rims exhibited a grainy
to motded, dull to bright orange luminescence, whichissug-
gestve of recrystallization, probably from the earlier formed
fibrous 1 or dentare cements rhat were spatially affiliated with
this later, inclusion-rich phase.

Remaining porosity was filled by Jate-stage carbonarec, sili-
ciclastic and sulphate phases (events 11-14;Fig. §). In places
{e.g. Fig.8C,D), the inclusion-rich isopachous crusts were
overlain by rhombohedral calcite (cvent 11).Many pores
were filled or lined with a detriral silt—clay {event 12}, which
appeared golden-yellow in hand sampler (Fig.%4,B), or
golden-brown to dark-brown in thin section (¢.g. Figs4C
and 8C,I}. This phase commonly contained variable
amounts of angular quartz and feldspar grains, and prcceded
or was concurrent with the precipitation ofiatc blocky calcite
(calcite spars 1, 2, events 13, 15; Fig. 5) and barite (event 14).
Calcite spars 1 and 2 were differentiated by dark-orange and
orange CL, respectively; spar luminescence appeared homo-
geneous or mottled, or showed sectorai zonation {c.g.
Fig. 8B,D,F). Barite occurred as fine admixturcs with the
silt—clay fill, or as distinet, strongly birefringent, prismatic
crystals (Fig. 8E,F), which were wedged among blocky calcite
spar crystals.

The youngest fracrure—dissolution-recrystallizadon cvent
{CE3, event 16) was fabric selective, and created mouldic
porosity, particularly within anhedral yellow calcite {c.g.
Figs ¢ and 7A,C). In addition, CE3 was associated with irre-
gular recrystallization bands within the early fibrous 1cement
that formed a distinctive [ate-stage feature (fibrous cement 2,
event 17; Fig. 5), nor conspicuous in plane-polarized light
(Fig. 8G). However, the recrystallized fibrous 2 cement was
easily distinguished by its brighr yellow—orange lumines-
cence, where ir cut across unaltered, nonluminescent, early
fibrous cement (Fig.8H). Commonly, rhc recrystaliized
bands of'the late fibrous cement were spatially connccred ta
scattered, small dissolution fznestrae filled with the ultimarte

© 2002 Blackwell Science Lid, Genfusds, 2, 63-94
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Paragenetic Events Relative Timing Site
Earlier - - [ ater P C W
1. “Micrite 1, detrital prains * pm— I = T . |.._|
metazoan activity, peioids
2. “Corrosion 1 £ pyrite (CE1) — .| o | e
3. Worm tube activity e = 1o 1o
4, ‘“Yellow calcite —— N I
5. *Fibrous 1 calcile (dark CL) I— o o o
6. Marine boring struciure —— .
. Early Diagenetic
7. Micrite Z, nongetrital e ——— —— Stage sl s e
8. Corrosion 2 £ fracturing (CE2) L — Late Disgenetic el e |0
9. Dentate caicite | — —v—n Stage P I
i0. Isopachous calcite | = ctrv— . . | o
11.  Rhombohedral calcite —— . | o
12.  Siliciclastic sit-clay fill - - e— e le | ®
13. . Calcite spar 1 {dark — . .
orange CL)
4. Barite b~ —— * * .
15. “Calcile spar Z {orange — PO P
cL)
18.  Fracluring, fabric-selective ) — e lc e
dissolution (CE3)
17. Fibrous 2 calcite {bright CL) ——— @ .
18,  Calcite spar 3 (yellow CL) -—-—‘ o ale

Fig. 5. Relative timing relationships and distributions of the 18 paragenetic events recarded in the three Mesozoic seep-carbonate deposits of this study, westem
California. Division between early and late diagenetic stages is shown. Corrosion events labelied as CE1, CE2, CE3. Full lines indicale relative duration and timing;
broken lines suggest probable maximum extent of event. Asterisks indicate major phases or events, Distribution of events across the thiee sites (Paskenta, P; Coid
Fork of Cottonwood Creek, C; Wilbur Springs, W) shown on right, with filied circles indicating major accurcence and open circles representing minor oecurrence of

an event or phase at a given site,

diagenetic phase, clear calcite spar 3 (cvent 18; Figs § and
8G). This calcite spar characteristically luminesced yellow~
orange {Fig. 8H), typicai of cements formed from late burial
fluids,

Taphonomy and petrography of worm tubes
Fossil worm tubes (Fig. 9), where present, are significant for
~ owo reasons. First, they indicate that these organisms colo-
nized the Califorruan seep system somewhat fater in che para-
genetic sequence {event 4, with vellow calcite) than most
seep mega-fossils {event 1, with micrite 1). Second, many
later diagenedc phases of the paragenctic sequence filled
the internal spaces of the fossil worm tubes. At modern
hydrothermal vents, entombed tube worms have been shown
to remain open to fluid flow jong after occlusion of primary
porosity during progressive mineralization of the vent
plumbing (cf. Cook & Stakes 1995). Thercfore, in any given
seep deposit, precipitates that formed around and within

© 2002 Blackwell Science Lrd, Geofluids, 2, 63-94

worm tubes are likely to have captured a significantly greater
propordon of the fluid-diageneuc history.

In the Californian Mesozoic secp-carbonates, worm tubes
oceurred both as large structures (2-5 mm width, to at least
15 ¢m length; Fig. 9A-C,F), and as small clusters of tubes
{0.2-0.5 mm width of individual tubes; Fig. 9A-C.E). These
tube diameters are consistent with the reported size ranges of
some diminutive modern vestimentferans (e.g. Southward
1991). Larger tube strucrures preserved multipie generations
of cementation and silici¢lastc fill {Figs 8C,D and 9A-CF).
The circular tube ¢ross-sections generally were demarcated
by thin rims of yellow calcite cement, which appeared in hand
sampies as sharp, dark grey delincations (Fig. 9A,8), and in
thin section as ~100-pm-thick yellow coatings (Fig. 9C,E,F).
In many instances, this encrusting yellow cement perminera-
lized and mineralogically replaced the outer walls of tubes
while the worms were alive, as indicated by the uniform
and disdnct preservation of tube cross-secdons, with little
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Fig.6. Entire thin section view (4.0cm long, PN1-9A} illustrating the four
mayor carbonate Cement phases (asterisks in Fig. 5): micrite 1 (m), anhedra!
yeliow caicite (y), fibrous 1 caleite {f) and blocky spar 2 (s}. The three torrosion
events arc ingicated by CE1, CE2, CE3. Large vugs (white) formed during CE$;
their geopetal fill is recrystallized peloidal micrite (micrite 2), Transmitted light.

evidence for the decay or collapse of walls prior to cementing.
In rare examples (Fig. 9E}, original rube walls were preserved
asthin, brown residues encased by yellow calcite cement rims.
However, more commonly the walls decayed away afier
encrustation, leaving only the vellow calcite o preserve the
tube. Original tube walls probabiy were constructed of an
organic, proteinaceous and chitinous material (cf. Shillito
et al.1995). Internal septac are visible in some larger speci-
mens {Fig.9C), and some worm rubes were coared with
framboida! pyrite (Fig.9C). In reflected light (Fig. 9D), the
pyrite exhibited oxidation rinds, which were illuminated as
thin, darker rims around unaltered {whire} pyritic interiors.
Once the animals died, both exterior and interior tube sur-
faces werc coated and infilled by phases that post-dated the
pyrite and yellow calcitc (Figs8C,I> and 9).

Microbial sedimentary textures
Some nondetrital micrite (micrite 2) occuncd in unusual tex-
tural and spatial relationships with respect to the carly diage-

nctic phascs at all three Californian Mesozoic seep localities
(Fig.10). These relationships included: (i) finely laminated
micritc, which coated corrosion horizons (e.g. Fig. 10A,B),
or lined pores and caviries {e.g. Fig. 10C); (i} micrige peloids
with indistinct margins, surrounded by translucent microspar
(e.g. matrix of Figs 9C.E and 10D}; and {iit} clotted micrite
ciumps draped from the interior walls of worm tubes {e.g.
Fig.9E), or encrusting worm tube surfaces (c.g. Fig.10D).
The Californian examples are texturally similar to putative
microbial fabrics identified in Italian seep-carbonates of Mio-
cene age (cf. Cavagna e al 1999, Fig.6ab, p. 263, and
Figs9 and 10, p. 266-267; Clari & Martire 2000). A male-
cular biomarker analysis ofthc Iralian material confirmed the
microbial origin of these distinctive rextures (Peckmann et &/,
1999a; Thiel ¢r ar. 1999).The infcrred microbial fabrics of
the Californian Mesozoie seep-carhonatcs occurred through.
our the early, preburial stage, and arc under further study.

Stable isotopes of carbonate carbon and oxygen

The results of stable isotopic analysis of the carbonates of the
three Californian dcposirs {Table2, Fig.11) indicarc a
methane-derived origin. This inference is based on the
observed depiction in carbonate 3C (ef. Aharon 2000;
Kauffmaii er al. 1996; Ritger 2z al. 1987; Suess & Whiticar
1989} of & low as —43.8%w Pee Dee Belemnite (PDB). In
addition, individual carbonate phases formrd discretre isoto-
pic groups, and seep-carbonates could also be discriminated
by locality. Material analyzed included major carbonatc
phases {e.g. micrite 1, yellow calcite, fibrous 1 cement, biocky
calcitc spar), shell-carbonate samples from early micrice
phascs and a concretion from nearby Paskenta turbidites
(Table 2). Minor carbonarc ¢ement phascs were nor sampled
because the spatial resolution of the drill was msufficient to
avoid contamination of powders by adjacent phascs.

A carbon versus oxygen isotopic cross-plot (Fig.11)
revealed a grouping ofthc data into four distiner fields, com-
prising the authigenic carbonatcs from each of the rhrec
localities and the shell-carbonate. Paskenta carbonatc carbon
was consistently the most *3C depleted across all cement
phascs measured, with 8'3C values of approximarely -17 to
—44% PDB. Possible carbon sources for this range of
depleted values include thermogenically sourced methane,
mired sources (thermogcnic or biogenic imetha-
ne + dissolved inorganic carbon (DIC) in seawater) or oil
fractions (cf. Aharon ez al. 1997).In comparison, the Cold
Fork and Wilbur Springs carbonate carbon values were more
similar to each other (5*3C range of approximately —19 to
-~25%c PDB), and suggest mixing of hydrocarbon and seca-
water DIC signatures (cf. Haggerty 1991)during formation.
Shell-carbonate signatures all clustered in a separare fickd,
near 0% PDB for both 8'3C and &'30. This pattern is con-
sistent with shell secretion near isotopic equilibrium with sea-
water bicarbonarc (Anderson & Arthur 1963). Specifically,

© 2002 Blackwell Science Lid, Geofluids, 2, 63-94
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Fig. 7. Petrographic aspects of early events of cement stratigraphy. (A} Early diagenetic sequernice (PN1-8A}, from micrite 1 {m), to first corresion event (CE1,
arrows), to anhedral yellow calcite (y). to fibrows 1 cement (f). Plane-polarized lighl (B) Bioturbated. detrital-rich micrite 1 phase, with gastropods, calcispheres and
scattered pyrite grains. Entire thin section view (4.0 cmiong. PS1-4A), transmitied hight. (Q) Transition from anhedrai yellow calcite {upper left corner) to fibrous 1
cement, the latter exhibiting brown giobules and black streaks inferred as peiroleum inclusions (PN% -84}, Plane-polarized light. (D} Same view and magnification as

-in (€), in UV, hydrocarbon inclusions in the fbrous cement flucresced bright yellow-green. (E) Micrite 1 overlain by fibrous 1 cement with gelden 1o reddish brown

petroleum inclusions (PN1-1D), Plane-polarized light. (F} Same view and magnification as in (£} in CL; marine boring structure {b, ~1.3 mm long} revealed in lower

right corner.

shell-carbonate carbon values of 5'*C =2.4 10 +2.2% PDB
for Mesozoic Californian examples fell within the range
reporied by Rio er al. {1992) for modern seep shell-carbo-
nate. Minor carbon isotopic depletion or enhancement of
modern  vent-bivalve shell-carbonate (to &3C %3.5%0
PDEB) has been artributed to chemosymbiotic life habits
{e.g. Rio ¢z al. 1992). Finally, a micritic concrevon from

© 2002 Blackwell Science Lid, Gegfluids, 2, 63-94

fine-grained turbidites, ~1G0 m north-cast of the Paskenra
carbonate outcrop, vielded a comparatively elevated 33C sig-
nal of — 4.3%. PDB {Fig.11). Such concretons are relatively
common in Great Valley turbidites and rypically contain nor-
mal marine fossils. Possible carbonate carbon origins include
dissolution of sheli-carbonate, mixing of seawater DIC with
products of sedimentary organic decay or other sources.
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v

Fig. B. Petrographicaspects of late diagenetic phases, (A} Cavity lined with dentate cement (d}, inclusion-richisapachous cement (i) and blocky calcite spar {sp:);
dentate cement enclosed remnant acicular fibrous crystals {ac). CC-240-1, pane-polarized light (B) Same view and magnitication as in {A), in CL. displaying
nonluminescent character of dentate and acicular fibrous cements, grainy dull orange Ct of isopachous honzons and sectoral zonation of calcite spar - both
dark orange (spar 1,sp1) and orange (spar 2,3p2} varieties. {{) Late-stage phases filling pore space in worm tube (CC-240-1), including mcrite 2 lining (m2),
inciusion-rich isopachous crust i), biocky calcite spar {sp) and munor rill-ciay (s¢). Plane-polarized light. D) Same view as in (C), in CL. revealing rhombohedral
calcite {rh) phase no: detected in transrnitted Jight, and sectoral zoming of blecky calcite spar (El Details of radially fibrous cement and small pore cemented
with late, blocky caicite spar anc birefringent, pnismatic”barite crystal (ba) CC-80-5, plane-polarized iight. (F} Same view and magnification as wn (E}, i Cl.
illuminating fibrous 1subcrystal tips with laterally adjacent pyramidaland tabula; habits, and nonluminescent character of barite. {G) Vug formed inmicrite 1, filled
with radially fibrous Cement, minor moldic porosity (CE3) filled with late spar 3 (sp3). PN1-1A. plane-polarizediight. (H) Same view and magnification as in (G}, n
CL. displaying darkly luminescent, early tibrous cement {f1) cut by band of bright yellow, recrysialized fibrous cement {12); bright band spatially assatiated with

fenestrae of iate spar 3.

© 2002 Blackwell Science Ltd, Grofiuids, 2, 63-94
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Fig. 9. Petrography and paragenetic asscciations of fossil worm tube structures, Cold Fork of Cottonwood Creek locality. {A} Hand sample of worm tube fabric in
cross-section; both large {to 5 mm) and small (to 0.5 mm) tubes defined by thin, dark cutlines. Coin = 1.8 cm in diameter. (B) Sawn slab surface of worm tube fossits
in longitudinal and cross-section, and cemented vugs, Tubes delineated by dark cutiine (anhedral yeliow calcite, y) and \ined by fibraus cement (white, f), followed
by fili of goiden-yellow silt~clay (s¢). (C) Entire thin section view (4.0 cmiong, CC-240-1) of large- and small-diameter worm tube fossils in longitudinal and cross-
section, surrounded by matrix of peloidal micrite and fibrous calcite. Tubes ined with thin rim of anhedral yellow caltite (y) or pyrite (p). Transmitled kght. (D} Detail
of pyrite-linéd tube of {C) in reflected light, Hlustrating pyrite framboids {light coloured). One framboid illustrates well-preserved brassy yellow interior {(white), with
nonreflective, oxidized nim replacement (ox). (E) Srall-dizmeter worm tube cross-section in micrite, showing thin, red-brown, organic tube wall {ow) that was
encrusted by an ~70-100-pm-thick coating of anhedral yellow caleite (arrows), and later filled by fibrous cement (f). CC-60-3, plane-polanzed light. {F) Detail of
targe-diameter worm tube fram (C) in cross-section, in peloidal micrite 1, showing tube wall rim encrusted by anhedral yellow calcite (y) with late, mouldie porosity.
Tube fited by successive, post-worm cement phases, including Kiorous {f), clotied or lined micrite 2 {m2} and late spar (white centre}. CC-240-1, plane-polarized hght.

Oxygen isotopic signatures of carbonate phases from each
of the three localities overlapped broadly, ranging from 8'%0
=13.9% PDB (late blocky spar, Paskenta) 1o +2.3% PDB
{fibrous caleite, Wilbur Springs) (Table 2. In general, fibrous
cements from each of the three sites were the most enriched

© 2002 Blackwell Science Lid, Geofluids, 2, 63-94

in 180 for a given jocality, and late blocky spars exhibited the
most negative 830 values {Fig. 11). An exception was the
Wilbur Springs deposit, which contained late blocky spars
of variable oxygen isotopic signatures. Individual cement
phases for each locality were separated into distinct 8'80
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Fig. 10, Qccurrences of probable micrabial textures. {A) Entire thin section view {P51-8A: 4.0cm long) of remnant early micrite (m1), with correded, pyrite-
encrusted horizon (CE1) immediately overlain by thinty laminated micrite of probable microbial origin (arrows). Transmitted light. (B) Details of (A) showing peloid-
rich, early micrite island remnant (m1) coated with framboidal pyrite, and subsequently encrusted by thinly laminated ricrite (m2). Plane-polarized iight. (C) Pore
lined with finely clotied micrite laminae. WS-8, plane-polarized light. (D) Smal worm Lube in longitudinal section, surrounded by peleidal micrite {m1), Tube coated
with anhedra! yeliow calcite (y) and cletted microbial micrite (m2}, and filled witn dentate cement (white). Castropod in upper left. CC-60-3, piane-polarized light.

fields by cement type, except for those from the Wilbur
Springs locality, which displayed generally clumped and rela-
ively elevated 8180 values across most phases (Fig. 11).
‘With respect to cement paragenesis, stable isotopic values
follow a clear trend for some localities, best Blustrated by the
largest data set from Paskenta. Figurc12 depicts average
320 versus 8'3C values for major Paskenta scep-carbonate
phases, with arrows tracing relative order in the cement stra-
tigraphy. At the onsct of hydrocarbon seepage, Paskenra
micrites were moderately depleted in both 13C and **Q con-
tent. From this starung point, further depledon in 3¢ but
enrichment in ‘20 is evident through the remaining early
sequence of yellow o fibrous calcite phases (Fig. 12). Ele-
vated 8130 values of fibrous cements are consistent with their
precipitation in contact with cold, oxidizing seawater {Ander-
son & Arthur 1983). Isotopic values follow a reverse trend in
the late diagenenc stage, with post-fibrous phases (isopa-
chous, blocky spar) exhibiting elevated 5*3Cand increazingly
negatve 3'%0 signatures, consistent with fluids that were
possibly meteori¢ influenced, warm {tc 100°C) or of unusual,
late burial composidon (cf. Land 1989). A similar oxygen iso-

topic pattern is suggested by the spread of Cold Fork cement
phases with respect to 8*20 (Fig. 11); however, fewer mea-
surements from these seep-carbonates preciuded 2 detailed
assessment of passible trends. Wilbur Springs oxygen isotopic
values were irregularly scartered with respect to cement phase
(Fig.11).

Compared to Paskenta and Cold Fork of Cottonwood
Creck deposits, Wilbur Springs carbonates were more ele-
vared in 880, but vielded more scattered isotopic signatures
with respect to cement stratigraphy (Fig. 11). Seafloor ser-
pentinite~seawater interactions associated with diapiric intru-
sion and submarine mobilization may have influenced Wilbur
Springs isotopic signals. For exampie, elsewhere in the area,
acicular aragonire directly cemented seafloor serpentinite-
brecciz piles (Carlson 1984b). This phenomenon suggests
that normal seawater mixed with fluids leaking from the ser-
pentinite that were uldmartely derived from dewstering of the
subjacent oceanic plate {Coast Range Ophuolite). Carbonate
8'30 signatures (+2 to +8% PDB) from modern analogous
Marianas seep-carbonates that formed above serpentine dia-
pirs were interpreted to represent cold formation warers

© 2002 Blackwell Science Ltd, Geaflaeids, 2, 63-94
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Table 2 Stable carbon and oxygen isotope vafues for dominant carbonate components from Paskenta, Cold Fork of Cottorwood Creek and Wilbur Springs localities.

Sample number Carbonate phase . 8% (PDB)" §'50% (PDE)"
Paskenia
PC1 (Cooperrhynchia) Brach iopod shell ~24 0.6
PC2 (Cooperrhynchia) Brach iopod shell -0.7 -0.1
PB2Z (Buchia) Bivalve shell +2.2 —09
PN1-1A-4 ] ' Micrite 4 —333 -105
PS1-38-1 Micrite 1 -355 -10.2
PN1-28-2 Micrite 1 ~-35.3 -10.8
PS1-14-1 Micrite 1 -323 —10.8
PNZ-3A-2 . Micrite 1 -32.1 -7.8
PN1-941 T Yellow -37.8 -9.8
PN1-2B-3 Yeliow -36.5 -B.0
PN1-7B-4 Yellow —-36.1 ~7.3
PN1-GA-2 Yeliow -380 -7.4
PNI-11B-1 Yeliow -35.% -B.2
PN1-13A-1 Yellow —324 -65
PNZ-2A-1 Yellow ~35.7 -7.4
PN1-12B-2 - Fibrous 1 + yellow ~37.2 -55
PN1-9B-1 Fibrous 1 ~40.1 =20
PN1-9A-3 ’ Fibrows 1 ~41.4 -0.7
. PN%-11B-2 - Fibrous 1 ~34.4 -34
PN2-3A-3 Fibrous 1 —-41.0 -0.9
PSK-1 . Fibrous 1 ~34.5 -39
PSK-3 Fibrous 1 -36.5 -33
FSK-4 Fibrous 1 ~39.6 -0.5
PSK-5 Fibrous 1 —437 =12
PSK-6 : . Fibrous 1 ~36.0 -3.B
PN1-5B-1 B Isopachous -36.2 —6.9
PNY-5A1 ) Blocky spar” —38.4 -13.B
PN1-98-2 Blocky spar ~27.9 ~13.4
PN1-7B-2 Blocky spar -37.2 ~ ~2.8
PN1-9A-4 ’ Blocky spar =375 ~13.4
PN1-94-5 Blocky spar ~333 -135
PN1-12B-1 Blocky spar -25.0 -12.89
PT2-2-1 Concretion -4.3 =135
Cold fork of cotionwood creek '
CC-60-4-2 . Micrite 1 ’ —-24.9 —7.4
CC-80-5-1 Yeliow -20.6 —-8.0
CC-80-4-9 Yeliow ~21.4 ~Bg
CC-B0-5-2 Fibrous 1~ -21.8 -5
CC-80-4-2 ‘Fibrous 1 -201 %3
CC-20-1-2 ‘ Fibrous 1 . -23.4 -XO
CC-80-5-1 Biocky spar -20.3 ~-11.3
Wilbur springs
W5-16-2 (Peregrinella) Brach ippod sheil +0.5 +07
WS-7.2 Micrite 1 ~21.5 -0.5
W5-6-4 Micrite 1 -21.3 +0.9
WS5-6-3i " Micrite % =221 +1.8
W5-6-3i Micrite 1 —-22.2 +1,7
wS-2-1 Micrite 1 -1%.3 +15
WE-741 . Fibrous 1 ~22.3 +22
W56 ’ Fibrous 1 -23% +13
W5-7-3 Fibrous 1 ~22.2 -+2.0
W5-9-2 Fibrous 1 . -21.7 +2.3
WS5-14-1i - Fibrous 1 ' -243 +1.8
WS-14. i Fibrous 1 . ~21.3 +1.1
W5-4-1 Blotky spar —19.4 ~5.2
WS-5-2 Blotky spar —19.5 +0.8
Ws-12-1 ) Blocky spar -21.8 +2.2
Blocky spar, undifferentiated spar % and 2; i, ii, replicate samples.

"Uncertainty, £0.%%..
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Fig.11. Stabie carbon versus oxygen isotopic
crass-piot for Paskenta, Cold Fork of Cottonwood

Paskenta Cold Fork Wilbur Springs
A micrite ¢ rmicrite A micrile

+ yeliow B8 yeliow O fibrous

e fibrous © fibrous O blocky spar
X ‘isopachous B blocky spar v shell
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(Haggerry 1991). In contrast, Wilbur Springs seep-carbonate
phases exhibited lower 880 values (approximately -5 to
+2%0 PDB)Y, and may reflect somewhat warmer formation
conditions. It is unlikely that mereoric waters infiltrated the
Californian Mesozoic carbonates because shell values of

5180 %. (PDB)

-15 +10 -5 o]

: t ; +-30
32 =y
block micrite 0
OCKY 4 A . .34 %
spar 3

(\ isopachous ' :

i~y .36 Y
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A
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Fig. 12. Dominant carbonzate phases from the Paskenta locality iltustrate a
stable isotopic trend with respect tc cement stratigraphy. Arrows foliow
averagec 5'5C and 8'3C values for cement stratigraphy, from early to late
carbonate phases.

Creek and Wilbur Springs seep-carbonate deposits
revezled four distingt fields (encircled).

well-preserved fossil specimens enclosed in the seep-micrites
recorded 1sotopic signatures similar 1o seawaler signals

(Fig.11).

glemental distributions in carbonate phases

Individual carbonate phases of the Californian scep deposits
were als¢ analyzed for their major, minor and trace elemental

“compositions, in order to track the evolution of seep fluids

and to assess the microchemical conditions experienced by
the affiliated mega-invertebrates and chemosynthenc micro-
organisms. The choice of measured clements for eleetron |
probe microanalysis (EPMA) was dictated by the reported
geochemistry for typical, present-day, low-temperarure
hydrothermal vent and cold seep fluids and precipizates.
Mean elemental values are shown in Table 3.

Similar to the results obtained for isotopic analysis, EPMA
revealed distinctive groupings with respect to both carbonate
phase and locaiiey (Table 3). Early micrices (micrite 1} ar all
three localities contained relatively high Fe {~1500-
6200 p.p.m.), moderate Mg, 5r and. 5, and vardable Mn
(~300-1350 p.p.m.) concentrations, compared to all other -
carbonate phases. A high deuital grain component in mierite
1 resulted in relatively high concentrations of i, Al, K, Na

© 2002 Blackwell Science Lad, Geofluids, 2, 63-94
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Table 3 Mean elemental composition data for major carbonate phases of the three Californian Mesozoic seep deposits of this study. Ca, Mg, Fc, Sr, Mn, 5i, Ai. K,
Na, Ti, 5 and Ba contents (p.p.m.) shown tor electron probe micrcanalysis (EPAMA) spot analyses Carbonate on concentration {not shown) was caleulated baed
on a one-to-one atom of Ca. High totals for early micrite 1 are attributed 10 sample inhomogeneity caused by particularly high detrital content for this phase.

Carbonate phase Cael% Mgel% mol% Feel % Srel% Mnel% Siel% Alel% Kel% HNael% Tiel% Sel % Bael% Total
(# analyses) (p.p.m) (ppm) Mg {ppm} (p.pm) (p.p.m) (p.p.m) (ppml) (p.p.m) (p.p.m.) (p.p.m) {p.p.m.) {p.p.m) (%)
Detection limit (p-p.m.} . - 90 40 &0 40 20 10 20 30 50 20 170

(singie line), 99%

SD standard calcite 1030 80 20 10 20 10 10 10 10 50 10 110

UChH #135

Paskenta

Micrite 1 (3 361863 6689 2.8 2395 796 1346 19387 5076 1192 1384 219 138 b.d. 106.6
Anhedral yellow (8B) 384902 5084 21 369 308 830 161 25 47 227  bd. 102 b.d. 98.4
Fibrous 1 (gark CL) (18) 376455 13150 54 51 1084 58 275 24 49 776 b.d. 98 bd. 99.1
Fibrous 2 (bright CLI (5} 376104 12212 50 bd. 1109 662 455 20 36 485 b, 88 bd. 98.9
Spar 2 (orange CL) {14} 386567 4391 18 438 729 690 96 19 47  b.d. b.d. b.d. b.d. 98.4
spat 3 (yellow CL) (7) 388858 259 0.1 498 1207 3212 71 12 38 b.d. b.d. b.d. b.d. 982
Coid Fork of Cottomwood Creek

Wicrite 1{16} 379203 4233 17 1577 482 605 9367 2578 573 306 179 193 b.d. 4031
Micrite 2 (19) 381792 5238 22 1372 507 455 4298 1653 322 254 114 135 b.d. 103.8
Anhedral yellow (15} 385768 6008 25 391 602 480 254 35 37 216  b.d. 198 b.d. 99.0
Fibrous 1 (dark CL} {7} 381553 11951 49 b.d. 981 b.d. 421 13 23 479 b.d. 76 b.d. 999
Dentate Calcite (&} 381233 10642 44 131 453 10% 59 33 54 137  bd. 60 b.d. 99.1
Isopachous caicite (4) 393839 4027 17 70 362 58 278 bd. b.d. 78 54 83 bd. 103.0
Rhombohedraicaltite [5) 396787 2198 0.9 148 5M 64 98 b.d. b.d. b.d. 53 bd b.d. lw.o
Spar 2 (orange CL} (€) 391497 249 01 453 485 1209 100 bd. b.d b.d b.d. bd bd. 98.3
Spar 1 (dark orangeCL) {7) 387828 2352 10 2819 293 916 3264 1218 261 62 78 37 b.d. 100.8
Spar 3 (yellow CL} (39) 3504597 890 04 1286 328 1269 855 308 125 bd b.d. 42 b.d. 99.0
Wilbur 5prings

Micrite 1 (7) 339015 5855 25 6213 1136 324 41076 12128 2880 620 553 116 b.d. 116.1
Fibrous 1 [dark CL) {8) 389652 3904 1.6 148 1672  bd 155 16 52 72 bd 24 bd 99.0
Fibrous 2 (bright CL; {6) 389117 3443 1.4 277 1239 103 173 39 77 120  bd 51 b.d. 98.7
Spar 2 (orange CL} (3) 386442 1855 (.8 1156 506 101 3839 1341 3B% 57 bd bd b.d. 1032
Spar 1 (dk orange CL) (7) 387050 3120' 13 645 1747 62 123 13 41 34 bd bd b.d. 982
Spar 3 (yellow €L} (3} 385632  b.d. 0.0 332 270 3026 277 35 85 59 bd 32 b.d. 97.2
Brach shell {5} 386435 1359 06 268 1154 120 128 32 137 858 bd 170 b.d. 97.6

50, standard deviation. CL, catHodoMminesc:ence; dk. dark. b.d., below detection limit: el %, elemental percent

and Ti. Consistently, high totals (>1060%) ohraincd for these
micrites werc caused by a mixture of phases (microcrystalline
calcite +rerrigenous detrital grains), or sampi¢ inhomogene-
ity, at the scale of the interaction volume for the electron
beam and the sample. Thus, in the derrizal micrites, the itera-
tive, matrix-correction software over-corrected rhe normal-
ized (assumed bomogcncous) X-ray intensities generated
from what were actually different minute phases in the sample
(J. Donovan, personal communication,2001). Compared 1o
micrte 1,yellow calcites from the Paskenta and Cold Fork
sites showed a distnet drop in Fe (to 369 p.p.m.} and Mn
(to 480 p.p.m.} concentrations. Rorh the nonluminescent,
eariy fibrous (fibrous 1)and dentate cements werc typified
by relatively high Mg and Sr content, hut extremely low Fc
and Mn concentrations, compared to other early cements
(i.e. micrite 1, vellow calcite). The recrystallized fibrous cal-
cites (fibrous 2, yellow CL) werc similar in their elemental
composiuons compared to the early fibrous cements from

© 2002 Blackwell Science Lrd, Geofiuids, 2, 63-94

which they werc derived, especially with respect 10 Mg, 51
and Fe concentrations, bur yielded higher Mn concentra-
tions. Isopachous and rhombohedral rim cements conraincd
modcratc amounts of Mg and Sr, but were low in Fe and Mn
conrenr compared to other carbonate phases. Finally, the late
spars {1, 2, 3) displayed variable Mg, Fe and Sr contents, low
Swvalues and generally high Mn concentrations, especially for
the latest spar 3 (to 3200 p.p.m. Mn) that infilled moldic
porosity.

Consistent trends in Fe and Mn concentrations are evident
forall three localities with respect to the paragenetic seguence
(Fig. 13).Early micrites displayed moderate Mn conrenr and
high Fe concentrations, whereas all subsequent carbonare
phiases contained less Fe. Fibrous cements arc situated at a
turmng poinr in Mn content, with near-zero values. How-
ever, Min concentrations increazed through the various late-
stage calcite spars. Early micrites ofthe Cold Fork and Wilbur
Springs localities contained approximately twice the iron
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dard deviations about the mean values shown are
0 1000 2000 3000 4000 graphical representations of the range of variability
Mn (p.p.m.} recorded for each cement phase.

(maximum values) compared to Paskenta early micrites, the
latier also exhibiting a greater abundance of pynite-coated
corrosion surfaces.

Broadly similar patteens in 3r,/Ca versus Mn and mol% Mg
versus Mn are apparent for all three Iocalities with respect
to the paragenctic sequence (Figs 14 and 15). Early cements
follow a distinct trend, with micrites vielding moderare Sr/
Ca and Mn concentrauans followed by yellow caleites with

consistently lower Mn values. A shift occurred in the fibrous
cement phases to relatively hagh Sr/Ca hut extremely low Mn
canccntrations. A turning point in Mn content is evident in
late-phase carbonates, with increased concentrations in the
late spars that appear to have occurred in discrete ‘jumps’
with each diagenetic phase (Fig. 14}, although 8r/Ca was
highly variable in these late spars. All cements were preserved
as low-Mg calcites (0.1-5.4 mol%). The lowest Mg content
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occurred in the late spars, followed by increasing Mg in the
yellow calcites to micrites, with Paskenta and Cold Fork fib-
rous cements yielding the highest Mg concentrations
(Fig. 15).

Some elermental composition studies have been undertaken
of other modern or ancient hydrocarbon seep-carbeonartes,
which allow comparisons with the Californian Mesozoic data
sct. Botryoidal and yellow calcite cements from: Canadian
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2000 3000 4000

Mn {p.p.m.}

1000

Arctic Mesozoic sites have approximately the same range of
Mg, Sr, Mn and Na concentrations as the Californian Meso-
zoic examples, bur with a lower Fe content (7-40p.p.m.) {cf.
Savard ¢r al. 1996). The Jurassic Gateway Pass seep-lime-
stones, Antarctica displayed Fe and Mn concentrations that
were low in early fibrous cement crusts as well as in Jate-phase
cements (Kelly ez ar. 1995). Both early and Jate Antaretic
cements attained  higher maxmum Mg contents (10
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15000 p.p.m.), atributed to high-Mg calcite precursor
phases, but had similar Sr concentrations compared to Cali-
fornian examples. Modern seep-carbonates from the Oregon
accretiopary prsm (Ritger s¢ al 1987) were vanable in
mineralogy, but the average micritic cement was a magnesian
calcite with higher Mg (12 mol%), less Fe {30-130p.p.m.}
and similar Sr concentratons compared to micrite 1 from
the Californian Mesozoic depasits. Modern seep-carbonates
from offshore Pakistan and in the Black Sea have higher Mg
contents, and Black Sea botryoidal aragonites have high 8t

graphical representations of the range of variability
recorded for each cement phase.

and low Fe concentrations (Peckmann er af 2001b, von
Rad er al 1996).

INTERPRETATIONS AND DISCUSSION

Conditions during early phases of seep-carbonate
development

Metazoan fossils were restricted 1o the carliest diagencuc
stage in all 14 seep-carbonate deposits identfied 1o date from
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the Mesozoic subduction system of California (Fig.2). For
both the Canadian Arctic scep-carbonzrtes, associated with
Cretaceous fault-grabens and diapirs (Bcauchamp & Savard
1992), and the Californian examples most fossils were found
with micritc, except for worm tubes, which were encrusted
with anhcdral yellow calcirc in both settings. Evidence for
early, sulphidc-rich fluid seepage under anaerobic conditions
is inferred in this study by rhe presence of Fe-rich, fossilifer-
ous micrite, corrosion surfaces with pyrirc coatings and anhe-
dral yellow calcite cement. In modcern hydrothermal venr and
hydrocarbon seep environments, mussels and tubes worms
require a source of reduced fluids (rich in CHy, H,S) for sus-
tenance of their internal chemosymbiotic bacteria {reviewed
in Van Dover 2000). Therefore, the metazoans are distribu-
ted spatially within or around active vent-secp fields {e.g.
MacDonald er al. 1989). Aharon (2000) described modern
scep habitats as essentially anoxic enclaves surrounded by
oxygen-rich bottom waters, whercin authigenic carbonates
precipitate because of concenuated anaerobic rnethanc oxi-
dation coupled with sulphate rcduction. Together, thess
mucrobially driven processes produce high izvels of alkaliniry
and DIC in sedimentary porc fluids (Aharon 2000; Aharon
et @l 1992; Ritger et al 1987). Co-cccurrence of pyrire
and authigenic seep-carbonates is explained by the activities
of sulphatec-reducing bactera that gencerate dissolved hydro-
gen sulphide which, in turn, reacts with iron in exygen-poor,
scafloor sediments to precipitate Fc-monosulphides that pre-
cede the formation of pyrite {e.g. Berner 1970; Wilkin &
Barnes 1996, 1997).

In a model for chemosyntheric mound formation in the
Canadian Arctic, Beauchamp & Savard (1992, fig. 17, p.
448) posrulated that both ricrite and anhcdral yellow calcite
precipitated beneath sulphidc-oxidizing Beggintea bacterial
mats under localized anaerobic conditions. However, no
physical remnants of microbial features were reported for
the Capadian examples. At the Cold Fork of Cottonwood
Creek site in California, nor only did worm tube surfaces
become _encrusted with anhedral yellow calcirc and pyrite
but, in addition, they preserved clotted micritc linings or
coatings which are likely microbial in origin (e.g. Fig. 10D).
The abserved association berween worm tubes and microbial
fabrics in early diagenetic phases from Califormia suggests
tliat scep develepment in reducing microenvironments may
have allowed bacterial mats to flourish, and pyrite and yellow
calcitc to precipitate (cf. Beanchamp & Savard 1992; Xohn
er al. 1998). However, at all three Californian localitics,
micrabial textures were volumerrically minor components
of the seep deposits. Even considering raphonomic biases
towards nonpreservation, it appears that free-living microbial
mats on the scafloor were unlikely to have mediated the volu-
minous prreipiration of micritc and yellow calcite cbserved in
these seep deposits It is more likely that rhe precipitation of
these early ccment phases occurred in oxygen-depleted porc-
waters within detrital seafloor sediments via coupled bacterial
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mcthanc oxidation and sulphate rcduction. The distinct
microchernical conditions that controlled the precipitation
ofthc two different reduced early cenicnrs (i.e. micritc 1 ver-
sus yellow calcite) are presently unknown, but apparently
werce related to Ha5-rich fluid pulses associarcd with CE1.

The early carbonate phases of all three Californian sccp
deposits revealed similarshifts in Sr,/Ca versus Mn vajues that
imply early micrite and yellow cajcite formation in the pre-
sence of reducing porcwaterr, which was then followed by
increazing water—rock interaction and fibrous 1cement (for-
merly aragonirc?) formation under micre aerated conditions
(compare  Fig. 14 with Morse & Mackenzie 1990,
Fig. 7.41, p. 365). The fibrous cements also cxhibircd cle-
vated 810 signatures, lacked pyrirc or dctrital material and
were bored by miarine organismf(s), which may indicate
cement formation in association with aerobic methane oxida-
ton by methanotrophs using oxygen dissolved in ambicnr
(cold) .bottom water (cf- Beauchamp & Savard 1992,
Fig. 13, p. 444). In addition, studies of fluid flow through
modcrn accretionary prisms have revealed that micrite slabs
and lenses develop during diffuse flow through seafloorsedi-
ments, whereas '*0-enriched fibrous or denratc cements
commonly are associated with chimney or doughnut fzatures
that delinsate advective flow in cold, ambient scafloor condi-
tions {e.g. Kulm & Suess 1990, Ritger ¢t al. 1987).We infer
similar flow conditions in association with precipitation of
micrite 1and fibrous 1cements, respectively. The spatial dlis-
triburion of these ewo major carbonate types was studied by
Campbell (1995, appendix 1, p. 195), who presented bulk-
rock sampling results from transects through the Paskenta
carbonate deposit. The carbonate iens margins were domi-
nated volumnetrically by micrite and fossils, but the central
arez ofthe deposit containrd abundant fibrous cements and
lacked fossils. This distribution may reflect diffuse fluid flow
through seafloor sediments at the margins ofthc sccp, where
conditions were optimal for organism activiry, and advectve
flow in the central area of seepage, perhaps near vents or con-
duits.

Conditions during late phases of burial diagenesis

The late dirgenctic stage of the paragenctic scquence for
Californian Mesozoic seep-carbonares is typified by porc-
associarcd phases that recorded burial conditions. particularly
the evolution or input of fluids that imply water=rock inter-
actions distinct from cither normal manne scawatcr or from
early, hgdracarbon-rich sources. Textural, isotopic and com-
positional transitions are clearly indicated at the rturnover
point from early phascs and events (1-7)to Jate-stage phascs
and events {8~18), especially for Paskenta and Cold Fork seep
deposits.

Two distinct series of Jate-stage events arc snggested by the
compositional data (Figs 13-15). The first is carbonarc
recrystallization and/or rim cement precipitation along
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cavity margins (i.e. dentatc, isopachous, rhombohcdral cal-
cites) or as alteration bands across earlier phases (fibrous 2
calcites). All of these cements displaved reladvely smoothly
decreasing Sr and Mg contents, as comipared to the preceding
fibrous cements, while Fc and Mn concentrations remained
similarly very low. The second seri¢s oflate-stage events con-
sisted of pore-filing precipitation {calcite spars 1-3, barite)
and internal silt-clay deposition. The calcite spars cxhibitcd
low &80 values, variable Sr contents and moderately high
Fe signatures. They also showed distinctive, discrete, upward
shifts in Mn concentrations, and the lowest Mg concentra-
tions of all cements. The discrere jumps in Mn content to
the highest values cbserved suggest a return to reducing
porewater conditions during burial diagenesis (coniparc
Fig. 14 with Morse & Mackenzic 1990, Fig.7.41, p. 365),
and may reflect contributions from individual burial fluid
packages with unique elemental compositions.

The three corrosion events (CE1-CE3, Fig.5) observed
during paragenesis indicate three separate shifts in fluid com-
position—-pH during step-carbonate development. CEl
occurred early in sediments near the scafloor, in affiliation
with diffusive, relauvely acidic porewaters infused with dis-
solved hydrogen sulphide and iron. Organisms utilized the
reduced fluids of CE1 to fuct chemosynthetic energy produc-
tion, and pyrite precipitated directly upon corrosion surfaces.
Following CEI, an episode of advective sccp fluid fow
occurred, as well as contact with normal seawater, as sug-
gesied by fibrous cement characteristics (see above) and
marine boring(s). During CE2, corrosion was associatcd
with fracturing and vein formation, as well as the onset of
pore-associated fluid evolution, which locally recrystallized
some fibrous cements or partially dissolved micrite 2 peo-
petals in \ugs (e.g. Fig.6). Fracturing associated with CE2
may have occurred in relation to local tectonic events (e.g.
fault movement), or by overpressuring and zvtobrecciation,
with increasing occlusion of porosiry during continued sub-
surface fluid flow through the deposit (cf. Conti & Fontana
1999). The final currosion even:, CE3, was marked by
fabric-selecdve dissolution that produced secondary fenestral
porosity, especially in the yellow calcites. Corrosion was
driven by input of burial fluids that were undersaturated in
bicarbonarc.

In general, mineral-dizgenetic stabilization of carbonates
typically proceeds in discrere microenvironments (Veizer
1983}, Newly precipitated phases form via fluid input and/
or localized dissolutien—reprecipitation of precursor carbo-
nate components {cf. Bathurst 1975). The latter process buf-
fers the incoming fluids to partially preserve individual
internal phascs and thcir varying compositional gradients
{(Veizer 1983}, Once the metastable mineral-texrural assem-
blage has been transformed to Jow-Mg calcite, and residual
porosity has become occluded, carbanares generally behave
as a closed diagenevc system (Veizer 1983). Thus, the dis-
tinctive rtextural-isotopic—elemental characteristics of the

Californian Mcsozoic seep-carbonates record a rich birth-
to-burial history of these unusual deposits and their faunas,
and also reveal aspects of hydrogeological evolution not pre-
served elsewhere in the Franciscan—Great Valley arc-wench
system,

Phanerozoic trends in stable isotopic signatures of seep-
carbonates

Figure 16 illustrates the range of stablc carbon and axygen
isotopic distributions of 33 rcponcd dcporits of authigenic
marine carbonates which precipitated in association with sub-
marine fluid-sccpage from Phanerozoic continental margins
and cpicontincntal seaways around the world. These include
14 modern, nine Ccnowic and 10 Palacowic—Mesozoic
seep-carbonate occurrences for which stable isctopes have
been measured. Table4 lists the complete data set and litera-
ture references for each occurrence, whereas Fig. 16 displays
general trends and highlights only seiected localities. Three
broad stablc isotopic fields arc delineated (Fig.16): (i) a
13C., 180-depleted field containing most Mesazaic and
Palzeozoic seep-carbonates (Group I); (ii) a variably 13-
depleted, but 180)-enriched field, constituung most Ceno-
zoic and modem seep-carbonarcs (GroupII); and (iii) a scar-
tered, 13C-enriched field, with '*0 content ranging from
deplcted to enriched (GrouplIll).

Mesozoic sites from California (Fig. 16)arc situated in the
depleted *¥0-1*C quadrant (Group I), along with most
other Palaeozoic and Mesozoic seep-carbonate deposits.
However, compared to most of these examples, the Paskenta
carbonates were relatively more depleted in *2C, and all chree
Californian deposits were relatively more enriched in 20,
The exceptional occurrence in this quadrant is from the mod.
ern Oregon deformation front {OrDF), where carbonatc
cements and veins associated with vertical faults were excep
tionally deplered in **Q, and overlapped with Cold Fork and
Paskcnta oxygen values (Fig.16). For the OrDF, the unusual
isotopic signatures of these modern seep-carbenates were
explained by tapping of deep, warm fluids during active fault-
ing, and by recrystallizaton of terrestrial ¢lay minerals (Sam.
pie er al 1993; Sample & Reid 1998).0thcr Mesozoic scep
deposits from Antarctica, Colorado and the Canadian Arctic
(Fig. 16)had somewhat similar isotopic signatures compared
to the Californian sites. However, their late phascs were more
strongly depleted in '8Q (Table 4), perhaps explained by
higher formation tcmpcraturcs and/or distinctive fluids asso-
ciatcd with burial diagencsis. An isotopically unusual Meso-
zoic seep deposit was reported from calcitic micrites of the
late Jurassic Terres Noires Formation, southern France
(Fig. 16, Group III), which exhibited a widcly variable range
of §'3C values (—26.5 to +15% PDB), and low to slightly
clevated &'*0 values (approximately —7 to +1%s PDB)
(Peckmann ez 4l 1999a). The exceptonally *3C-enriched
carbonate carbon contcnt of the French cxamples was atrrib-
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Fig. 16. Carbon and oxygen stable isctopic signatures for 33 Phanerozoic seep-carbonates worldwide. Data set and literature references for the plotted 14
modern, nine Cenozoic and 70 Mesozoic-Palaeozoic occurrences are shown in Tabled With few exceptions, data clustered in three fields: Group |, Palaeczoic~
Mesozoic seep-carbonates; Group 1, Cenozoic—Modem seep-carbonates; Group Ill, scattered outhers. Unaltered. seep-associated shell-carbonate values are
aggregated about 0% PDS lor both carbon and oxygen. Paskenta (P}, Cold Fork of Cottonwood Creek (CF) and Wilbur Springs {WS) data from this study are
stippled, Shown for companison with the isotopicsignatures of global seep-carbonates are potential carbon isotope sources (vertical, at far right: Deines 19801.and
vanous influencing factars {i ¢. temperature and/or "®Q composition of fivids) on oxygen isatopes (horizontal.across lop. Anderson & Arthur 1983; Land 1989;
Veizer 1983). DF = deformation front; e =early cement; L= late Cement, Or=modem Oregon: Eel R=modern Ed River: M8 = modern Monterey Say; it = Iltaly
{Miccene); Cn= Canadian Arctic (Cretaceous); Co = Colorada (Cretaceous). cFr = calcitic French carbonates {jurassic); An= Antarctica (Jurassic}.

uted to equilibration with COy produced during bacterial
methanogenesis (Gaillard e 2l 1992).

One factor that could explain the clustering of most
Palaeozoic and Mesozoic seep-carbonate deposits in a laC-,
laO‘dcpl-::lzt‘;d isotopic field (GroupI, Fig. 16)is post-deposi-
tional dissolution and reprecipitation during burial diagen-.
esis. Although 8*%C signatures of carbonate cements arc
generally somewhat resistant to modification {c¢f. Aharon
2000}, this process can decrease 5°50 values markedly, even
at low water—rock interactions, as illustrated in studies of nor-
mal marine and burial carbonarcs {c.g. Allan & Matthews
1977; Given & Lohmann 1985; Patterson & Walter 1994;
Veizer 1983). Seep-carbonates, in particular, form as small
deposits from point sources ofhydrocarbon seepage in basins
dominated volumetrically by siliciclastic sediments. Pewarer-
ing of these enclosing clastics during burial would have sub-
jected the carbonates 1o the passage of large volumes of
porewater. The combined effects of umie and evated tem-
peracures likely promoted isotopic exchange berween these
older seep-carbonates and incoming pore fluids, and thus
might have modified substantially the 30 values of some
phases (cf. Veizer 1983).Nonetheless, clear isotopic and ele-
mental trends are stll preserved in many Palacozoic and
Mesozoic seep-carbonarc phases (e.g. Figs 12-15; cf. Kauff-
man er al. 1996,Fig. 4, p. 801, cf. Veizer 1983,p. 285-287),
despitc the overall negative shiftin Group I 8**Q values com-
pared to Cenozoic and modern scep-carbonates, For exam-
ple, early and late diagenetic phases are recorded as distinct

© 2002 Blackwel] Science Lrd, Geofluids, 2, 63-94

oxygen isotopic subgroups in many Group I seep-carbonates
{c.g. e vs. L subfields, respectively, Fig. 16). Alternatively, the
systematically low 310 values of Palacozoic and Mesozoic
seep-carbonates may reflect secular vanations in seawater oxy-
gen isotopic composition and/or temperatures through
Earth's history, as has been suggested to explain the same
pattern found in pre-Jurassic marine sedimenrary deposits
world-wide (cf. 1écuyer & Allemand 1999, p. 357-359).
Nonetheless, oxygen isotopic signatures of shell-carbonate
from the Californian Mesozoic seep-carbonates (Fig. 11)
arc consistent with modern seawater values, and show no sig-
nificant depletion in 80 content.

In the second stable isotopic field (Groupli, Fig. 16), most
Cenozoic and modern scep-carbonates yielded %0 values
between —0 and +10%. PDB, and formed in cold waters at
shelf 1o slope depths (see Table4 for details). In addition,
some deposirs were associarcd with gas hydrates. The
enriched oxygen isotopic signatures of these younger depos-
its suggest that they were subjected to less alteration by ume-
temperature-dependent diagenetic processes, in comparison
to the older Group I scep-carbonates. The 8'°C values of
Cenozoic and madern step-carbonates ranged from approu-
mately —SO to —10%. PDB, and are attributed to variable
carbon reservoirs of increasing **C content, i.. impnnred
by processes of biogenic or thermogenic methane oxidation,
crude oil jeakage and/or sedimentary orgarug matter diagen-
esis {compare Fig. 16 with Roberts 8 Aharon 1994, Fig.9,
p. 146).
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Several distinct outiier carbonate types with elevated §'3C
and highly variable 8'%Q signals constitute the third stable
isotopic field (Group III, Fig. 16). Thesc scattered, isotopi-
cally unusual carbonarcs include sonic modern Oregon dolo-
chimneys and Eel River sccp-carbonates with
isotopically heavy carbonate carbon, attributed to CO»
sources enriched in *3C by methanogenesis (¢f Kulm &
Suess 1990; Lorenson £ &/ 1999; Roberts & Aharon
1994). In addition, some seep-carbonates from the modern
Eel River basin display ¢levated §*20 values, attributed to
formation in association with gas hydrate decomposition
{e.g. Lorenson ez al. 1999; Naehr & Siakes 1999). Finally,
somc Group IIT precipitates with depleted 3*20 signatures
were inferred to have formed under meteoric influences,
z.g. somc Miocene late dizgenetic ccments from lraly and
some modern Montercy Bay veins (Fig. 16; Nachr & Stakes
1999; Stakes ez &t 1999;Terzi et al. 1994). _

In summary, Californian Mesozoic se¢p-carbonates of this
study arc differentiated from one another isotopically, but fall
into the broad range of depleted *3C~"20 contents typical of
most other Palacozoic—Mesazoic seep-carbonates world-
wide. Thesc older seep-carbonates clearly preserved a distinct
signal of early, hydrocarbon-derived cement phases. How-
ever, their relatively low 3'%0 values indicate a strong diage-
netic overprint, tikely related to their older age and therefore
increased probability of having experienced significant mod-
ification during burial. In contrast, most Cenozoic and mod-
ern sccp-carbonates were: (i) isotopically disuncr from the
older deposits; (ii) rccorded variable hydrocarbon sources
and generally ambient seafloorconditions; and (i) contained
iess evidence for significant post-depositional isotopic altera-
tion. Finally, fluids cnrichcd in residual CO,, or fluids
charged ,with meteoric waters, havc occasionally formed
sccp-carbonates in niarinc settings, but their relations to
hydrocarbon formation and migration, if any, havc nor yet
been studied in any derail.

mite

CONCLUSIONS

Three studied seep-carbonate occurrences in Great Valley
foreare strata (Upper Jurassic to Upper Creraceous, turbi-
dite /fault-hosted or serpentine diapir-related), California,
contain 18 recurring parageneric events/phases. Stable iso-
tope valuer and eclemental compositions of rhe carbonates
co-varied with respect to carbonate phase, and these patrerns
wracked the onset and development of scafloor seepage, fol-
lowed by iate-stage fluids invoduccd during burial diagen-
esis. Despite significant water-rock interacnons among
discrete fluids in particular microenvironments, original (or
partially rmodified) textures and chemical gradients were well
preserved in these Mesozoic seep-carbonates. Ar cach site,
fossil mega-fauna, some chemosgmbiotic, were restricred to
the early stages of sccp development, and they maintained
contact with sulphide-, petroleum- and/or methanr-rich

fluids near the sediment—wirer interface. Microbial activity
is suggested by nondetrital micrite, with finely laminated
and clotted textures, which appears to have persisted longer
than the mega-invertebrate activity in these seep palacocnvir-
onments. A broadly consistent partern in cement stratigraphy
for both Canadian Arctic and Californian Mesozoic seep
occurrences implies that fluid generation processes and pare-
water evolurion were similar for these two geographically and
tectonically disjunct hydrocarbon sccp settings.

Late diagenctic stage events in the Californian seep-carbo-
nates were recorded in pores, and constituent phases delj-
ncarcd the loss of contact with normal seawacer conditions
due o increasing burial. Two divisions of this late stage arc
apparent: (i) corrosion and recrystallization /reprecipitation
of vug-rim carbonate cements; and (ii) later, pore-occiuding
fill by barite, three varieties of spar, and silt-clay. Elemental
compositions underwent relatively smooth tramsitions in
the former grouping of carbonate phases, but changed in dis-
crete shifts/jumps in the latter, suggestng inputs of distinct
fluid packages during fate dizgenesis.

Global comparisons of stable isotopic sigpatures for 33
Phancrozoic, authigenic carbonates associated with submar-
ine fluid seepage define three distinct fields, with Californian
examples of this study plotting with the older Palacozoic-
Mesozoic deposits. In general, the younger the seep deposit,
the less likely that time-temperature-dependent burial diag-
enesis will have Jeft an overprint on oxygen isotopic signa-
tures, Carbon sources for Phanerozoic sites as a whole were
variable isotopically but are inferred to have been affected by
petroleum migration, diagenesis of scdimenrary organic mat-
ter and other diagenenic processes, Several carbonatc deposits
display outlier isotopic signatures, attributed to CQO,-rich or
freshened fluids in offshore (palaco)environments.
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