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Transient discharges from
marine hydrocarbon seeps: spatial
and temporal variability
I. Leifer Æ J. R. Boles Æ B. P. Luyendyk Æ J. F. Clark

(Rowland 1985). It is estimated that at present 535 Teragrams (Tg; 1 Tg=1012 g) enters the atmosphere annually of
which 375 Tg are from anthropogenic and 160 Tg from
natural sources (Prather and others 1995). The majority of
natural methane is biogenic, whereas thermogenic or
geologic methane, which is 14C depleted, accounts for only
20% of present sources (Cicerone and Oremland 1988;
Quay and others 1999). The most significant natural
sources today are tropical and northern high latitude
wetlands, which provide 70% of the natural budget or
115 Tg yr)1 (Prather and others 1995). Estimates by
Crutzen (1995) suggest these wetland sources may be
significantly larger than previous estimates. Other natural
methane sources include continental and marine hydrocarbon seepage (Hovland and others 1993; Hornafius and
others 1999; Milkov 2000), methane emitted from the
decay of organic matter in marine sediments (Judd and
Hovland 1992; Hovland and others 1993), fires, termites,
lakes, and enteric fermentation in animals (Prather and
others 1995).
Although the contribution to the atmosphere from geoKeywords Hydrocarbon migration Æ Marine
logical sources is generally considered small, recent estiseeps Æ Bubble
mates suggest marine seeps contribute a conservative
20 Tg yr)1 (Kvenvolden and others 2001). Marine seeps
account for only part of the global geological methane
emissions, estimated at 30–70 Tg yr)1 (Etiope and Klusman 2002). One of the difficulties with determining the
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quantified and poorly understood aspects of seep bubble
plumes. This underscores the importance of understanding processes associated with marine seep gas bubbles.
Many factors affect the fate of seep bubbles rising from a
given depth and thus their methane flux to the atmosphere. The most important are bubble size and the
interaction of the bubbles with the local ocean environment (Leifer and others 2000b; Clark and others 2003). As
a result, transient events that temporarily increase the gas
flux by orders of magnitude can significantly alter the fate
of seep gases. Unfortunately, although evidence shows that
transient events occur (Tryon and others 1999; MacDonald
and others 2000), quantitative observations are absent,
particularly with regards to magnitude, bubble size distribution, temporal and spatial frequency of events, and
modification of the local oceanic environment. All these
aspects must be understood to assess the contribution of
transient events to global budgets. In this paper the
authors present observations using two new seep
measurement approaches that provide evidence of the
temporal and spatial variability in marine seepage and of
transient emissions in particular.

Factors affecting the fate
of marine seep gas
Marine seep bubbles contribute to methane budgets in
three different regions, (1) dissolution in the deep-sea, (2)
transport to the surface mixed-layer, and (3) transport to
the atmosphere. For methane that has dissolved into the
deep ocean, the diffusion time scale to the atmosphere is
long, 50 yr, (Rehder and others 1999) compared with
microbial oxidation, <1 year, (Watanabe and others 1995;
Tsunogai and others 2000; Valentine and others 2001).
Thus deep-sea dissolution of seep gas does not affect
atmospheric budgets, although it provides an energy
source for deep-sea ecosystems, particularly chemosynthetic communities such as found at seepage sites (MacDonald and others 1989). Where bubbles survive transit to
the sea surface, their remaining methane directly contributes to global atmospheric budgets. When bubbles
dissolve in the mixed-layer, some fraction of the methane
dissolved into the mixed-layer can transfer to the atmosphere by air-sea gas exchange. And finally, because seep
bubble-plumes are associated with upward fluid motions
driven by the buoyant rise of the bubbles—the upwelling
flow—(McDougal 1978; Leifer and others 2000b; Leifer
and MacDonald 2003), dissolved methane in the bubble
plume is vertically transported (Leifer and Judd 2002).
This allows some of the methane-enriched water in the
plume below the mixed-layer to be transported into the
mixed-layer where it can potentially escape to the atmosphere. Thus, understanding the fate of seep gas requires
the understanding of bubble processes and bubble-plume
processes in the ocean.
As a bubble rises, the outflow of methane (and other
hydrocarbon gases, if present) is driven by the concen-

tration difference with the surrounding fluid (Leifer and
Patro 2002):
dn=dt ¼ kB ðrÞ 4 p r 2 ðC  HPÞ

ð1Þ

where n is the molar content of the bubble, t is time, kB is
the individual bubble gas transfer rate, r is the equivalent
spherical bubble radius, C is aqueous concentration, H is
the Henry’s Law constant (Wanninkhof 1992), and P is the
partial pressure for each gas. From (1) the outflow rate is
dependent upon r, the concentration difference between
the bubble and the surrounding water ( C - HP), and
factors affecting kB. Parameters affecting kB include gas
diffusivity, temperature, and r (Clift and others 1978;
Leifer and others 2000a). Also, factors that affect the
bubble’s boundary layer—i.e., bubble hydrodynamics—are important including, surfactant (surface-active
substance) contamination (Patro and others 2001), oil
(MacDonald and others 2002), turbulence from other
bubbles (Gal-Or and Waslo 1968), and hydrate skins
(Rehder and others 2002). Larger bubbles with their
greater volume transport more methane and a greater
fraction of their initial methane to shallower depths, while
smaller bubbles dissolve at deeper depths (MacDonald and
others 2002). Thus, bubble size is critical to predicting the
fate of the seep gas. For example, for clean—uncontaminated—methane bubbles rising from 100 m, bubbles with
r =1,000, 3,000, 5,000, and 10,000 lm transport 0.01, 5, 30,
and 70% of their methane to the atmosphere, respectively
(from Leifer and Patro 2002).
In addition to the above mentioned factors, bubble plume
processes affect the bubble gases’ fate, by elevating C in
the plume water above background (decreasing C ) HP)
and by creating an upwelling flow. Since bubbles rise
relative to the surrounding fluid (Woolf and Thorpe
1991), the upwelling flow decreases the time for bubbles
to reach the mixed-layer or sea surface. Seep upwelling
flows were observed at both 550-m deep seeps in the Gulf
of Mexico (Leifer and MacDonald 2003) and at shallow
seeps at 20 to 70 m deep in the Santa Barbara channel
(Leifer and others 2000b; Clark and others 2003). Elevation of C in seep bubble plume water was reported in the
Santa Barbara Channel (Leifer and others 2000b; Clark
and others 2003). These effects result from the cumulative effect of all the bubbles in the plume; thus, they
depend on the total emission flux (Leifer and others
2000b) and the bubble size distribution (Leifer and Patro
2002).

Bubble size-distribution
observations
In the following discussion we define vents as high flow
and low flow based on the characteristics of the produced bubble distributions. This distinction is based on
laboratory observations of bubbles produced from
drawn capillary tubes in a tank. At low flow rates, the
bubble size depends only on the capillary tube diameter
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and is independent of the gas flow rate (Blanchard and
Syzdek 1977). Thus an increase in flow increases the rate
bubbles are produced, not their size. At high flow rates,
bubble size increases with flow, and in the formation
process bubbles spanning a wide size range are produced (Slauenwhite and Johnson 1999). In the transition
regime a few smaller and larger bubbles are produced.
Vents in this transition regime are classified as low flow.
The limited field data agrees well with laboratory
observations.
Leifer and MacDonald (2003) reported seep-bubble sizedistributions from exposed hydrate in the Gulf of
Mexico at 550-m depth emitted from three seep vents.
Reported distributions were narrow and sharply peaked,
or broad. The two narrow and sharply peaked distributions were produced by low flow vents, while the high
flow vent produced a broad, shallow distribution spanning from very large bubbles ( r > 1 cm) to small
bubbles at the minimum size resolution limit. Leifer and
Judd (2002) reported a narrow peaked distribution
at the sea surface in the Santa Barbara Channel.
Currently, there are no other published seep-bubble
size-distributions.
Seep upwelling observations
Rising bubbles vertically accelerate the surrounding fluid,
creating an upwelling flow, which decreases the bubble
transit time across the water column, thereby enhancing
vertical bubble-mediated methane transport (Leifer and
Patro 2002). Leifer and others (2000b) reported seep
upwelling velocities in the Coal Oil Point (COP) Seep Field
determined by visually tracking the rise of fluorescein dye
injected two meters below the sea surface. Velocities
varied from 15 cm s)1 for a very weak seep that produced
only a few tens of bubbles per second to 1 m s)1 for the
largest seep in the field, the Seep Tent Seep (70-m depth,
34 23.074¢N, 119 53.388¢ W). Leifer and MacDonald
(2003) inferred the upwelling flow for bubble streams from
exposed hydrate at 550 m in the Gulf of Mexico with
measurements of the bubble vertical velocities. Upwelling
velocities were 20 cm s)1 for the high flow vent, and
5 cm s)1 and <2 cm s)1 for two low flow vents, the latter
of which produced very oily bubbles. Upwelling flow
velocities in the water column are likely larger than near
the seabed where the seawater is under acceleration. If the
bubble plume survives to the sea surface, then the
upwelling flow decelerates near the sea surface where it
must diverge. Clark and others (2003) reported on total
water column upwelling flows at a very active seepage
area, Shane Seep (22-m depth, 34 23.370¢N, 119 53.428¢
W) in the COP Seep Field. The upwelling velocity was
measured by releasing fluorescein dye into the bubble
stream at the seabed, and measuring the time to reach the
sea surface. The maximum upwelling velocity occurs along
the plume axis (McDougal 1978). Based on the initial arrival of the dye at the surface, the velocity was 40 cm s)1.
Clark and others (2003) proposed that seeps modify their
environment thereby increasing the methane flux to
shallower depths (i.e., to the mixed-layer and/or to the
atmosphere).
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Transient gas emissions
and seep-bubble transport
to the atmosphere
Given the seep depth, emission bubble size-distribution,
and ambient plume conditions such as dissolved plume
gas concentrations, a numerical bubble model can predict
the methane dissolution rate at different depths, or the
fraction that reaches the atmosphere, enters the mixedlayer, and dissolves in the deep-sea. From this the global
flux to the atmosphere could be estimated if the distribution of seepage in continental shelf waters was known.
However, quantitative measurements of these parameters,
even for steady-state seepage, are few to non-existent. In
addition, seepage varies on time scales from decadal
(Fischer and Stevenson 1973; Fischer 1978; Quigley and
others 1999) to tidal (Boles and others 2001) and subhourly (Leifer and Boles 2004a). Seepage also varies spatially (Quigley and others 1999; Hornafius and others 1999;
Washburn and others 2001; 2004). These temporal variations result from either external cyclical forcings, such as
tides and swell, or other non-cyclical factors such as the
interaction between gas and oil fluxes (Boles and others
2001; Leifer and others 2003; Leifer and Boles 2004b).
Furthermore, indirect observations exist of ‘‘eruptive’’ gas
emissions from marine (Tryon and others 1999; MacDonald and others 2000) and terrestrial seeps and mud
volcanoes (Sokolov and others 1969). We term these
emissions ‘‘transient’’. Moreover, seepage associated features such as pockmarks and mud volcanoes are observed
globally (Judd and others 2002) and suggest transient gas
emissions occur with non-negligible frequency. The general lack of quantitative seepage values for steady state
(including cyclical) seepage not to mention transient
events, presents a challenge to estimating the global contributions from non-transient and transient marine seepage (e.g., Milkov and others 2003).
In this paper we present evidence that in active seepage
areas in the Coal Oil Point (COP) Seep Field, transient gas
emissions occur frequently. Based on observations (both
published and presented below) we propose that these
emissions are more likely to transport methane to the
atmosphere for three reasons. For transient emissions, (1)
bubbles are larger, (2) upwelling flows are produced, and
(3) plume water becomes saturated. Failure to account for
the transient contribution, including these effects of plume
ambient condition modifications, will likely lead to
underestimation of the total marine seep contribution to
atmospheric methane budgets.

Materials and methods
Methods overview
Given the spatial and temporal variability of gas seeps,
measurement approaches that provide both spatial and
temporal data are needed. Methods discussed in this paper
include a turbine seep-tent for measuring gas flux and
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seabed mapping. These methods were tested in the COP
Seep Field, located near the University of California, Santa
Barbara (UCSB). The field has a wide diversity of seepage
rates and thus provides an ideal natural laboratory for
studying seep processes and developing measurement
instruments and techniques.
Turbine seep-tent flux monitor
The underlying principle of the turbine seep-tent (Fig. 1)
is that rising bubbles generate an upwelling flow that can
be measured by the spin rate of a turbine (Leifer and Boles
2004a). In brief, a 2-m diameter conical tent of thin
polyvinylchloride (PVC) plastic collects bubbles which are
funneled through a breakup grid into a chimney where the
turbine is mounted. Since the upwelling flow depends in
part on bubble size, the grid ensures an approximately
constant bubble size, as well as preventing debris from
entering and jamming the turbine. Magnets on the turbine
shaft generate pulses (four per rotation) in a Hall effect
sensor. A data logger (OMP-MODL, Omega Corporation,
CT) recorded the number of pulses per time interval. The
time interval was chosen so that several pulses were
recorded per interval to maximize the time resolution
(0.2 s). Temperature and pressure were recorded with a
3-s time interval by a conductivity temperature device
(CTD) with internal data logging capabilities (SB-39,
Seabird, FL) mounted on one tent frame.
Since the pulse series is quantized, data was 1-s (i.e., 5
intervals) running averaged and then 1-s block averaged.
De-quantized series were converted to a gas flux with a
function (see Fig. 2) determined from a series of calibration experiments in the 3·5·52 m wind-wave channel of
the UCSB Ocean Engineering Laboratory. In these experiments, bubbles were created by connecting an air compressor to a regulator and then one of a series of rotameter
flow controllers (Omega Corporation, CT). A tube then ran
from the flow controllers to the wave-tank bottom where it
was either connected to one of two air stones or left
unconnected. Three distinct bubble size-distribution
streams were produced. The flow at the turbine was
corrected using Boyle’s law for the hydrostatic pressure

Fig. 2
Flow rate as a function of rotation rate for the turbine seep-tent
calibration experiments. Line shows the least-squares, linear-regression analysis fit to data over the range of the fit. Data key on figure. T1
– T3 are for the three aerators, ‘‘no tube’’, ‘‘small bubbles,’’ and ‘‘large
bubbles,’’ respectively

difference between the air stone and turbine. For all threebubble sources there was very good correlation in gas flux
(R2=0.985) spanning nearly four orders of magnitude. Post
mission calibration (Fig. 2) agreed well with the pre-mission calibration. Calibration also showed tent tilt negligibly affected turbine efficiency flux for small (<10) tilt
angle (Leifer and Boles 2004a).
Seabed mapping
For 3 years (2000–2003), SCUBA divers periodically
visited an area of very active seepage, Shane Seep, and
conducted both video and measurement surveys, documenting numerous changes in seabed morphology. Since
the seabed in the area of the COP seeps is generally

Fig. 1
Turbine seep-tent schematic. Inset shows
turbine details
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featureless sand—excepting the seeps (Fischer 1978),
north–south and east–west steel-link transect chains (2.5cm links, 20-m long) were laid down late October 2001.
Heavy chains allowed the transects to survive winter
storms. The chains were centered on a position 3.5-m
west–northwest of two prominent ‘‘hydrocarbon volcanoes’’. These volcanoes are termed hydrocarbon (HC)
volcanoes to denote that the volcano walls are a combination of tar and sand rather than mud (La Montagne and
others 2004). HC volcanoes generally had an associated
active major vent (high flow) and were marked by closed
cell foam numbers. Surveys used a measuring tape to
determine distances to major morphological features, wall
heights, and volcano dimensions. Volcano depths were
measured using a level and ruler. In the November 2003
survey, the depth at key locations was determined with a
dive watch (±15 cm) to quantify regions of seabed uplift or
depression.
Site description
The COP Seep Field is probably the best-studied seep field
in the world, and is shown in Fig. 3. Studies have quantified seep area (e.g., Allen and others 1970; Fischer and
Stevenson 1973; Fischer 1978; Hornafius and others 1999)
and emission fluxes using sonar techniques, ocean geochemistry, and direct gas capture at the sea surface. During the last 7 years, the UCSB seep group has mapped the
seeps in the area using sonar images and quantified
seepage flux from sonar and direct gas capture using a flux
buoy (Washburn and others 2001; 2004). Results indicate

that 1.5·105 m3 day)1—4.5·1010 g yr)1—of seep gas is
emitted to the atmosphere from 3 km2 of sea floor
(Hornafius and others 1999) with roughly an equal
amount dissolved into the coastal ocean (Clark and
others 2000). The seeps also release about 80 barrels oil
day)1 - 5·106 l yr)1 (Clester and others 1996) with oil
slicks a common channel feature. It has been noted that
oil (Mikolaj and Ampaya 1973) and gas (Boles and others
2001) emissions vary with tides. Quigley and others (1999)
noted seepage changes on decadal time scales in the field
with significant decrease in seepage area between 1973 and
1995.
Seep locations are controlled by faulted anticlines (Fischer
1978) and lie along three water depth trends. The inner
trend is SCUBA-diver accessible, depth 20 m, and includes Shane Seep and IV Super Seep. A second trend at
depth 40 m includes the Horseshoe seeps and COP
Seeps. The deepest trend (depth 70 m) includes La
Goleta Seep and the Seep Tent Seep as well as Platform
Holly. All seep names are informal.

Observations
Shane Seep was chosen for this study for several reasons.
Shane Seep has the most intense and concentrated seepage
in the seep field, with the highest single point flux measurements, the third highest overall flux (Washburn and
others 2004), and is diver accessible. Seabed surveys show

Fig. 3
Location of informally named
seeps in the Coal Oil Point Seep
Field, Santa Barbara Channel off
the coast of Santa Barbara, California. Upper right panel shows
the southwest US coast; upper
left panel shows the Santa Barbara Channel with gray rectangle
indicating the location of the
study area, shown in lower
panel. Gray areas in lower panel
indicate regions of high bubble
density from sonar returns
(Hornafius and others 1999).
Inshore seeps (Shane Seep, IV
Super Seep, and Farrar Seep)
were too shallow for the survey.
SBA is Santa Barbara airport,
LAX is Los Angeles airport

1042

Environmental Geology (2004) 46:1038–1052

Original article

Fig. 4
Images from Shane Seep taken Nov. 2000. A shows peripheral region
10 m north of the transect line center. Sand anchor extends 50 cm
above the seabed. B shows main vent in HC volcano #1. HC volcano
rim is visible to lower right. Width of image is approximately 1 m, the
largest bubbles are 2–3 cm across

seepage spanning a wide range of fluxes and bubble stream
types, from streams separated by 1–2 m in the peripheral
zone that emitted bubbles in lines (See Fig. 4A), to very
intense vents producing fist sized bubbles every few tenths
of a second in the HC volcanoes (See Fig. 4B). Figure 5
summarizes the seabed mapping observations from
November 2000 to November 2003.
Seabed morphology variations over time
Seep-scale nomenclature
As is typical for many natural systems, the COP Seep Field
seepage exhibits spatial structures on diverse scales, from
kilometer to centimeter. Since the processes controlling
these features are different, we introduce the following
nomenclature to distinguish between seepage at different
scales (Leifer and Boles 2004b). The largest scale is the
seep field. Seep fields are isolated from each other by large
distances (large is defined as >20 times the size scale of the
structure, in this case, the seep field). Within the seep field
are active seep areas, which are surrounded by areas
without seepage. Seep areas often are controlled by the
underlying geological structures (faults, fractures, salt
diapirs, caprocks, etc.) and may span several to tens (or
even hundreds) of meters. A seep area may contain one or
more central seep zone or zones, which are defined by
distinct morphological features (mud volcanoes, mounds,
brine pools, gryphons, etc.). Each central zone is generally
surrounded by a peripheral seep zone, which is much less
active and is absent significant features. Although a seep
area can contain multiple central seep zones or none, we
defined the entire peripheral area as a single zone. At the
smallest scale (neglecting microseepage) is the seep vent,
from which bubbles emerge at a single point. Finally,
structures larger than seep vents may exist within seep
zones and are termed seep domains. We define the seep
domain as including vents that exhibit close interconnec-

tedness. Thus flux variations at one vent strongly affect the
flux at other vents in the domain. Furthermore, some vents
in one seep domain may be physically located in another
seep domain; it is the connectivity that is important.
Seabed surveys
Video surveys from November 2000 showed just two HC
volcanoes (#1 and #2) with a dividing ridge between them,
(indicated by a dashed line in Fig. 5A). The volcanoes were
roughly circular and 3 m in diameter. Few changes were
noted during the next year. The first survey when seabed
features were measured was November 25, 2001. Over the
subsequent 2 years, numerous changes occurred including: appearance of new volcanoes and other seep related
features, growth of walls, destruction of walls, relocation of
volcanoes, and plastic-like seabed deformations (see
Table 1).
The most significant change observed was the formation of
HC volcano #3. HC volcano #3 was nearly circular and
appeared during a 3-week period in October 2001 after the
transect chain was laid in place. During the same 3-week
period, the walls of HC volcanoes #1 and #2 were partially
destroyed. HC volcano #3 became the dominant seepage
zone until HC volcano #0 became dominant in June 2003.
Finally, by November 2003, HC volcano #3 became inactive with only trace remnant features (slight depression,
dark sand coloration).
The formation of active HC volcanoes #4 and #0 both were
presaged by the appearance of minor seepage related
features in March 2002 and March 2003, respectively. This
may have happened for HC volcano #3, but was not noted
(once it was recognized that major features may be presaged by the appearance of small features, subsequent
surveys were conducted more carefully). In some cases, the
appearance of small intense seepage features did not presage the appearance of a HC volcano. In June 2003, a small,
low-activity HC volcano 75 cm in diameter and 5 cm
deep was first noted 3 m west of the mooring point (but
not mapped). It was not noted in a subsequent survey in
November 2003.
Also observed in association with rapid growth of HC
volcanoes was a change in the volcano floor from sand to
exposed stones and large tar blocks. When first surveyed
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Fig. 5
Results of Shane Seep seabed surveys 11/2000–11/2003. Vertical thick
gray lines show location of profiles, shown to scale and labeled at the
top of each panel. D Profiles were not measured March 2003. Dashed
line on A shows approximate location of central dividing wall prior to
November 2001. Primary vent locations shown where identifiable.
Small grid is 1-m squares, large grid is 5-m squares. Symbol key on
figure. HC is hydrocarbon

in November 2001, large tar blocks (to 1.0·0.5·0.75 m)
were observed in HC volcano #3 and the floor was sandy.
By December 2001, the volcano floor of HC volcano #3 was
comprised of pebbles and stones. In March 2003, seepage
at HC volcano #0 was intense (but not dominant) and this
small volcano’s floor was pebbled.
Surveys after the transect chains were laid down showed
one chain disappearing into walls of HC volcano #3, although elsewhere the chain remained atop the sediment.
This strongly suggests that the HC volcano walls are
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depositional features. Sediment in the volcano walls and
floors is very cohesive due to the high tar content, yet the
surveys showed walls were occasionally destroyed and also
rebuilt. Thus, the northward ‘‘migration’’ of HC volcano #3
from March 2003 to June 2003 probably resulted from the
destruction and rebuilding of its walls several meters to the
north, and as a result, its walls were no longer penetrated
by the transect chain in June 2003.
Not all volcano relocations were necessarily due to a
destructive/constructive cycle, particularly with regards to
HC volcano #4. By March 2003, HC volcano #4 was located
on a plateau, with the seabed in the general area elevated
several tens of centimeters. HC volcano #4 was first noted
in March 2002 as a 2-cm-tall feature beyond HC volcano #3
and resembled a large, circular pancake rather than a
volcano. A few sporadic bubble streams emerged from the
feature. Over the next year it grew in height and gas
emission. Seabed uplift to the west of HC volcano #3 and
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Table 1
Summary of seabed morphology changes. See Fig. 5 for feature locations
Feature
Appearance
Movement
Growth
Shorter walls
Dominant
volcano to
seepage

#0

#1

#2

#3

#4

#5

E. Ridges

S. Ridge

03/03
)
04/03
11/03
06/03
06/03
)
)
)
11/03
06/03
to
11/03

<11/00
03/03
3/03
11/03
12/01
03/02
06/03
10/01
03/02

<11/00
12/01
)
)
12/01
03/02
)
10/01
03/02

10/01
06/03
06/03
11/03
12/01
)
)
04/03
11/03

03/02
03/03
)
)
04/03
)
)
06/03

11/03
)

03/03
)

03/03
11/03

)

)

04/03

)

)

06/03

11/00
to
10/01

11/01
to
04/03

) implies no significant change, i.e., <25%, or not applicable

of the plateau on which it stood accompanied this increase
in seepage. However, in November 2003, HC volcano #4
was smaller than previous observations, and although still
atop a plateau, the surrounding seabed was deeper than
before. Simultaneously, HC volcano #4 and its plateau had
shifted several meters to the south. These changes are
more suggestive of the plastic deformation of tar saturated
sediments than erosion and reformation.
Also suggestive of plastic deformation of the seabed are
the ridge and ledge features. In general, tar ridges persisted
for relatively short time periods. The south tar ridge
(41 cm tall), first noted in March 2003, largely had disappeared by June 2003, replaced by a ledge in November
2003. Another example was the area to the north of HC
volcano #3, which was noted as elevated only in the April
2003 survey. Seepage at tar ridges is much less than for the
HC volcanoes, and they generally have slightly more
seepage from their crests than their edges and the surrounding seabed.
Most elongated features were oriented north–south.
During its initial growth phase, HC volcano #0 became
highly oblong in a north–south direction, roughly centered on its primary vent. The east tar ridges and also
the uplift between volcanoes #3 and #4 were north–
south oriented. In one survey, HC Volcano #4 was
north–south elongated, although in November 2003 it
was roughly circular. HC volcano #0 had a unique, twostep profile on its southern wall in June 2003, with a
raised plateau 20 cm wide, halfway up (Fig. 5F). In
November 2003, the profile for HC volcano #0 was still
asymmetric, nearly vertical to the south and sloping
towards the north.
Primary vent locations (marked with numbered rebar
stakes) were generally persistent, although they were observed to move (or more likely deactivate with activation
of a new primary vent), particularly when the HC volcano
moves. Thus the main vents of HC volcanoes #1–#3
remained in the same location from November 2001 to
March 2002; however, 1 year later (March 2003; Fig. 5D),
they had shifted. At this time, the stakes marking vents #1
and #2 were found toppled over and were relocated by
divers to the new vent locations.

Another change of note was the deposition of sand at the
site prior to the April 2003 survey. The stake for vent #2
was found sticking 15 cm out of the sandy seabed, instead of the 50 cm during the previous survey, indicating
the deposition of 30 cm of sand (at least at vent #2).
Ridges protruding above the sand matched the previous
location of the walls of HC volcano #3, indicating other
portions of HC volcano #3’s walls were destroyed to a
height less than the added sand overburden.
Turbine seep-tent
SCUBA divers deployed three turbine seep-tents (Fig. 1) at
Shane Seep on March 11, 2003 (see Fig. 5D for locations).
The tents were located in the peripheral zone in areas with
three different seepage rates on an approximately level
seabed. Thus, the tent skirts were flush with the seabed,
sealing their interiors from the surrounding ocean. This
zone was characterized by numerous small vents located
30 to 50 cm apart, each producing lines of bubbles, and
extended a few meters south and north of the transect
chain. Vent density decreased further north, extending the
furthest in the north-northeast directions, as far as 10 to
13 m. Deployment avoided the HC volcanoes on the
hypothesis that fluxes might be large enough to lift the
tents off the seabed.
Vertical temperature profiles were obtained during
deployment and recovery (Fig. 6A). For each profile, data
were depth segregated into 1-m depth layers and then
averaged. The tents were deployed at 10:35 AM and the
vertical profile showed a well-mixed water column, with a
thin cooler layer near the seabed. Swell was low (1 m)
and predominantly from the south. Turbine data collection started at 11:00 AM and continued for 2 h once divers
positioned the tents and attached the turbines. The seabed
temperature and pressure are shown in Fig. 6B. By late
morning, wind and swell had increased. These changes
accompanied the arrival of a marine layer in the area,
which arrived at the site at 12:30 PM. At 13:10, the
changing tide shifted the boat and pulled the turbines off
the tents. Divers replaced the turbines at 13:50 and data
collection resumed. Tent #3 was repositioned, slightly
shifted from its original location, which may have caused
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Fig. 6
Vertical temperature profiles
(1-m averaged) A and seabed
temperature and pressure
records B for March 11, 2003.
Data key on figure, times of tide
shift, deployment, and turbine
data acquisition shown on B

an offset in its flux. The tide shift was accompanied by an
influx of colder water at the seabed. Data collection continued for another 90 min before tent recovery due to the
worsening weather. The vertical profile at recovery
(Fig. 6A) showed cooler water throughout most of the
water column.
Fluxes for the three tents are shown in Fig. 7. Variations
on short time scales were observed; for example, there was
a clear seepage response to hydrostatic pressure changes
due to swell (Leifer and Boles 2004a). Interestingly, Tents
#1 and #2 both experienced transient events termed
‘‘ejections,’’ during which the flux first decreased and then
increased significantly. Raw data (not averaged or
smoothed, i.e., 0.2-s resolution) for the ejection at tent #1
is shown in Fig. 8A. During this event, 0.42 m3 of gas (at
STP) was emitted in 5 s. It is unclear if the high-frequency oscillations were real or a result of the turbulence
within the turbine at such high flow rates. The calibration
was extrapolated to this range because producing a gas
flux of 2 m3 min)1 (at STP) was not achievable in the lab.
Based on lab tests of smaller bubble pulses, the initial half
second of rising flux most likely corresponds to the ‘‘bow
wave’’, or water pushed in front of the bubble, while some
of the ‘‘tail’’ (14:13:55 to 14:13:57) likely resulted from
persistence of the upwelling flow (or wake) after the

bubble pulse passed. Both immediately before the ejection
and shortly afterwards, the gas flux dropped to zero for
several seconds (Fig. 8A). The flux remained depressed for
30 s after the ejection before beginning to unsteadily
recover to greater than its original value. A second ejection
occurred at 12:08 PM at tent #2 (Fig. 8C) and showed a
similar pattern, but with a smaller initiating drop, followed
by recovery to a greater flux afterwards, at least for
3 min. The flux then decreased 10% and remained
depressed for 1 min.

Discussion
The turbine flux data shows variability with time scales
from seconds to hours. On much longer time scales, seabed morphological changes occurred on monthly to yearly
time scales. The high tar content of the sediment, and
frequent construction/destruction of HC volcano features
suggest that large ejections occur frequently and may often
relate to tar. Leifer and Boles (2004b) concluded that small,
very oily bubbles were formed occasionally during bubble
formation and for high flow vents, during bubble breakup.
Thus, we hypothesize that the dynamic nature of the COP

Fig. 7
Flux, corrected to standard temperature and
pressure ( STP). Tents labeled on figure
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Fig. 8
Flux, corrected to standard temperature and pressure (STP), for A tent #1
during ejection event. Raw data with
0.2-s time resolution and B 1-s averaged data for tent #1. Note, vertical
scale is logarithmic. C 1-s averaged
data for tent #2 during a second
ejection event and D 5-s averaged
data for tent #2

Seep Field is due largely to the interplay between tar, oil,
and gas.
Seep seabed-morphology
Seabed morphology changes over the years included the
deposition of tar from ejections along with the removal of
seabed material during large ejection events, plastic seabed
deformation, and the erosion and burial of features by
sand, probably during storms. Vent locations can remain
fixed for years and then re-emerge nearby. While ejection
events build up volcano walls, they also can destroy them.
Together these changes provide strong evidence of the
dynamic nature of hydrocarbon seeps.
Ephemeral nature of seabed seep features
HC volcano #3 formed during a 3-week period when
10,000 kg of sediment was displaced (for 3.5-m diameter,
50-cm depth, and 2-g cm)3 sediment density) and had
highly circular walls that were centered on the main vent.
This evolution is most plausibly explained by one or a
series of ‘‘explosive’’ ejection events. During this period the
walls of HC volcanoes #1 and #2 also were destroyed,
indicating that ejections not only form HC volcanoes but
also destroy them. Therefore, we propose that rapid formation of HC features including the growth of walls, or
volcano relocation (i.e., destruction of the old walls and
construction of new) provide evidence of frequent, powerful ejections or series of ejections. Further evidence of
eruptive behavior is provided by the observation that when
volcano walls grew taller, they grew symmetrically (except

for HC volcano #0) and buried the transect chain. Since we
propose a depositional model for formation of these features, ejections are required to loft seabed material.
The magnitude of these events must have been significant.
An ejection of orders of magnitude larger than shown in
Fig. 8 was reported in Leifer and others (2003) and showed
no significant modification of seabed features. Clearly, a
very large event (or series of events) formed HC volcano
#3. The blockage that caused the formation of HC volcano
#3 could have been shallow or deep (deep is defined as
many times the seep area size scale, i.e., >25 m). Any
explanation must account for the destruction of the
intervening ridge at the existing vents and the formation of
HC volcano #3. One hypothesis is a shallow blockage of the
flow through vents #1 and #2, which caused the pressure
build-up necessary to form HC volcano #3. This pressure
buildup and the subsequent formation ejected the large tar
blocks found in HC volcano #3. Thus, the tar blocks suggest the most plausible mechanism was a tar plug. Since
tar blocks were not found at the HC volcanoes #1 and #2,
the tar probably was from the shallow subsurface under
HC volcano #3.
Alternatively, we could hypothesize a deep source, such
as a large gas pulse that upon reaching the seabed
overwhelmed the capacity of the existing vents. This
would lead to a pressure increase in the fractures
underlying vents #1 and #2 which were too small to easily
conduct the high gas flux. In this scenario, the pressure
increased sufficiently to create a new pathway, i.e., HC
volcano #3.
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The blockage that caused the ejection event at tent #1
occurred sufficiently deep to stop seepage at all vents
under the tent. Assuming the ejection at tent #2 was due to
the same process (blockage and blow-through), then most
likely the ejection only affected a fraction of the vents
under the tent since the flux never ceased.
The ejection event at tent #1 released significant gas in a
very short time, but did not significantly change seabed
morphology. However, the event released tar (found on the
bubble-breakup grid). This suggests that this type of
ejection could contribute to the construction (via deposition and sand grain cementing) of HC volcano walls. The
hypothesis that HC volcano walls form by a depositional
process was dramatically demonstrated by the burial of the
transect chain after it was draped across the newly formed
HC volcano #3. Since elsewhere the chain, even two years
later, lay on top of the sandy bottom, only a depositional
process can explain the chain’s disappearance into the
volcano walls. Furthermore, the appearance of pebbles in
the bottom of HC volcano #3’s crater suggests that not
only tar, but also sand and other fine unconsolidated
sediment were lofted during these events, leaving behind
the heavier pebbles.
Plastic seabed deformation
The seabed morphology surveys also showed changes that
probably were not caused by eruptive events; namely
seabed deformations including the appearance and relocation of tar ridges, ledges, and plateaus. These were most
common towards the eastern edge of the seepage area,
where there also was evidence of seabed uplift (30 cm).
We propose that these seabed deformations are related to
tar (or very viscous oil) flows with minimal gas flux. In
such case, the process is similar to tar oozes that form
mounds at a beach tar seep at Carpinteria State Park, CA.
This tar was used by indigenous peoples for boat making
for centuries or longer (Fischer 1978). Given sufficient
driving pressure, tar can migrate. At Shane Seep, this
pressure probably results from gas trapped behind the tar,
which may form gas spaces under the more transient
seabed features. These features are associated with lower
gas emissions, unlike the main HC volcanoes. The transience of these features may result from when gas becomes
trapped underneath the tar-sand layer at the seep seabed
or leaks faster than it is replaced from below. This may
explain the subsidence west of HC volcano #4 in November 2003 as compared to previous surveys, which occurred
during a period when its size decreased significantly.
Because tar is deformable, pressure relief could be lateral,
thereby causing seabed surface features to shift, as happened between April and June 2003.
A major difference in the formation of HC volcanoes #3
and #4 was that HC volcano #4 formed gradually (over a
year) and included a raised plateau, while HC volcano #3
appeared suddenly. Not only did the plateau height gradually increase with time, but the gas flux at HC volcano #4
and the size and height of its walls also increased gradually. When first identified, HC volcano #4 was only a few
centimeters tall and emitted a few bubble streams. By 2003,
its crater was meters across with walls half a meter high
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and many active vents. This is consistent with the tar
initially being slowly forced from the fractures until the
gas flux was sufficiently great (i.e., fractures were sufficiently open) to begin ejecting tar and forming walls.
Also interesting and probably tar related was the ‘‘death’’
of HC volcano #3, which was preceded by relocation of the
volcano to north of the transect chain. This probably
signifies that tar had begun blocking the fractures under
HC volcano #3 and was no longer being effectively cleared
through by the gas flux. Gas flux then shifted to other
vents (#0 and #4 in April 2003), while HC volcano #3
migrated north a few meters. This shift could have been as
a result of this tar blockage not being cleared. Alternatively, the shift in gas flux could have stopped further
clearing of tar plugs by the blow-through ejection mechanism. Furthermore, an increase in tar flux and blockage
of pathways could explain the large (50 cm) increase in
plateau height near HC volcano #3 during the same period,
prior to the expansion of HC volcano #4 between April and
June 2003.
Seep ejections and bubble survivability
Net effect of ejections on total flux
The 5-s ejection at tent #1 released 140 l of gas (at 3 bar), in
comparison to the prior background flux of 5.3 l s)1. Thus
the ejection released gas equivalent to 26 s of normal flux in
just 5 s. Since total flux dropped to 3 l s)1 (at 3 bar) for
several minutes before the ejection, the total effect of the
ejection was a net decrease in flux. However, afterwards the
flux increased and remained elevated (25%) for tens of
minutes. Including the post ejection increase in flux yields
a clear net increase in gas flux. The key point is that the
ejection flux itself did not significantly impact overall flux
at tent #1. Rather it was the changes before and afterwards
that had a significant effect (which we hypothesize were due
to tar) for the vents under tent #1. What remains unknown
is whether the overall flux for the entire seep domain was
significantly altered, or simply shifted between vents. These
observations suggest that the larger events associated with
changes in seabed morphology may also significantly enhance seep gas emissions. However, since this conclusion is
based on extrapolation, further research is required to
determine if the eruptive gas ejection for these larger events
which significantly change seabed features, contribute
significantly to total gas flux.
Ejections and bubble survival
Bubble plumes from low flow vents in the Gulf of Mexico
(Leifer and MacDonald 2003) and Santa Barbara Channel
(Leifer and Boles 2004b) produced a narrow size range,
while bubble plumes from high flow vents produced a wide
spectrum of bubble sizes including very large and very
small bubbles. Not surprisingly, high flow vents also
generated stronger upwelling flows. Higher flux seeps in
the COP seep field enhance the dissolved methane concentrations in the plume water surrounding the bubbles,
thereby decreasing the bubble dissolution rate (Clark and
others 2003). In numerical studies, Leifer and Patro (2002)
showed that upwelling flows and enhanced plume methane
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concentrations increase bubble survivability and vertical,
bubble-mediated methane transport.
Bubble emission size distributions during ejection events
are unknown, but since they are high flow, they most likely
produce a broad, weakly size dependent, bubble size-distribution, extending to very large bubbles. The lab test
pulses produced bubbles as large as tens of centimeters.
The higher flux and broader size range should significantly
enhance methane concentrations in the plume water.
Upwelling flows would also be stronger given the greater
bubble flux. These three factors lead to the hypothesis that
bubble-mediated gas transport to the sea surface from
large transient ejection events will be much greater than
for an equivalent flux from more widespread and nonejective gas emissions.
A proposed mechanism for transient
behavior of seeps
An electrical network model
Seep vents are probably interconnected in a complex
manner through subsurface fractures, faults, unconsolidated sediment, and rocks. A simplified approach to
model subsurface gas seepage is as a network of connected
resistors with resistances Rj - equivalent to viscosity, and
capacitors with capacitances Cj - equivalent to reservoirs
or fracture capacities, driven by a voltage potential, VR equivalent to the system overpressure (Fig. 9A). If VR
changes (e.g., due to an increase in water column height or
reservoir pressure), the flow for each pathway—equivalent
to current i j, adjusts with its own time scale until a new
equilibrium flow is achieved. The new equilibrium will
have a different ratio of flow for each vent from the original equilibrium due to the relationship between viscosity
and flow. This is analogous to the change in resistance in a
resistor due to heating from changes in current. Continuing the analogy, larger pathways (equivalent to higher
wattage resistors) are more capable of conducting an
increased flow with less of an increase in viscoous
damping (corresponding to less resistive heating) than
smaller pathways. This is consistent with the observations

of Leifer and Boles (2004b) that the tent with the highest
flow showed the smallest response to swell-induced flow
variations. The response of the fracture system is complex,
with each fracture acting as a low pass filter with its own
RC time constant. Thus, high capacity and high resistance
fractures (long RC time constant) damp out variations,
while low capacity and low resistance fractures (short RC
time constant) do not. However, an amplified response to
the driving pressure signal, as reported for swell pressure
forcing in Leifer and Boles (2004b) requires a more complex model. Leifer and Boles (2004b) proposed pore activation and deactivation as the most likely process. In their
model, pores are activated and deactivated depending
upon the vent overpressure required to overcome surface
tension and hydrostatic pressure to form bubbles. In our
electrical analog model, this is equivalent to a Zener diode
at each vent mouth that blocks current flow unless a
certain voltage potential is exceeded.
The model shown in Fig. 9A is for gas only. In reality,
there should be a second electrical network to describe the
oil flux, which shares the same pathways. Moreover,
interconnections between the two networks likely are
numerous and intimate. As an example, consider an increase in gas flow. This increases the driving force behind
the oil flow, increasing the oil flow. This is analogous to a
transistor in which a current applied to the gate (gas flow)
controls the current flow between the base and emitter (oil
flow), shown in Fig. 9B. Alternatively, if the initiating
event is an increase in oil flow, the fracture dimensions
will be reduced and thus the resistance to gas flow
increases and fracture capacity decreases. This leads to
higher driving pressure ( V R) that further increases the oil
flow, depleting the oil reservoir in that portion of the
fracture. Oil depletion then leads to a reduced oil flow.
Thus, many of these feedback cycles lead to oscillatory
behavior. Leifer and Boles (2004b) reported a 4-Hz frequency oscillation in bubble gas emissions from a single
low flow vent at Shane Seep. They proposed this resulted
from the interaction between the oil and gas flows.
One prediction of the resistance model is that not only do
decreases or increases in resistance in one fracture cause a

Fig. 9
Electrical network analogue for subsurface
hydrocarbon seepage. A shows gas seepage, B
shows oil-gas interaction. Symbol key on
figure
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change in the distribution of flow (current) through the
various fractures (resistors) in the seep domain; but the
total flow also changes. Another prediction, is that there is
an asymmetry in the readjustment between flow increases
and decreases in the fractures due to the non-linear effect
of viscosity (resistive heating). Increases shift equilibrium
towards higher flow vents (less viscous damping—higher
wattage resistor) while decreases shift equilibrium towards
lower flow vents (lower wattage resistor) since there is less
viscous damping at lower flow rates. The assymetry arises
since large fractures have less resistance to bubble
formation (i.e., smaller Zener diodes).
A tar migration and formation model
The proposed electrical network model allows investigation of the response, including equilibrium shifts, of the
fracture system to external and internal driving forces and
processes; however, it cannot explain large transient
events (e.g., Fig. 8A). During the 5-h data set, two ejection
events were observed. The numerous significant seabed
morphology changes also suggest that much larger, but
unobserved, transient events occur. The symmetric shape
of the HC volcano walls and the burial of the transect chain
by wall-growth support an eruptive formation process in
which tar cements sand grains together, forming the volcano walls. We propose that tar has the capability to
change fracture dimensions, and unlike oil, does not
readily flow—i.e., tar migration is likely ‘‘punctuated,’’
particularly if it blocks fractures until increasing pressure
blows clear the tar plug.
In our model, gas bubbles flow through the center of
narrow portions of the fracture system—bottlenecks—where the oil is driven primarily along the fracture
walls. Because the velocity must decrease to zero at the
walls—by continuity, oil adjacent to the walls (in a
boundary layer) is nearly stationary. As a result, oil ages
(from biodegradation or loss of volatiles into the gas flow)
in the fractures, becoming more viscous and less mobile.
Biodegradation has been inferred at the reservoir level
beneath Platform Holly (Orphan and others 2003) and
deep subsurface in the Gulf of Mexico (Sassen and others
2003). As oil ages it becomes less and less mobile until it
becomes immobile tar on the fracture wall. This process
gradually narrows the fracture, particularly in the bottlenecks, increasing the resistance and thus the pressure (VR)
across the developing blockage. In the electrical model,
this causes a decrease in the gas and oil flows. Eventually,
the fracture blockage is sufficient that the pressure across
the blockage blows the tar clear, or creates a new pathway,
bypassing the original fracture and blockage point. During
this violent decompression, tar in other portions of the
fracture network also may be blown free. The blowthrough depressurizes the portion of the fracture behind
the blockage point, thus the flow decreases precipitously.
Once the flow recovers, it does so at a higher magnitude
due to the lower resistance of the now clearer, and hence
more open, fracture. The tar blown free may reach the
seabed and escape to the ocean (as on the bubble breakup
grid of tent #1) or lodge elsewhere in the fracture network,
thereby either partially, or completely blocking the
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fracture at another bottleneck and leading to a repetition
of the blockage and blow-through process. Thus, in this
model, tar migrates in discrete events and is blown upwards from one fracture constriction to another.

Conclusions
This paper shows the highly dynamic behavior of a shallow
marine hydrocarbon seep, including both spatial and
temporal variability on a wide range of scales. Understanding the mechanisms underlying these observations
requires time and spatial flux measurements. To understand this variability, new approaches were developed,
including a network of turbine seep-tents that allows longterm spatial and temporal observations of discharges rates,
and mapping of the spatial and temporal variability in
seabed features and vent locations. However, given the
probable violence of the largest transient events, it is
unlikely that as designed, the tents would survive. Still,
insight into these processes can be gained from the tent
observations.
We present an electrical model analog of subsurface
hydrocarbon seepage that is useful for interpretation of
both the spatial and temporal variability of seepage in
terms of ‘‘the subsurface plumbing system.’’ We also
propose a model of the interaction of tar with oil and gas
seepage.
Seepage varies by many orders of magnitude on time
scales from sub-second to decadal with variability
including large transient seepage events. Transient events
produce greater bubble fluxes with likely broader bubble
size-distributions, increased upwelling flows, and elevated
aqueous-plume methane concentrations. For these reasons, we propose that large transient gas emissions enhance, potentially significantly, marine-seep methane flux
to the atmosphere.
For Shane Seep, tar blockage of seep conduits was proposed to play an important role in modulating transient
events. Thus where seepage is associated with petroleum
deposits, such as the Gulf of Mexico and other oil producing basins, similar transient behavior is likely. Similar
behavior may occur under other conditions, for example,
clay could play a similar role to tar, causing modulation of
seepage and transient emissions.
Understanding the transient behavior of hydrocarbon
seepage is critical for assessing synoptic measurements of
hydrocarbon seepage. Specifically, how representative are
quantitative estimates made at a single time with respect to
the temporal average? While long-term monitoring of
individual seep vents is an important step in understanding the temporal variability of seepage, variability in
seabed morphology suggests that long-term trends cannot
be interpreted without a broader, spatial context. Finally,
for prediction of the impact of transient events on the
global atmospheric methane budget, measurements of the
ambient conditions during ejections, including upwelling
flow, plume saturation, and bubble distributions are
critical.
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