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Abstract 16 

The Coal Oil Point seep field is among the most active and studied hydrocarbon seep fields in 17 
the world. The water column of the Coal Oil Point seep field was acoustically surveyed from 31 18 
August 2016 to 14 September 2016 with a 200 kHz split-beam echosounder to map the 19 
distribution of natural hydrocarbons in the region. An in situ direct capture device was used to 20 
measure the volumetric gas flux of natural hydrocarbons for three localized seep sites while 21 
simultaneously collecting acoustic volume backscatter measurements of the hydrocarbons within 22 
the water column. The acoustic volume backscatter was calibrated with the measured volumetric 23 
gas flux and the resulting relationship was used to determine flux over the entire seep field. The 24 
estimate of integrated volumetric gas flow rate over a survey area of approximately 4.1 km2 was 25 
23,800 m3/day. The estimates of integrated volumetric gas flow rate and volumetric gas flux 26 
were compared to measurements reported in previous studies and were two to seven times 27 
smaller than results obtained by Hornafius et al., (1999), which had a total survey area of 18 km2. 28 
However, differences between methodologies limit the ability to assess natural variability in the 29 
Coal Oil Point seep field. 30 

Plain Language Summary 31 

Coal Oil Point is one of the largest and most studied natural underwater hydrocarbon seep sites 32 
in the world. Coal Oil Point is located within the Santa Barbara Channel off California’s coast 33 
and researchers have been studying this natural hydrocarbon site for five decades to understand 34 
how the release of petroleum from the seafloor affects the ocean, atmosphere and living 35 
organisms. This study combines acoustic measurements from a broad scale survey, with direct 36 
observations of gas flow rates, in order to map the contemporary distribution of seeps and obtain 37 
estimates of total gas flow rate for the study site. The total gas flow rate for the surveyed area, a 38 
total area of 4.1 km2, was approximately 23,800 m3/day. The gas flow rates from this study were 39 
compared to estimates reported in previous studies and showed that current gas flow rates range 40 
from two to seven times lower than those reported in 1999 (total survey area of 18 km2). 41 
However, due to differences in the approaches used to estimate the gas flow rate in the region, it 42 
is difficult to address if the change in gas flow rates is caused by natural variability or due to 43 
differences in methodology between studies. 44 

1 Introduction 45 

Natural hydrocarbon seeps occur along continental shelves and in the deep ocean, releasing 46 
hydrocarbons as gas bubbles, dissolved gas and/or oil droplets into the water column from the 47 
seafloor. The Santa Barbara Channel, located on the Southern California coast, is one of the most 48 
active and persistent natural hydrocarbon seep fields in the world (Hovland and Judd, 1992; Hill 49 
et al., 2006) and has been emitting hydrocarbons for tens to hundreds of thousands of years 50 
(Boles et al., 2004; Hill et al., 2006; Valentine et al., 2010). Coal Oil Point, a seep field located 51 
in the Santa Barbara Channel off the south coast of Goleta, California, has been deemed, “one of 52 
the most prolific natural hydrocarbon seepage sites in the world” (Hornafius et al., 1999; Quigley 53 
et al., 1999). Gas bubbles and oil droplets released within this seep field can be visually observed 54 
rising to the surface of the water column and previous research suggests that methane released 55 
from shallow depths (<100 m) facilitates the transport of methane into the atmosphere (Clark et 56 
al., 2003; Clark et al., 2010; Leifer et al., 2000; Mau et al., 2007). 57 
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During the years 1994 and 1995, Hornafius et al. (1999) conducted a broad scale acoustic survey 58 
to map the distribution of natural hydrocarbon seepage activity and estimate the volumetric gas 59 
flow rate in the region. Their estimate of volumetric gas flow rate for the Coal Oil Point seep 60 
field, over an area of 18 km2, was approximately 1.48 x 105 m3/day (Hornafius et al., 1999). 61 
More recent studies have been conducted in order to map the present distribution of natural 62 
hydrocarbons in the Coal Oil Point seep field (Leifer et al., 2010) and obtain localized estimates 63 
of volumetric gas flow rates within the region (Clark et al., 2010; Washburn et al., 2005). 64 
However, since the study conducted by Hornafius et al. (1999), no volumetric gas flow rate 65 
estimates for the overall Coal Oil Point seep field, using acoustic techniques, have been reported. 66 
The goal of this study is to map the present spatial distribution of natural hydrocarbon seeps 67 
within the Coal Oil Point seep field and estimate the volumetric gas flow rate within the 68 
surveyed region. 69 

Previous studies have exploited acoustic techniques to observe and map natural hydrocarbon 70 
seeps in Coal Oil Point and other ocean basins (Greinert el al., 2006; Heeschen et al., 2003; 71 
Hornafius et al., 1999; Leifer et al., 2010; Quigley et al., 1999; Römer et al., 2017; Weber et al., 72 
2014). The acoustic volume backscattering strength, Sv, which is the decibel equivalent of the 73 
volume backscatter coefficient in a unit volume, has been used previously to estimate gas and oil 74 
flux emissions (Nikolovska et al., 2008; Weber et al., 2012). One of the drawbacks of these 75 
acoustic approaches is that without prior knowledge of the nature of the seep, such as bubble size 76 
distribution, relative number of gas bubbles and oil droplets in the water column and the physical 77 
properties of the gas and oil present in the seep (Loranger et al., 2018), it is difficult to perform a 78 
complete acoustic inversion to estimate gas/oil flux. Broadband acoustic methods have been used 79 
to help overcome this problem in the past (Medwin and Breitz, 1989; Terrill and Melville, 2000; 80 
Vagle and Farmer, 1992), but direct sampling is also used to help calibrate the acoustic results 81 
(Greinert et al., 2010; Nikolovska et al., 2008; Römer et al., 2012a; Römer et al., 2012b; Wang et 82 
al., 2016; Weber et al., 2014). 83 

In this study an acoustic survey of the Coal Oil Point seep field was conducted in order to map 84 
the seep distribution and quantify the relative acoustic gas flow in the region. In situ, direct 85 
capture measurements of volumetric gas flux were collected simultaneously within a subset of 86 
the acoustic backscatter measurements to establish a relationship between the acoustic volume 87 
backscatter coefficient and volumetric gas flux. This relationship was used to calibrate the 88 
acoustic survey results to provide an integrated measurement of volumetric gas flow rate from 89 
the region and compare it to previous estimates of volumetric gas flow rates in Coal Oil Point 90 
reported in literature. 91 

2 Acoustic Survey 92 

Acoustic backscatter data was collected between 31 August 2016 and 14 September 2016 using a 93 
downward looking Simrad ES200-7C split-beam echosounder that was mounted on a tow sled 94 
and deployed from the port side of the R/V Connell. The transducer was interfaced with a Simrad 95 
EK80 Wide Band Transceiver used to transmit and receive acoustic signals. A 2 ms linear-96 
frequency modulated transmit pulse, with a bandwidth of 150-250 kHz, was used throughout the 97 
study. The acoustic system was calibrated for transducer beam-pattern effects by following the 98 
standard–target calibration procedure described in Demer et al. (2015). Real-time positioning of 99 
the acoustic data was implemented with a Wide Area Augmentation System enabled GPS that 100 
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was attached to the tow sled. CTD casts were performed each survey day to acquire vertical 101 
profiles of sound speed and sound absorption in the water column. 102 

The acoustic survey (Figure 1) included five focus seep sites commonly known as Platform 103 
Holly (b), Seep Tent (c), La Goleta (d), Patch (e) and Trilogy (f). With the exception of Trilogy, 104 
surveys at the focus seep sites were conducted with 10 m line spacing in a 500 m by 500 m 105 
region in water depths that ranged from 60-70 m. At Trilogy, the survey was conducted with 20 106 
m line spacing in a 1000 m by 600 m area with water depths that ranged from 35-50 m. A 107 
broader survey consisting of six NW-SE lines and four orthogonal NE-SW lines was conducted, 108 
linking the four deeper focus seep sites. 109 

 110 

Figure 1. Estimates of 25 m by 25 m gridded volumetric gas flux (m3/m2/day) using extracted 111 
average acoustic volume backscatter coefficients (m-1) from a 1 m layer at a depth of 23 m, a total 112 
pressure of approximately 326 kPa, and temperatures ranging from 13-17 ̊C for the entire acoustic 113 
survey. a) Volumetric gas flux heat map of the entire Coal Oil Point 2016 acoustic survey with a 114 
total volumetric gas flow rate of 23,800 m3/day over a survey area of approximately 4.1 km2: b) 115 
Platform Holly (6.3%), c) Seep Tent (4.2%), d) La Goleta (22.5%), e) Patch (17.7%) and f) Trilogy 116 
(37.7%); where the percentage is representative of the portion of volumetric gas flow rate at that 117 
site with respect to the total volumetric gas flow rate estimated for the entire survey. Colder colors 118 
represent areas of low volumetric gas flux, warmer colors represent areas of high volumetric gas 119 
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flux and gray colors represent values of volumetric gas flux that are below a 0.003 m3/m2/day 120 
threshold. The red and blue dots shown in panel “a” above Trilogy are locations of other seeps in 121 
the Coal Oil Point seep field. 122 

Raw acoustic backscatter data were processed to obtain measurements of the volume backscatter 123 
coefficient, sv (m-1). MacLennan et al. (2002) defines sv as  124 

sv= ∑ σbs,i
N
i=1

V
 ,             (1) 125 

where σbs,i is the backscattering cross-section (m2) of a single target and N is the total number of 126 
targets in the ensonified volume, V.  The ensonified volume is generally a function of range and 127 
frequency, and is governed by the width of the echosounder beam and the range extent 128 
associated with the summation in equation 1: 129 

V= cTπ[r tan(θ2,eq)]
2

2
 ,            (2) 130 

where c is the speed of sound of the surrounding medium, r is the range to the measurement and 131 
θ2,eq is the two-way equivalent beam width of the transducer (5° for the Simrad ES200-7C split-132 
beam echosounder used throughout the study). For narrowband systems analyzed in the time-133 
domain, T is the pulse length. In this study, however, the raw acoustic data were analyzed in the 134 
frequency domain using Fourier transforms, following the approach for extended targets 135 
described by Weber and Ward (2015), in which case T is defined as the length of the analysis 136 
window used to compute the Fourier transform (i.e., the number of samples used in the Fourier 137 
transform divided by the sample rate). 138 

Weber and Ward (2015) showed that for a match filtered acoustic signal, σbs, the backscattering 139 
cross-section of an individual target, is defined as 140 

σbs(f)=
|Smf(f)|2

Cmf(f)
r4

exp(-4ar)
 ,           (3) 141 

where Smf(f) and Cmf(f) are the Fourier transforms of the match filtered receive signal and 142 
calibration factor, respectively. The second fraction represents the two-way transmission loss due 143 
to spherical spreading and absorption where r is the range in meters and a is the absorption 144 
coefficient measured in nepers per meter.  The absorption coefficient used here accounts only for 145 
absorption in seawater (Francois and Garrison, 1982), which is on the order of 1 dB at the short 146 
ranges used here and does not include the increased (and variable) attenuation due to bubble 147 
scattering (Clay and Medwin, 1977). Equation 3 is for the special case where there is a single 148 
target (N=1) in an ensonified volume. For the more general case when there are multiple targets 149 
within a volume (N>1), the left-hand side of equation 3 becomes the sum of the backscattering 150 
cross-section of the individual targets (Clay and Medwin, 1977) and can be written as 151 

∑ σbs,i(f)N
i=1 = |Smf(f)|2

Cmf(f)
r4

exp(-4ar)
 .           (4) 152 

Combining equations 1, 2 and 4, sv for a match filtered signal in the frequency domain is  153 
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sv(f)=
|Smf(f)|2

Cmf(f)
r4

exp(-4ar)
2

cTπ[r tan(θ2,eq)]
2 .          (5) 154 

Equation 5 describes the processing steps used in this study: the receive signal (i.e., raw acoustic 155 
data) was match filtered and a Fourier transform over the range extent of interest was taken to 156 
generate Smf(f), and the result was adjusted for calibration, transmission loss, and the ensonified 157 
volume. 158 

Acoustic backscatter data was collected throughout the entire water column, however only data 159 
within a 1 m depth layer centered at a depth of 23 m was analyzed from each ping to obtain 160 
values for sv. This depth layer was chosen to enable the comparison of volumetric gas flow rate 161 
estimates with Hornafius et al. (1999) who reported volumetric gas flow rates at the same 162 
average depth. Estimates of sv calculated using equation 5 were averaged over a narrow 163 
frequency band of 192-201 kHz, which was chosen due to the overlap of valid estimates of 164 
Cmf(f) from the acoustic calibration procedure, caused by using different calibration spheres for 165 
the 2016 broad acoustic survey and the 2017 acoustic backscatter data collected in tandem with 166 
in situ direct volumetric gas flux measurements. The resulting sv estimates were then averaged in 167 
25 m by 25 m grid cells throughout the surveyed area.  168 

The contribution of oil droplets to the estimate of sv is assumed negligible. Gas bubbles are 169 
significantly stronger acoustic scatterers than oil droplets due to their higher acoustic impedance 170 
contrast with the surrounding seawater (Figure 2). For the oil droplets to have a non-negligible 171 
contribution to the integrated acoustic survey results, they would have to be present in far greater 172 
number than the surrounding gas bubbles, a scenario that was discounted through visual 173 
observations of surfacing gas bubbles and oil droplets during the survey. 174 

 175 
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Figure 2. Frequency dependent acoustic scattering of a 2.5 mm methane bubble (solid line), using 176 
an acoustic scattering model for bubbles from Clay and Medwin (1977) and a 2.5 mm oil droplet 177 
(dashed line), using Anderson’s (1950) derivation for acoustic scattering from fluid spheres. 178 

3 Conversion of Acoustic Data to Volumetric Gas Flux 179 

In previous studies at the Coal Oil Point seep field (Hornafius et al., 1999; Quigley et al., 1999) 180 
acoustic backscatter measurements were converted to volumetric gas flux using synthetic 181 
plumes, where a synthetic plume is an artificial source of gas in the water column. Acoustic 182 
measurements were made over a synthetic plume with the assumption that both the synthetic 183 
plume and the natural seep have the same bubble size distribution. There is some inherent bias in 184 
this approach due to potential and unknown differences in the bubble size distribution between 185 
the synthetic plume and the natural seep. For example, the sv over a frequency range of 50-250 186 
kHz, of twenty-five 1 mm radius bubbles is equivalent to the sv of a single 5 mm radius bubble, 187 
however the volume of gas transported by the single 5 mm radius bubble is five times greater 188 
than the volume of gas transported by the twenty-five 1 mm radius bubbles. In this study 189 
however, the natural plumes in the seep field were used rather than a synthetic plume to convert 190 
the acoustic backscatter measurements to estimates of volumetric gas flux and avoid potential 191 
bias in assuming that a synthetic plume and natural plume have the same bubble size distribution. 192 
A bubble catch device (BCD, shown in Figure 3) similar in concept to the “Flux Buoy” 193 
developed by Washburn et al. (2001), was constructed to calibrate the acoustic backscatter data 194 
for volumetric gas flux. The BCD performed a timed direct capture of the gas into a known 195 
volume and was collected simultaneously with acoustic backscatter data in order to establish a 196 
relationship between sv and volumetric gas flux. 197 

 198 

Figure 3. Bubble catch device (BCD) schematic. 199 
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The BCD was constructed by attaching an inverted graduated cylinder to an aluminum frame. 200 
Bubbles were guided into the inverted graduated cylinder through a high-density polyethylene 201 
funnel, located at the base of the frame that had a cross-sectional area of approximately 0.085 202 
m2. An underwater camera was mounted to the BCD and used to monitor and record the height 203 
of the gas-water interface within the graduated cylinder. Once the graduated cylinder was filled 204 
with gas, the gas was released via a surface-controlled solenoid valve attached to the top of the 205 
graduated cylinder. This configuration facilitated continuous and replicate volumetric gas flux 206 
measurements with the BCD without having to recover the instrument. 207 

On 26 October 2017, the BCD and a 200 kHz split-beam echosounder were deployed to collect 208 
in situ volumetric gas flux measurements and acoustic backscatter data at three of the focus seep 209 
sites in the Coal Oil Point seep field: Platform Holly, Seep Tent and La Goleta. The echosounder 210 
was pole-mounted on the port side of the R/V Connell while the BCD was hand deployed from 211 
the starboard side. The echosounder was the same one used to obtain acoustic backscatter 212 
measurements during the 2016 broad acoustic survey and was also calibrated using the standard-213 
target calibration procedure described in Demer et al. (2015). The BCD was deployed to a depth 214 
of 23 m at Seep Tent and La Goleta and to 15 m at Platform Holly. The BCD was deployed at a 215 
shallower depth at Platform Holly to avoid potential contact with the platform subsea structure. 216 
The R/V Connell was positioned at locations of high seep activity, determined acoustically at 217 
each seep site. The vessel then drifted over the seep until no volumetric gas flux activity was 218 
evident in the video and acoustic data. The BCD was then recovered, and the vessel returned to a 219 
location of high seepage activity to repeat the process at each seep site. A total of 17 independent 220 
time series’ of in situ direct volumetric gas flux measurements and sv were collected at the three 221 
seep sites: five at Platform Holly, four at Seep Tent and eight at La Goleta. 222 

The rate of accumulation of gas was measured by tracking the meniscus of the gas-water 223 
interface within the graduated cylinder from the images collected with the BCD. The meniscus 224 
height of the gas-water interface was sampled at two frames per second and smoothed with a 225 
running average filter (Figure 4-a). The vertical volumetric gas flux, q (m3/m2/s), through the 226 
funnel base was estimated using 227 

         q(t)=
dh(t)

dt Acylinder

Afunnel
 ,                 (6) 228 

where dh(t)
dt

 is the rate of accumulation of gas within the graduated cylinder (m/s) and Acylinder and 229 

Afunnel are the cross-sectional areas (m2) of the graduated cylinder and the funnel base, 230 
respectively. 231 
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 232 

Figure 4. An example of in situ volumetric gas flux and acoustic backscattering observations 233 
collected at La Goleta (26 October 2017). a) Raw match filtered echogram. The black box 234 
represents the 1 m layer of data extracted to calculate sv at a depth of 23 m. b) Measured meniscus 235 
height (mm). c) Estimated volumetric gas flux (m3/m2/s) from video images. d) Volume 236 
backscattering strength (dB re m-1).  e) Cumulative distance (m) traveled over the sample period. 237 

Although in situ volumetric gas flux and acoustic backscatter measurements were obtained 238 
simultaneously, they did not sample the same portion of the water column. The instruments were 239 
separated by the width of the vessel (approximately 3 m). At the BCD deployment depths, 15 m 240 
and 23 m, the radius of the ensonified area of the echosounder (nominal one-way beam width of 241 
7°) is 0.92 m and 1.4 m, respectively. The minimum horizontal distance between the sample 242 
volumes of the instruments is approximately 2.6 m. The intensity of seeps can vary up to 20-25 243 
dB and 0.25 m3/m2/day over distances of the same order of magnitude as the separation of the 244 
instruments (Figure 4). In order to address the fact that both instruments were sampling different 245 
volumes within the water column, the in situ volumetric gas flux measurements and sv estimates 246 
were time averaged for each independent time series measurement. The underlying assumption 247 
behind averaging the independent time series is that as the vessel drifts over great distances, the 248 
BCD and echosounder will, on average, capture the same sample volume of volumetric gas flux 249 
and acoustic backscatter. The relationship between the time averaged volumetric gas flux 250 
measurements and the time averaged sv estimates are shown in Figure 5. Observations (N=2) 251 
where the cumulative distance traveled (4 m and 13 m), during the measurement collection, was 252 
of the same order of magnitude as the separation between the instruments (the circled points in 253 
Figure 5) were considered outliers and excluded from further analysis.  254 

The correlation between sv and volumetric gas flux can be obtained by understanding how the 255 
average acoustic backscattering cross-section of an ensemble of bubbles within a sample volume 256 
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(sv) varies as a function of the void fraction of bubbles (β) within the same sample volume. sv is 257 
estimated mathematically as 258 

sv= N∫σbs(R)ρ(R)dR
V

,    (7) 259 

where R is the bubble radius, N is the total number of bubbles within the sample volume, ρ(R) 260 
(m-1) is the probability density function of the bubble size distribution, V is the sample volume 261 
and σbs(R) is the backscattering cross-section of a bubble. Equation 7 is valid under the 262 
assumption that multiple scattering between bubbles is negligible. The void fraction of bubbles 263 
within a sample is defined as 264 

β=N
∫

4
3πR3ρ(R)dR

V
.     (8) 265 

If ρ(R) is assumed to be unchanging, as is the case in this study, then the integrals in equations 7 266 
and 8 are constants. Therefore, if the number of bubbles in β increases (i.e., the total number of 267 
bubbles, N, increases within a sample volume), sv increases linearly and vice versa. Accordingly, 268 
a linear regression was fitted to the remaining data (N=15; mean cumulative distance of 60 m 269 
with a range of 16-215 m) to correlate sv to volumetric gas flux and found to have a r-squared 270 
and p-value of 0.75 and 2.7 x 10-5, respectively. 271 

 272 

Figure 5. Time average volumetric gas flux from the BCD versus the time average sv from 17 273 
independent measurements obtained on 26 October 2017. The circles surrounding the data points 274 
for La Goleta represent outlier data points and they were not used to correlate volumetric gas flux 275 
estimated from the BCD to the acoustic estimates of sv, as described in the text. The solid line is 276 
the linear regression between sv and volumetric gas flux. 277 
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The correlation between sv and volumetric gas flux was used to convert gridded sv measurements 278 
to volumetric gas flux in units of m3/m2/day (Figure 1) at a total pressure of approximately 326 279 
kPa and temperatures ranging from 13-17 °C. A threshold volumetric gas flux value (0.003 280 
m3/m2/day) was determined by calculating the mean estimate plus three standard deviations of sv 281 
for areas that contained no acoustic evidence of gas bubbles within the water column and 282 
converting the acoustic threshold to volumetric gas flux. The volumetric gas flow rate, Q 283 
(m3/day),  for each focus seep site was obtained by discarding volumetric gas flux values below 284 
the determined threshold, converting estimates of volumetric gas flux at depth to volumetric gas 285 
flux at standard temperature and pressure (STP, 0 °C and 101 kPa), to account for volume 286 
expansion, and integrating the remaining gridded volumetric gas flux estimates in the region 287 
(Table 1). Estimates of volumetric gas flux were reported at STP for comparison with previous 288 
studies. The total volumetric gas flow rate for the 2016 survey, over a total surveyed area of 4.1 289 
km2, at STP is approximately 23,800 m3/day. The total area of the survey that contained a 290 
volumetric gas flux greater than the threshold volumetric gas flux value is 0.86 km2, which is 291 
21% of the total surveyed area. 292 

Although all focus seep sites demonstrate seep activity, the results shown in Figure 1 suggest that 293 
the seep activity is relatively diffuse throughout the La Goleta, Patch and Trilogy sites; while the 294 
seeps at Platform Holly and Seep Tent appear to be localized. For example, seep activity in the 295 
immediate vicinity of Platform Holly was concentrated on the west side of the platform and 296 
extended approximately 150 m to the west in a narrow band. 297 

Table 1. Estimates of the maximum volumetric gas flux and the integrated volumetric gas flow 298 
rates, gridded in 25 m by 25 m cells, at standard temperature and pressure (0 °C and 101 kPa) in 299 
the Coal Oil Point seep field during 31 August 2016 to 14 September 2016 acoustic survey. 300 

Seep Site Survey Dates Minimum 
Survey Location 

Maximum 
Survey Location 

Area Surveyed 
(km2) 

Area of Seepage 
Activity 

(km2) 

qmax 
(m3/m2/day) 

Qtotal 
(m3/day) 

Platform 
Holly 6 Sept 2016 34°22’20.45” N, 

119°54’40.00” W 
34°23’43.09” N, 
119°54’20.17” W 0.367 0.034 0.75 1,490 

Seep Tent 7 Sept 2016 34°22’54.64” N, 
119°53’33.25” W 

34°23’11.33” N, 
119°53’10.46” W 0.338 0.051 0.19 990 

La Goleta 7 Sept 2016 34°22’20.30” N, 
119°51’22.04” W 

34°22’38.16” N, 
119°50’59.04” W 0.375 0.215 0.57 5,350 

Patch 2 Sept 2016 34°21’40.87” N, 
119°49’59.35” W 

34°21’58.79” N, 
119°49’33.62” W 0.366 0.203 0.13 4,220 

Trilogy 8 Sept 2016 34°23’30.94” N, 
119°53’01.57” W 

34°23’51.53” N, 
119°52’17.0” W 0.747 0.187 2.6 8,980 

Visual observations during the survey confirmed surfacing gas bubbles and oil droplets near, and 301 
possibly under, the west side of the platform. Surfacing gas bubbles and surface slicks of oil 302 
were common throughout the region during the time of the survey. It is also worth noting that oil 303 
droplets in the water column were visually observed during BCD sampling (Figure 6) and have 304 
been observed in previous studies (Leifer et al., 2006). Estimates of oil droplet size were 305 
extracted from the video images acquired with the BCD, using the gradations on the cylinder for 306 
a length reference. The range of oil droplet size was approximately 0.7-5.4 mm in radius, where 307 
the lowest estimate of droplet size is limited to the resolution of the video camera mounted on 308 
the BCD. 309 
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 310 

Figure 6. Images from the drop camera of oil droplets and gas bubbles in the BCD. Observations 311 
from Platform Holly (a, b), Seep Tent (c, d) and La Goleta (e, f). The red line is approximately 33 312 
mm in length. 313 

4 Comparison of Volumetric Gas Flux Observations to Previous Estimates 314 

Where possible, estimates of volumetric gas flux and volumetric gas flow rates obtained from 315 
this study were compared with previous estimates of volumetric gas flux and volumetric gas flow 316 
rates from different studies (Table 2). These comparisons were done for specific seep sites and 317 
areas of seepage activity that the studies had in common. Two types of estimates are generally 318 
reported: total volumetric gas flow rates (Qtotal) for individual focus seep sites (e.g., Platform 319 
Holly) and maximum observed volumetric gas flux (qmax) localized within a focus seep site. This 320 
comparison is limited by the differences in coverage at the different focus seep sites, and 321 
sometimes by the lack of resolution in published data, but still provides useful context for 322 
evaluating the present study. 323 
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Table 2. Maximum volumetric gas flux and integrated volumetric gas flow rate estimates, at 324 
standard temperature and pressure (0 °C and 101 kPa), for different seep sites and studies within 325 
the Coal Oil Point seep field. 326 

Survey Site Study Date qmax 
(m3/m2/day) 

Qtotal 
(m3/day) 

Platform Holly – 2 km 
Radius 

Hornafius et al., 1999 1994 - 1995 - ~ 17,000d 
This Study Sep 2016 075a 2,540 

Platform Holly This Study 6 Sep 2016 0.75a 1,490 
26 Oct 2017 4.8b - 

Seep Tent This Study 7 Sep 2016 0.19a 990 
26 Oct 2017 1.8b - 

La Goleta 

Hornafius et al., 1999 1994 - 1995 > 0.1 ~ 14,400c 

Washburn et al., 2005 20 Jun 2003 8.1 1,900 

Clark et al., 2010 
29 Aug 2002 7.1 1,249 
20 Jun 2003 8.1 800 
15 Sep 2005 6.2 787 

This Study 7 Sep 2016 0.57a 5,350 
26 Oct 2017 16.3b - 

Patch Hornafius et al., 1999 1994 - 1995 0.05 - 0.1 ~ 2,600c 

This Study 2 Sep 2016 0.13a 4,220 

Trilogy 

Hornafius et al., 1999 1994 - 1995 0.05 - 0.1 ~ 13,800c 

Clark et al., 2010 19 Sep 2005 8.2 5,472 
20 Sep 2005 7.6 4,159 

This Study 8 Sep 2016 2.6a 8,980 
a Volumetric gas flux values obtained from 25 m by 25 m gridded data at STP, shown in Figure 327 
1. 328 
b Volumetric gas flux values obtained from discrete in situ volumetric gas flux measurement 329 
from the BCD, at STP. 330 
c Volumetric gas flow rate values were obtained by overlaying Figure 3 (Hornafius et al., 1999) 331 
over Figure 1 (this study) and comparing the common areas of seepage activity between the two 332 
studies; estimates of integrated volumetric gas flow rates reported here were calculated using the 333 
median values of volumetric gas flux reported in Figure 3 (Hornafius et al., 1999). 334 
d Volumetric gas flow rates reported in Table 1 from Hornafius et al., (1999). 335 

In addition to the total volumetric gas flow rates and maximum observed volumetric gas flux, 336 
Hornafius et al. (1999) also reported a value that was the integrated volumetric gas flow rate for 337 
a circular region with a 2 km radius, centered on Platform Holly, an area that would include both 338 
the Platform Holly and Seep Tent seep sites and a small portion of the broad survey of the 339 
present study. This reported volumetric gas flow rate is seven times higher than that observed 340 
from the same region surveyed during this study. The results of volumetric gas flow rates 341 
reported by Hornafius et al. (1999) are also higher by a factor of three and two at La Goleta and 342 
Trilogy, respectively. However, the total volumetric gas flow rate observed at Patch in this study 343 
is higher than the estimates presented in Hornafius et al. (1999) by approximately a factor of two. 344 
The total volumetric gas flow rate estimates from Washburn et al. (2005) and Clark et al. (2010), 345 
measurements obtained using the “Flux Buoy” developed by Washburn et al. (2001), ranged 346 
over a factor of approximately three to seven times lower for La Goleta and are approximately a 347 
factor of two lower at Trilogy compared to results of total volumetric gas flow rates obtained in 348 
this study. 349 
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The area of seepage activity of the individual seep sites surveyed by Hornafius et al. (1999) was 350 
estimated similarly to the calculation of volumetric gas flow rate measurements for their broad 351 
acoustic survey (see footnote c in Table 2). The observed areas of seepage activity by Hornafius 352 
et al. (1999) are higher by 23% and 30% at La Goleta and Trilogy, respectively, and 24% lower 353 
at Patch compared to the areas of seepage activity from this study. Areas associated with 354 
estimates of volumetric gas flux and volumetric gas flow rates from Washburn et al. (2005) and 355 
Clark et al. (2010) overlapped this study for La Goleta, Patch and Trilogy. However, the results 356 
reported by Washburn et al. (2005) and Clark et al. (2010) were locally constrained to small 357 
areas (480-5,380 m2) of high flux activity. 358 

The reported maximum localized volumetric gas flux estimates (qmax in Table 1 and 2) vary 359 
considerably from site to site and methodology employed (acoustic versus direct capture).  The 360 
maximum volumetric gas flux values reported in this study are derived from both the acoustic 361 
data, which represents the average sv values in a 25 m by 25 m grid cell and are more comparable 362 
to Hornafius et al. (1999), and the BCD, which represents a cross-sectional area on the order of 1 363 
m2 and are more comparable to the “Flux Buoy” reported by Washburn et al. (2005) and Clark et 364 
al. (2010). Localized volumetric gas flux estimates in the present study were highest at Platform 365 
Holly, La Goleta and Trilogy. Washburn et al. (2005) and Clark et al. (2010) reported very 366 
similar localized volumetric gas flux estimates at La Goleta and Trilogy. The localized 367 
volumetric gas flux estimates observed by Hornafius et al. (1999) were similar to those found in 368 
the present study at Patch, an order of magnitude lower at Trilogy, and were consistent but 369 
difficult to compare, due to figure resolution, for La Goleta. 370 

The differences observed between the estimated volumetric gas flux and volumetric gas flow rate 371 
measurements from this study and the estimates reported in previous studies (Clark et al., 2010; 372 
Hornafius et al., 1999; Washburn et al., 2005) may be due to differences between the 373 
methodologies employed to obtain volumetric gas flux measurements. Hornafius et al. (1999) 374 
surveyed the Coal Oil Point seep field using a widebeam transducer (35° beam width) that was 375 
calibrated with a synthetic bubble plume source with a known volumetric gas flow rate in order 376 
to convert acoustic measurements to volumetric gas flow rates for the region. The method used 377 
in the present study differed from that of Hornafius et al. (1999) in two major ways: 1) a 378 
narrower (7° beam width) split-beam echosounder was used in this study, and 2) instead of using 379 
a synthetic plume, this study used the BCD to collect direct, in situ volumetric gas flux 380 
measurements from several Coal Oil Point seep sites in order to convert acoustic backscatter 381 
measurements into estimates of volumetric gas flux. 382 

The spatial coverage obtained by Hornafius et al. (1999) and this study are dependent on the 383 
acoustic system used during the survey. The acoustic system used by Hornafius et al. (1999) had 384 
a 35° beam width, which at an investigation depth layer of 23 m yields an acoustic beam 385 
footprint diameter of 14 m. A 7° beam width split-beam echosounder was used in this study and 386 
the diameter of the acoustic beam footprint was 2.8 m at a water depth of 23 m. This means that 387 
for the dense survey lines conducted in this study, 10 m for the deep focus seep sites and 20 m 388 
for Trilogy, approximately 28% and 14% of the seep sites were mapped, respectively. As shown 389 
in Figure 4, estimates of Sv can vary between 20-25 dB over distances that are less than the line 390 
spacing used to survey the seep sites in this study. This variability in seepage intensity was also 391 
observed by Washburn et al. (2005) with the use of the “Flux Buoy”. Therefore, even though 392 
dense survey lines were used in this study to map the seepage activity at each of the individual 393 
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seep sites, 72-86 % of the spatial distribution was not mapped due to the narrow beam width of 394 
the acoustic system used throughout the survey. Since there is no information about the line 395 
spacing used by Hornafius et al. (1999) during their acoustic survey, it is difficult to compare the 396 
spatial coverage between this study and Hornafius et al. (1999). Incomplete spatial coverage is a 397 
limitation for many direct measurement instruments (i.e., “Flux Buoy” and BCD) and for narrow 398 
beam acoustic transducers due to their small cross-sectional area or small beam widths, 399 
respectively. Recent studies on gas flow in the ocean have attempted to address the limited 400 
coverage in acoustic surveys by using multibeam echosounders, which can cover large spatial 401 
areas compared to narrow beam echosounders and direct measurement devices (Römer et al. 402 
2017). 403 

The second major difference between Hornafius et al. (1999) and this study is the approach used 404 
in order to convert sv into estimates of volumetric gas flux. The use of synthetic plumes can lead 405 
to bias in the estimate of volumetric gas flux because the unknown bubble size distribution of the 406 
synthetic plume likely differs from that of the natural seep. An attempt was made to avoid this 407 
bias in the present study by calibrating the acoustic measurements with direct volumetric gas flux 408 
estimates, using the BCD, at seep sites within the Coal Oil Point seep field. Measurements of 409 
direct volumetric gas flux, in tandem with sv measurements, were obtained for three of the five 410 
focus seep sites (i.e., Platform Holly, Seep Tent and La Goleta) and were collected at regions of 411 
high seepage activity. It is assumed that the bubble size distribution and the relationship between 412 
sv and volumetric gas flux obtained at these three seep sites can be extrapolated to the entire 413 
survey. 414 

At Seep Tent and La Goleta, measurements of volumetric gas flux from the BCD were obtained 415 
at a depth of 23 m in order to be consistent with the average depth layer used in previous studies 416 
(i.e., Hornafius et al., 1999). However, in the vicinity of Platform Holly, the depth layer was 417 
reduced to 15 m due to safety concerns related to the proximity of the platform to the BCD and 418 
vessel. This change in direct volumetric gas flux measurement depths with the BCD may have 419 
caused a change in bubble size distribution, leading to a bias in volumetric gas flux estimates. 420 
The potential changes in bubble sizes are caused by a combination of gas transfer through the 421 
gas-liquid interface and changes in hydrostatic pressure as gas bubbles rise through the water 422 
column (McGinnis et al., 2006; Rehder et al., 2009). In order to assess the relevance of these 423 
changes, the Texas A&M Oilspill Calculator (TAMOC) model (Gros et al., 2016; Gros et al., 424 
2017) was used to predict the changes in bubble size as a function of depth. The TAMOC model 425 
was provided with bubble gas composition at a depth of 70 m (see supporting information, Table 426 
S2), aqueous concentration of oxygen (Scripps Institution of Oceanography, 2017; see 427 
supporting information, Table S1) and atmospheric equilibrium nitrogen concentration. The 428 
results from the TAMOC model (see supporting information) show that the bubble size changes 429 
by approximately 1-7 % over a change in water depth from 23 m to 15 m for bubble sizes 430 
between 1-5 mm in radius. The TAMOC models also show that although the gas bubble size is 431 
relatively unchanging during their ascent though the water column, the gas composition within 432 
the bubble changes substantially. For larger bubbles, with radii greater than 3.5 mm, the gas 433 
composition of methane in the bubble changes from 82% at the seabed to approximately 70% at 434 
23 m. For a 3.5 mm radius bubble, the mass of methane inside the bubble changes from 8.1 x 10-435 
4 g to 1.5 x 10-4 g. Due to the fact that a gas bubble’s radius does not change dramatically during 436 
ascent through the water column, estimates of volumetric gas flux and volumetric gas flow rates 437 
are not affected by bubble dissolution, only gas composition within the bubble is affected by 438 
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dissolution. However, the estimates of volumetric gas flux and volumetric gas flow rates in this 439 
study are reported at STP, in order to compare with results from previous studies, which does not 440 
take into consideration the mass transfer of gas between the bubble and the surrounding water 441 
column. Therefore, if it is desired to estimate the molar gas flux/flow at the sea surface or the 442 
amount of methane that survives from the water column into the atmosphere, mass transfer 443 
across the gas-liquid boundary must be taken into account. 444 

The presence of oil, in the form of surface oil slicks and rising oil droplets, was visually 445 
observed throughout the entire 2016 acoustic survey. Oil droplets were also collected during the 446 
BCD volumetric gas flux measurements (shown in Figure 6), however only near the vicinity of 447 
Platform Holly was there a high concentration of oil droplets to cause a layer of oil to form 448 
between the gas-water interface. This accumulation of oil near Platform Holly was not included 449 
in the volumetric gas flux measurements obtained with the BCD and was still considered to be a 450 
negligible contribution to the integrated volumetric gas flow rate results. In order to have a non-451 
negligible contribution to estimates of volumetric gas flow rates, there would need to be a higher 452 
concentration of oil droplets within the surrounding gas bubbles. For example, when observing 453 
the target strength (the decibel equivalent of the acoustic backscattering cross-section, σbs) of oil 454 
droplets and gas bubbles over the frequency range used in this study, at least twenty-five 2.5 mm 455 
radius oil droplets are needed in order to see a deviation of approximately 1 dB in the target 456 
strength of a single 2.5 mm radius gas bubble. This corresponds to a factor of 25 volumetric ratio 457 
of oil droplets to gas bubbles, which was not observed to occur during this study. 458 

There is a high degree of variability in volumetric gas flow rates, both between investigators and 459 
the different methods used in each individual study, and for sites visited multiple times (e.g., 460 
Clark et al. (2010) visited La Goleta in 2002, 2003 and 2005). This variability is consistent with 461 
other studies for which seep activity has been observed to vary over timescales of seconds to 462 
minutes and hours to years (Boles et al., 2001; Clark et al., 2003; Clark et al., 2010; Hornafius et 463 
al., 1999; Jerram et al., 2015; Kinnaman et al., 2010; Leifer and Boles, 2005; Quigley et al., 464 
1999). Quigley et al. (1999) reported a decrease of seep activity of 80% in the vicinity of 465 
Platform Holly in a 22-year period, by comparing the area of detected seeps (but not volumetric 466 
gas flow rates) to those of Fischer and Stevenson (1973), and that reduction has been 467 
hypothesized to be linked to petroleum extraction from Platform Holly. This reduction is 468 
consistent with the reduction found in the present study when compared to the results reported by 469 
Hornafius et al. (1999) over a 21-year period. However, Hornafius et al. (1999) also show a 470 
larger volumetric gas flow rate, by a factor of three, than the present study at La Goleta, a region 471 
sufficiently removed from Platform Holly that reservoir connectivity is highly unlikely; 472 
Hornafius et al. (1999) also present a volumetric gas flow rate estimate lower than the estimate 473 
obtained in this study at Patch. Hornafius et al. (1999) estimated that the volumetric gas flow rate 474 
over an 18 km2 acoustic survey in the Coal Oil Point seep field was approximately 1.48 x 103 475 
m3/day, which does not include the gas captured by the containment tent located in Seep Tent. A 476 
comparison of the total volumetric gas flow rate estimate between this study and Hornafius et al. 477 
(1999) is difficult to assess due to differences in the surveyed areas. The surveyed area from 478 
Hornafius et al. (1999) is approximately 4 times larger than the area surveyed in this study and 479 
the area that exhibited seepage activity is 14 times lower in this study compared to the 12.5 km2 480 
of seepage activity reported in 1999. In addition, the methodologies used by this study and 481 
Hornafius et al. (1999) to estimate volumetric gas flow rates in the Coal Oil Point seep field are 482 
different. The differences in volumetric gas flow rate estimates from this study and previous 483 
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studies (Clark et al., 2010; Hornafius et al., 1999; Washburn et al., 2005) can also be caused by 484 
uncertainties related to low spatial coverage of seepage activity in the seep field. Therefore, 485 
similar uncertainties in estimates of volumetric gas flow rates could have been observed, due to 486 
low spatial coverage, even if all studies had used the same approach for obtaining measurements 487 
of volumetric gas flow rates. Thus, it is difficult to discriminate whether the differences in 488 
volumetric gas flow rates in the seep field are attributed to the natural variability of the seep site 489 
or if it is caused by the different approaches used in order to estimate the volumetric gas flow 490 
rate in the region. 491 

5 Conclusions 492 

In this study, a portion of the current spatial distribution of seeps within the Coal Oil Point seep 493 
field was mapped, and the integrated volumetric gas flow rate was estimated at four “deep” focus 494 
seep sites (Platform Holly, Seep Tent, La Goleta and Patch) and at one “shallow” focus seep site 495 
(Trilogy). The estimated total volumetric gas flow rate from the acoustic survey was 23,800 496 
m3/day over a total surveyed area of 4.1 km2. Of the deep focus seep sites, La Goleta and 497 
Platform Holly demonstrated the most vigorous gas seeps. Oil droplets were visually observed at 498 
Platform Holly, Seep Tent and La Goleta and ranged in radius from approximately 0.7-5.4 mm. 499 

Comparisons of integrated volumetric gas flow rates at individual seep sites within the Coal Oil 500 
Point seep field were made between the new estimates obtained from this study and those 501 
reported in previous studies. The broad acoustic survey in the Coal Oil Point seep field 502 
conducted in this study shows that the seep field is still active, however, volumetric gas flow 503 
rates, at specific seep sites, range from two to seven times smaller than estimates obtained by 504 
Hornafius et al. (1999) between the years 1994-1995. Given the variability in results and in 505 
methodologies used in order to obtain estimates of volumetric gas flow rates within the seep 506 
field, it is difficult to assess changes in volumetric gas flow rates for the Coal Oil Point seep 507 
field, or at focus seep sites within the region. Current methods, such as acoustic instruments 508 
and/or direct measurement devices, used to obtain estimates of volumetric gas flow rates still 509 
have large uncertainties. Therefore, developing reliable techniques in tandem with establishing a 510 
consistent and accurate methodology to calculate volumetric gas flow rates within the Coal Oil 511 
Point seep field will prevent methodological bias and potentially help understand how volumetric 512 
gas flow rates are affected by natural variability within the seep field as well as anthropogenic 513 
processes. 514 
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