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About the National Marine Sanctuaries 

Conservation Series 

The Office of National Marine Sanctuaries, part of the National Oceanic and Atmospheric 

Administration, serves as the trustee for a system of underwater parks encompassing more than 

620,000 square miles of ocean and Great Lakes waters. The 15 national marine sanctuaries and 

two marine national monuments within the National Marine Sanctuary System represent areas 

of America’s ocean and Great Lakes environment that are of special national significance. 

Within their waters, giant humpback whales breed and calve their young, coral colonies flourish, 

and shipwrecks tell stories of our nation’s maritime history. Habitats include beautiful coral 

reefs, lush kelp forests, whale migration corridors, spectacular deep-sea canyons, and 

underwater archaeological sites. These special places also provide homes to thousands of unique 

or endangered species and are important to America’s cultural heritage. Sites range in size from 

less than one square mile to almost 583,000 square miles. They serve as natural classrooms and 

cherished recreational spots, and are home to valuable commercial industries. 

Because of considerable differences in settings, resources, and threats, each national marine 

sanctuary has a tailored management plan. Conservation, education, research, monitoring, and 

enforcement programs vary accordingly. The integration of these programs is fundamental to 

marine protected area management. The National Marine Sanctuaries Conservation Series 

reflects and supports this integration by providing a forum for publication and discussion of the 

complex issues currently facing the National Marine Sanctuary System. Topics of published 

reports vary substantially and may include descriptions of educational programs, discussions on 

resource management issues, and results of scientific or historical research and monitoring 

projects. The series facilitates integration of natural sciences, socioeconomic and social sciences, 

education, and policy development to accomplish the diverse needs of NOAA’s resource 

protection mandate. All publications are available on the Office of National Marine Sanctuaries 

website. 

http://sanctuaries.noaa.gov/
http://sanctuaries.noaa.gov/
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Abstract 

Blue carbon processes, including sequestration by marine plants and algae, as well as deep-sea 

carbon export by marine megafauna and phytoplankton, are critical components of natural 

sequestration in the ocean. Long-term storage of carbon sequestered in the marine environment 

occurs in the ocean’s sediments, which represent the largest non-fossil pool of organic carbon on 

the planet, yet are not well studied or protected. Current understanding of the spatial 

distribution of carbon in marine sediment (sediment or seabed carbon) remains limited along 

the U.S. west coast, constraining meaningful management and protection of these critically 

important carbon sinks. As requested by Greater Farallones and Cordell Bank National Marine 

Sanctuaries in response to parts 1 and 2 of this series, the Greater Farallones Association, in 

partnership with NOAA Office for Coastal Management, conducted the first systematic 

evaluation of marine sedimentary carbon stocks in north-central California. This report provides 

a first-order estimate of the marine sedimentary carbon stock within surficial (top 10 cm) 

marine sediments in Greater Farallones, Cordell Bank, and the northern portion of Monterey 

Bay national marine sanctuaries, and presents a spatial model of carbon density based on a 

novel relationship between sediment grain size and percent organic carbon. Results show 

surficial sediments in these sanctuaries, which accumulated over hundreds to thousands of 

years, hold approximately 9 ± 3.4 million metric tons of carbon (32 million metric tons of CO2), 

which is equivalent to the emissions from burning 3.5 billion gallons of gasoline. As carbon 

stocks extend much deeper into the seabed below the surficial stocks reported here, this 

estimation represents only a fraction of sedimentary carbon stocks in the sanctuaries. Areas of 

high carbon content include a mid-shelf mud belt spanning approximately 100 km (63 miles) 

from Gualala to Point Reyes, 5 km (3 miles) offshore of California, and a large mud swath west 

of the shelf in the northern portion of Greater Farallones National Marine Sanctuary. Results 

are largely consistent with similar studies from other geographic regions and expectations based 

on prior knowledge of the seafloor within the study sanctuaries. Activities that disturb or alter 

the surficial seabed, including bottom-contact fishing, resuspend carbon-rich sediments, 

potentially remineralizing the carbon into CO2, decreasing the pH of the surrounding waters, 

and reducing the ocean’s capacity to absorb atmospheric carbon dioxide. These findings can be 

applied to spatial planning and management of the seabed to ensure adequate protection of 

carbon sinks in sanctuaries.  

 

Key Words 

blue carbon, carbon storage, carbon sequestration, carbon stock, Cordell Bank National Marine 

Sanctuary, Greater Farallones National Marine Sanctuary, Monterey Bay National Marine 

Sanctuary, marine protected area, climate change, mitigation, sediment carbon, surficial 
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Introduction 

 

 
This image, captured by the Moderate Resolution Imaging Spectroradiometer (MODIS) on NASA’s Aqua 
satellite on February 28, 2019, shows multiple sediment plumes from rivers into the study region. Image: 
NASA 
 

Coastal and ocean ecosystems play a critical role in the global carbon cycle and global carbon 

sequestration, storing and cycling 93% of Earth’s carbon dioxide (CO2) and holding over half the 

world’s biological carbon in living marine organisms (Nellemann et al., 2009). The ocean 

absorbs approximately 31% of CO2 emissions (Gruber et al., 2019), significantly buffering the 

continued emissions from human activity and helping to mitigate the impacts of climate change. 

Blue carbon processes, including sequestration by marine plants and algae and deep-sea carbon 

export by marine megafauna and phytoplankton, are critical components of this natural 

sequestration. Long-term storage of carbon sequestered in the marine environment, which can 

be of marine or terrigenous origin, occurs in the ocean’s sediments, which represent the largest 

non-fossil pool of organic carbon on the planet. The global ocean stores 2,322 petagrams of 

organic carbon in the top 1 meter of sediment (or 2.3 x 1012 metric tons), nearly twice that of 

terrestrial soils (Atwood et al., 2020). Nearly four times as much organic carbon is stored, by 

volume, in deep-sea sediment (water depths >1000 m) compared to the continental shelf; 

however, greater organic carbon per unit area is found in sediments along continental shelves, 

with the least organic carbon per unit area in deep-sea sediments (Atwood et al., 2020). These 

organic carbon hotspots along continental shelves are driven by the large supply of organic-rich 

sediments from land runoff and river discharge and the production of large phytoplankton 

blooms in upwelling areas (Atwood et al., 2020).  

The carbon in these sediments can remain stored for thousands to millions of years (Estes et al., 

2019); however, activities such as mining, oil and gas exploration, and bottom-contact fishing 
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can disturb sediment, resuspending it into the water column and potentially resulting in the 

remineralization of carbon into aqueous CO2 (Epstein et al., 2022). Remineralization may 

decrease the pH of surrounding waters, exacerbating ocean acidification, and reduce the ocean’s 

overall capacity to absorb atmospheric carbon dioxide (Sala et al., 2021). This may also result in 

carbon reaching surface waters and being released back to the atmosphere (Sala et al., 2021). 

Notably, only 4% of global marine sediment carbon stocks are currently protected from 

disturbance in marine protected areas (Atwood et al., 2020); the vast amount of carbon stored 

in marine sediments underscores the need to increase seabed protections to ensure carbon sinks 

remain intact. 

Greater Farallones and Cordell Bank National Marine Sanctuaries, jointly managed protected 

areas administered by NOAA through the Office of National Marine Sanctuaries (Figure 1), seek 

to better understand blue carbon processes and sinks to inform restoration, protection, and 

other management activities. The sanctuaries, which also manage the northern portion of 

Monterey Bay National Marine Sanctuary, together protect approximately 5,855 square miles of 

coast and ocean along north-central California (Figure 2), supporting an array of marine and 

coastal habitats and species. This area is a highly productive ocean environment that is driven 

by seasonal upwelling and supports a rich and thriving ecosystem composed of a variety of 

habitats, including eelgrass, kelp, rocky reefs, continental shelf, and deep slope, and species 

ranging from plankton to apex predators. 

 

Figure 1. Map of the National Marine Sanctuary System. Image: NOAA 
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Figure 2. Map of the study area, which includes Greater Farallones and Cordell Bank National Marine 
Sanctuaries, and the northern portion of Monterey Bay National Marine Sanctuary. Image: NOAA1; 
Source: Esri, 2020a 

 

Hutto et al. (2021) estimated the annual carbon sequestration in the study area via export of 

kelp biomass and whale falls to the deep sea, and called for the assessment of marine sediment 

carbon, where the bulk of the carbon protected by sanctuaries is most likely accumulated, as a 

critical next step. However, current understanding of the spatial distribution of marine sediment 

carbon along the U.S. west coast remains limited, constraining meaningful management and 

protection of these critically important carbon sinks. Physical and geological oceanography of 

the sanctuaries drives the distribution of sediment type through sediment transport, and 

influences carbon storage. Sediment transport depends on processes (e.g., waves, tides, and 

currents), sediment supply (e.g., fluvial delivery), and geomorphology (e.g., water depth, 

underwater features such as canyons or seamounts). Waves are the predominant force on 

sediments in the study area, as the orbital velocity of waves on the seafloor is the mechanism 

that disturbs and suspends sediment. Currents, either tidal or ocean-basin-scale subtidal ones 

such as the California Current, can combine with wave-driven currents to move mobilized 

 
1 Maps throughout this document were created using ArcGIS® software by Esri. ArcGIS® and 
ArcGISPro™ are the intellectual property of Esri and are used herein under license. Copyright © Esri. 
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sediment. In this region, current speeds on the inner shelf close to the seafloor are typically 

higher than those on the outer shelf, which prevents fine-grain sediment from settling on the 

inner shelf (e.g., Storlazzi & Jaffe, 2002; Storlazzi et al., 2003; Drake et al., 2005; Storlazzi & 

Reid, 2010). In addition to typical wave-driven bed disturbance, episodic events such as El 

Niño-Southern Oscillation can drive seasonal sediment mobilization and distribution (Storlazzi 

& Reid, 2010).  

 

This report, part 3 in the Blue Carbon in Marine Protected Areas (MPAs) series, aims to advance 

understanding of the carbon stored in the sanctuaries’ seabed to inform future management 

decisions, and demonstrate the importance of seabed protections and more broadly the role that 

MPAs can play in reaching carbon mitigation goals in the U.S. and around the world. Methods 

for this first-order estimate generally follow those presented by Smeaton et al. (2020), using a 

simple sediment type, geology-based approach, which relies on grain size as a proxy for organic 

carbon, based on a well-established relationship between the two (e.g., Keil et al., 1994). Organic 

matter has an affinity for fine-grained sediment such as mud due to the larger surface area to 

volume ratio that smaller grain sizes provide as binding agents (Keil & Hedges, 1993; Keil et al., 

1994; Burdige, 2007), and studies from various locations and settings support this relationship. 

For example, mud (i.e., silt and clay), is the greatest predictor of organic carbon content in 

seagrass sediments, with proportion of fine grain size, porosity, and density of sediment strongly 

correlated with carbon content (Dahl et al., 2016). Mean grain size and organic carbon content 

were also significantly related in fjord sediments (Hunt et al., 2020), continental shelf, and 

nearshore sediments (Bergamaschi et al., 1997; De Falco et al., 2004), and mud content was 

demonstrated as a proxy to estimate organic carbon content in bare, non-vegetated sediments 

(Serrano et al., 2016). Therefore, by correlating grain size with organic carbon content (Corg) and 

applying established methods for sediment classification and carbon content estimates, we can 

estimate the amount of marine sediment carbon in surficial sediments within the study 

sanctuaries. This analysis is limited to the top 10 cm due to limited data availability regarding 

sediment thickness in the study region, as well as a lack of data regarding Corg and the 

geochemical processes occurring in deeper sediments that may impact the underlying 

relationship described above. Surficial sediments are also the most likely to be disturbed by 

activities that can be influenced or managed, and are thus most relevant for sanctuary 

management. Our objective for this study was to identify the type, location, and Corg content of 

sediment in the study sanctuaries to determine how much organic carbon is stored in surficial 

sediment and where organic carbon hotspots are located. This framework is easily transferable 

to other sites, and demonstrates that a modest initial investment can provide critical 

management-relevant information for the assessment of marine sedimentary organic carbon. 
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Methods 

Data Assembly and Preparation 

Methods from studies on ocean shelf carbon analyses in the United Kingdom (Smeaton et al., 

2020) and globally (Atwood et al., 2020) were used as guides to conduct this study. These 

reference studies analyzed samples from both seafloor surface grabs and core tops (i.e., cores 

with the surface layers intact), to quantify percent organic carbon (%OC) and carbon mass in 

their study areas. Following the same approach, a suite of available parameters was compiled to 

build an offshore north-central California database for analysis. Data were required to contain, 

at a minimum: latitude and longitude, water depth, sample type (grab or core), subsample depth 

within a core, physical parameters (%mud, %sand, %gravel), and, where available, geochemical 

parameters (%OC, dry bulk density). Records with erroneous data (e.g., negative depth, 

coordinates on land, -99 values) or deeper than 51 cm were excluded from the analysis. Methods 

of %OC calculation (e.g., loss on ignition) were not a requirement as these data are not typically 

reported in public databases.  

 

Data from the broader north-central California region came from three sources: the global 

dbSEABED database covering 1965–2022, managed by Floor of the Ocean LLC (dbSEABED, 

2022), an E/V Nautilus expedition in Cordell Bank National Marine Sanctuary (Ocean 

Exploration Trust, 2017), and Sliter et al. (2021), covering the Gulf of the Farallones region. 

Geographic boundaries were selected based on natural barriers to sediment movement—a major 

headland (Cape Mendocino) and a submarine canyon (Monterey Submarine Canyon), which 

create littoral cells (Patsch & Griggs, 2006; George et al., 2015). Within the final dataset, 342 

records included both sediment grain size and %OC. Based on the established relationship 

between carbon and grain size (e.g., Keil et al., 1994), these records were linearly regressed 

(Figure 3) to produce a locally specific relationship:  

Equation 1. 

%𝑂𝐶 = 0.0188 × %𝑚𝑢𝑑 + 0.0075 

𝑟2 = 0.72, 𝑝 < 0.01 

 

The relationship in Equation 1 was used to estimate %OC values for the remaining records of the 

dataset without %OC reported (n = 4,311). All records were combined (n = 4,593)2 and used in 

the analyses described below. 

 
2 This number is the sum of n = 342 and n = 4311, minus 60 duplicate records that were removed from the 
analysis. 
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Figure 3. Regression relationship (r2 = 0.72, p < 0.01) between mud and organic carbon (top) and 
residuals (bottom) for samples in this study (n=342). The dashed lines represent the 95% confidence 
interval. 

 

Sediment Classification 

All records were classified using a sediment classification method based on proportions of mud, 

sand, and gravel to create substrate types. The Folk classification scheme (Folk, 1954) is the 

classical scheme used to determine sediment-based substrate classes. However, the Folk scheme 

overemphasizes the gravel classes and skews the classes to be coarser (Valentine, 2019). As a 

result, a classification scheme used by the United States Geological Survey (USGS) at Stellwagen 

Bank National Marine Sanctuary was chosen with thresholds for 20 classes because of an 

increased emphasis on fine-grain sediment that is more appropriate for carbon sequestration 

analysis (Table 1; Valentine, 2019). If sediment class percentages were equal (e.g., sand and mud 

both 45%), adjustments were made using grain size (i.e., gravel dominated if φ < -1; sand 

dominated if -1 < φ < 4; and mud dominated if φ > 4).3 Several records were excluded from 

classification due to lack of grain size data or component percentages. 

 

 

 
3 Phi (φ) is a measure of grain size on a logarithmic scale. Values for grains coarser than one millimeter 
(larger than coarse sand) are negative, while those for grains finer than one millimeter (coarse sand and 
smaller) are positive. 
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Table 1. The 20 grain size classes used in sediment classification. Capitalization scheme was defined by 
Valentine (2019) to denote the dominant grain size class. Comparison refers to a secondary step needed 
to classify sediment when two aggregates are over the specified thresholds. Source: Valentine, 2019 

Class ID Name Abbreviation Gravel (%) Sand (%) Mud (%) Comparison 

1 Mud M <25 <10 ≥50  

2 gravelly Mud gM ≥25 <10 ≥50  

3 sandy Mud sM <25 ≥10 ≥50  

4 sandy gravelly Mud sgM ≥25 ≥10 ≥50 S<G 

5 Sand S <25 ≥50 <10  

6 gravelly Sand gS ≥25 ≥50 <10  

7 muddy Sand mS <25 ≥50 ≥10  

8 muddy gravelly Sand mgS ≥25 ≥50 ≥10 M<G 

9 Gravel G ≥50 <10 <10  

10 sandy Gravel sG ≥50 ≥10 <10  

11 muddy Gravel mG ≥50 <10 ≥10  

12 sandy muddy Gravel smG ≥50 ≥10 ≥10 S<M 

13 muddy sandy Gravel msG ≥50 ≥10 ≥10 M<S 

14 
mud and sand and 
gravel MSG ≥25 ≥10 ≥10  

15 sand and mud SM <25 ≥10 ≥10 S<M 

16 mud and sand MS <25 ≥10 ≥10 M<S 

17 gravel and sand GS ≥25 ≥10 <10 G<S 

18 sand and gravel SG ≥25 ≥10 <10 S<G 

19 gravel and mud GM ≥25 <10 ≥10 G<M 

20 mud and gravel MG ≥25 <10 ≥10 M<G 

 

Geospatial Analysis 

Spatial interpolation was conducted using ArcGIS Geostatistical Analyst extension to create a 

continuous surface of sediment distribution, sediment class, and %OC to estimate these values 

at locations with no data. Before creating an interpolated surface, the distribution of the data 

was explored to determine whether any trends were apparent, and the stationarity of the data 

was examined to validate the assumption that the statistical properties of the data samples do 

not change over time or space (Interstate Technology & Regulatory Council, 2016). Empirical 

Bayesian Kriging (EBK) was determined to be the best option for interpolating the data. EBK is 

a reliable automatic interpolator that creates local models using subsets of the input data, which 

are defined by nearby values, in order to create a complete and accurate prediction, particularly 

of nonstationary data. Two specific metrics of EBK interpolation can be used to validate the 

model by indicating model accuracy (root mean square error) and model bias (mean error). 

Model results showed the root mean square error was 0.25%, which means that the predictions 

differed from the measured values by approximately 0.25%. Mean error was -0.018, which 
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indicates the model slightly underpredicted measured values. EBK was found to be a reliable 

interpolation method and was selected as the geospatial analysis approach for this study. 

Carbon Stock Analysis 

Carbon stock (the total amount of organic carbon) was calculated for surficial sediments (top 10 

cm) in the study region due to data limitations in deeper sediments, especially sediment 

thickness, %OC, and geochemical processes that may impact carbon content. To calculate the 

carbon stock of surficial sediments, it was necessary to determine the dry bulk density for all 

records, which was not a parameter reported in the dataset. Therefore, an approach detailed by 

Diesing et al. (2017) and Smeaton et al. (2021) was used to determine porosity (Φ) and dry bulk 

density (kg/m3) for all records. This approach was determined to be the most appropriate, as it 

was originally based on shelf sediment data from the Gulf of Mexico and found to be consistent 

with shelf sediments in the United Kingdom; an assumption was made that this approach could 

be generalized to other shelf locations. Porosity was derived using mud content (Cmud), which 

was available in the dataset, with the following equation from Jenkins (2005): 

Equation 2. 

Φ = 0.3805 × 𝐶𝑚𝑢𝑑 + 0.42071 

Dry bulk density of each sediment record was then derived from the calculated porosity and 

grain density (ρs = 2650 kg/m3), as reported in Diesing et al. (2017): 

Equation 3. 

𝐷𝑟𝑦 𝑏𝑢𝑙𝑘 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 = (1 − Φ)ρs 

Records were binned into four broad substrate types using the 20 USGS classes (Table 1; 

Valentine, 2019): muds (classes 1–4), sands (classes 5–8), gravels (classes 9–13), and mixed 

(14–20), and the area of each substrate type was determined from the spatial model. Dry bulk 

density values were averaged within each substrate type, and the calculations demonstrated by 

Smeaton et al. (2020, 2021; Table 2) were used to calculate carbon stock for each of the 

substrate types within sanctuary boundaries. 

Table 2. Additional equations used to calculate carbon stock. Source: Smeaton et al., 2020, 2021 

Metric Equation 

Sediment volume (m3) Areal extent of substrate type (m2) × sediment thickness (m) 

Sediment mass (kg) Sediment volume (m3) × dry bulk density (kg m-3)  

Carbon mass (kg) Sediment mass (kg) × carbon content (%) 

Carbon stock (tonnes) Carbon mass (kg) / 1,000   

Carbon stock (Mt) Carbon stock (tonnes) / 1,000,000 

 

The uncertainties in the data, expressed as standard deviations, were propagated through the 

calculations using the “adding in quadrature” method. To propagate these uncertainties, it was 

assumed that the errors were normally distributed and that the parameters were independent of 

each other. 
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Sediment Class Sediment Subclass 
Number of 
Samples 

Mean %OC %OC Range 

Gravel Gravel 381 0.01 0.01–0.10 

Gravel sandy Gravel 103 0.01 0–0.03 

Gravel muddy Gravel 10 0.57 0.55–0.57 

Mixed mud, sand and gravel 9 0.56 0.20–1.6 

Mixed sand and mud 11 0.90 0.4–0.95 

Mixed mud and sand 38 0.93 0.2–0.95 

Mixed gravel and sand 1 0.10 - 

Mixed sand and gravel 6 0.01 0.01–0.01 

Unknown unable to classify 30 - - 

 

 
Figure 5. Ternary plot characterizing the grain size proportions of each data sample.  

 

Boxplots of the distribution of %OC by sediment class show the highest carbon content in the 

mud classes, and decreasing carbon as sediment grain size increases (Table 3; Figure 6). Coarser 

classes that contain higher mud contents (e.g., muddy sand) show higher %OC than non-mixed 
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classes (e.g., sand), indicating the positive correlation between higher %mud and %OC. Whereas 

this general relationship is consistent with studies conducted in the United Kingdom (e.g., 

Smeaton et al., 2020), the absolute values varied considerably among the sediment classes. The 

mean %OC for the mud class was 1.90% with a range of 1.0–3.2% with 17 outliers from the very 

compressed middle quartile. Most of the classes show similarly compressed middle quartiles. In 

contrast, the mixed sediment class showed a wide middle quartile and smaller range of outliers, 

indicating a weaker relationship between the more mixed sediment class and %OC.  

 

Figure 6. Boxplots of the distribution of %OC by sediment class. 

 
 

Seafloor Characterization 

The sediment distribution demonstrated in this study is consistent with previous studies (Chin 

et al., 1997; Karl et al., 2001) and observations of the region, and reflects the high variability in 

physical processes that occur. The percentage of mud varied with distance from the coast and 
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water depth, although this relationship was not consistent throughout the study area (Figure 7). 

North and south of the Gulf of the Farallones (see Figure 2), mid-shelf mud belts (defined as 

elongated areas, detached from their source) emerge around the 30- and 40-m isobaths. The 

gulf, along with deep portions of the study area, is predominantly composed of sandy sediments. 

There are some exceptions within the submarine canyons and around Cordell Bank, where 

sediment portions of sand and mud fluctuate considerably. Tomales Bay has primarily muddy 

substrate. Generally, there is more mud north of the Gulf of the Farallones than south.  

 

Figure 7. All data used in the analysis presented as the %mud of the sample, along with bathymetry lines. 
Image: NOAA; Source: dbSEABED, 2022; Ocean Exploration Trust, 2017; Sliter et al., 2021; Esri, 2020b
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Data Distribution and Interpolation 

Data used to develop the interpolated continuous surface are distributed unevenly across the study area (Figure 8); some areas 

contained a high density of records (i.e., along the coast and near the mouth of San Francisco Bay), while other areas were largely 

devoid of data (i.e., the northwest corner of the study area). Thus, confidence in the model for areas with low sampling density is 

relatively low. Most samples are within 6–32 km of the coast or within the 100-m contour depth; 95% of records were collected at 

300 m or less. Results of the interpolation (Figure 8, Figure 9) indicate variable distribution of carbon density in surficial sediments 

throughout the study area, with highest concentrations near the coast and west of the shelf break. 

 

Figure 8. Predicted %OC values in the study area, with the sample locations (final dataset) used for the interpolation indicated with points (left) 
and contour lines showing bathymetry (right). Areas within the study boundaries not represented by the model (the northwest and southwest 
corners) are due to limitations in data availability and model interpolation. Image: NOAA; Source: dbSEABED, 2022; Ocean Exploration Trust, 
2017; Sliter et al., 2021; Esri, 2020b
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Carbon Stock Analysis 

Spatial distribution (Figure 9) and geographic extent (Table 4) of the four broad substrate types 

(using classification in Table 3) indicates that the sanctuary seafloor is composed predominantly 

of sand and mud, with a small proportion of gravel and very little mixed sediment. Carbon stock 

in megatonnes (Table 4) is highest for the mud category, followed by sand, with very little 

carbon in the gravel and mixed substrate categories. The estimated total amount of organic 

carbon, based on available data, in the top 10 cm of sanctuary sediment is 8.7 ± 3.4 megatonnes 

(Mt), or 8.7 million metric tons.  

 

Figure 9. Predicted substrate types based on data interpolation (continuous surfaces), overlain by the 
%OC dataset (colored dots). The predominant substrate type is sand. Areas within the study boundaries 
not represented by the model (the northwest and southwest corners) are due to limitations in data 
availability and model interpolation. Image: NOAA; Source: dbSEABED, 2022; Ocean Exploration Trust, 
2017; Sliter et al., 2021; Esri, 2020b 
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Table 4. Carbon stock calculation of each of the four broad sediment classes (top 10 cm) represented in 
the study area and data used in calculations, following methods in Smeaton et al. (2020, 2021). Records 
with a zero value for %OC were not included in the analysis, and therefore the sample size may differ 
from those reported in Table 3. 

Substrate 
Type 

Sample 
Size 

Mean Dry Bulk 
Density  

(kg/m3 ± standard 
deviation) 

Mean %OC  
(± standard 
deviation) 

Geographic 
Extent  
(m2) 

Carbon Stock  
(Mt ± standard 

error) 

Mud 804 717.196 ± 149.407 1.541 ± 0.32 65.41 x 108 7.230 ± 2.131 

Sand 3163 1,475.151 ± 116.535 0.121 ± 0.22 80.16 x 108 1.429 ± 2.598 

Gravel 493 1,528.962 ± 42.545 0.019 ± 0.08 6.81 x 108 0.021 ± 0.083 

Mixed 65 1,124.032 ± 176.194 0.773 ± 0.35 0.02 x 108 0.002 ± 0.001 

Total N/A N/A N/A N/A 8.681 ± 3.36 
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Discussion 

This study is the first to demonstrate that grain size can be used as a predictor of organic carbon 

content in this region. As shown in Table 4, despite being smaller in area than sandy substrates, 

muddy substrates contain almost twice as much carbon. Though the sediment in the study 

sanctuaries is dominated by sand (Figure 9), with extensive sand deposits across the shelf, along 

the coast, and in the Gulf of the Farallones, organic carbon content is relatively low in these 

areas. This could simply be due to the smaller surface-area-to-volume ratio of these larger grain 

sizes, but could also be a result of greater oxygenation in the upper 10 cm of sand compared to 

mud. This contrasts with the higher concentrations of Corg in muddy deposits, which are present 

in three areas: shore-parallel mudbelts, steep canyons west of the shelf, and protected bays, all 

of which are areas where turbulent energy decreases, allowing fine sediment to accumulate 

(Figure 7, Figure 9). Shore-parallel mudbelts were found north of Point Reyes and on the 

southern edge of the study area in 20–30 m water depth, which is consistent with mudbelts 

identified by Edwards (2002) in Monterey Bay National Marine Sanctuary (south of the study 

area) and predicted by the analytical model for the depth of a mudbelt as estimated by wave 

height, described by George and Hill (2008). The steep canyons that cleave the shelf break (e.g., 

Bodega Canyon) act as conduits of mud to low-energy deeper waters that allow fine sediments to 

settle out, as observed in submarine canyons around the world (Harris & Whiteway, 2011). The 

third geographic region of mud accumulation is in Tomales Bay, a protected shallow embayment 

where the substrate is predominantly mud, likely due to reduced ocean swell and proximity to 

terrestrial fluvial sources. These three mud-dominated zones coincided with the highest 

concentrations of organic carbon. 

 

 

Figure 10. Representative images of sand (left) and mud (right) on the study area seafloor. Photo: Marine 
Applied Research and Exploration 
 

The carbon stock of surficial (top 10 cm) sediments in the sanctuaries of study was calculated to 

be approximately 9 million metric tons of organic carbon, equivalent to 32 million metric tons of 

CO2.4 This is equivalent to the emissions generated by burning 3.5 billion gallons of gasoline. 

 
4 Using the standard carbon to CO2 conversion: CO2 equivalent = 3.67 x Corg. 
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While the area of the ocean seafloor is vastly greater than that of areas considered to be coastal 

blue carbon habitats, surficial seabed sediments store approximately 70x the organic carbon 

stored in the sanctuary’s salt marsh and eelgrass-associated sediments (Hutto et al., 2021). It is 

important to note, however, that limiting this analysis to surficial sediments (due to limited data 

for sediment thickness and uncertainties regarding the relationship between grain size and %OC 

at greater depths) means that the stocks reported here represent only a fraction of sedimentary 

carbon stocks in the sanctuaries. It should also be noted that known hard-bottom reefs were not 

resolved with the spatial sediment distribution maps, and therefore are not accounted for in the 

calculated carbon stock, slightly overestimating carbon content of surficial sediments. Even so, 

this analysis demonstrates that marine sediments, particularly muddy sediments, act as a 

significant carbon store in the sanctuaries studied. 

Activities that disturb or alter the seabed, such as mining, oil and gas exploration, and bottom 

trawling, resuspend carbon-rich sediments. This can result in remineralization of organic 

carbon into CO2 (Epstein et al., 2022), decreasing the pH of the surrounding waters and 

reducing the ocean’s capacity to absorb atmospheric carbon dioxide (Sala et al., 2021). Notably, 

as the study sanctuaries are located in an upwelling region, remineralized CO2 is more likely to 

reach surface waters compared to other regions. Because sanctuaries have seabed protections 

that prohibit mining or oil and gas exploration, the leading causes of surficial seabed 

disturbance in the sanctuaries are likely from: violations of prohibitions of activities that alter 

the seabed; bottom-contact fishing; and permitted activities, such as mooring installations, 

salvage and recovery, and trawling for scientific purposes. Reducing or limiting these 

disturbances could result in increased Corg content over time, enhancing seabed carbon stores. 

Of all disturbance activities, bottom-contact fishing may be the most disruptive. In particular, 

bottom-trawl fishing has been identified extensively in the literature as a potential source of 

“underwater carbon dioxide emissions” in certain environmental settings due to chronic mixing, 

resuspension, and oxidation of surficial sediments, and subsequent remineralization of organic 

carbon (e.g., Paradis et al., 2021; Pusceddu et al., 2014; Oberle et al., 2016). Trawling 

resuspends large volumes of sediment (e.g., Durrieu de Madron et al., 2005; Palanques et al., 

2014), thereby elevating near-bottom turbidity, dissolved methane, and nutrients in the water 

column (Bradshaw et al., 2021); alters seafloor faunal communities (Hiddink et al., 2017); and 

restructures surficial benthic sediments (e.g., Eigaard et al., 2016; Trimmer et al., 2005). 

However, although widely reported (e.g., Einhorn, 2021), there is differing evidence about the 

contribution of trawling to carbon emissions (e.g., Hiddink et al., 2023 in response to Sala et al., 

2021; Epstein et al., 2022) and the ubiquitous impact of bottom trawling on sediment carbon 

stores is less clear. One review of 38 studies found mixed evidence that bottom-trawl fishing 

disturbs seabed carbon to the extent that carbon stocks are reduced and remineralization is 

increased (Epstein et al., 2022). Another review of 28 studies found that untrawled sediments 

sequestered significantly more carbon than areas exposed to trawling (Jacquemont et al., 2022). 

While it’s certain that trawling has a significant impact on benthic ecosystems, the net effect of 

trawling on seabed carbon stocks (Legge et al., 2020), as well as the fate of disturbed organic 

carbon, is still uncertain. Regardless, trawling likely does limit future burial and storage of 

carbon in the seabed by impeding the settlement and compaction of carbon-rich sediments 

(Epstein et al., 2022). 



 

18 

The co-occurrence of seabed disturbance activities and carbon sinks can help inform 

management of the seabed by identifying the areas most likely to contribute to carbon 

remineralization and possibly informing greater seabed protections. Bottom-contact fishing, 

including trawling and set gear (e.g., pots and traps), does occur within the study sanctuaries, 

and an analysis of the locations, extent, frequency, and direct impacts of these fishing activities 

would inform understanding of how sediment carbon in the sanctuaries is impacted. Black et al. 

(2022) developed a carbon vulnerability ranking, based on sediment type and lability, as well as 

fishing gear type, to identify areas of the seabed that are most vulnerable to carbon disturbance 

and should be prioritized for protection; a similar analysis should be completed for the 

sanctuaries. A preliminary visualization of available trawling data within Greater Farallones 

National Marine Sanctuary boundaries (total number of presumed trawling vessels, based on 

vessel speed, per 3 km2 over a 9-year period), indicates a potentially low co-occurrence of 

trawling activity with carbon hotspots (Figure 11); however, these data are incomplete and 

further analysis is required to fully understand the potential impacts from bottom trawl fishing 

in the study sanctuaries. Other bottom-contact fishing gear types, such as crab pots and traps, 

are likely more numerous in the sanctuaries but are harder to track and document for such an 

analysis. 
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Figure 11. Trawling density in Greater Farallones National Marine Sanctuary in 2011–2020, expressed as 
the number of trawling vessels per 3 km2 (squares) underlaid by predicted %OC. Image: NOAA; Source: 
National Centers for Coastal Ocean Science, 2020; Esri, 2020b 

 

The results of this spatial analysis of surficial seabed carbon can also be used to inform marine 

spatial planning and decisions about potential future activities in the sanctuaries that may 

disturb the surficial seabed. This information can be used when dealing with enforcement cases 

involving seabed disturbance, and in prioritizing protection of sanctuary habitats.
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Recommendations and Conclusions 

This study builds on the strong body of evidence that marine sediments are a significant global 

sink of organic carbon and provide critical long-term carbon accumulation and storage. We 

demonstrate that areas lacking coastal vegetated ecosystems, such as Cordell Bank National 

Marine Sanctuary, which has no shoreline, provide significant carbon sequestration services that 

should be valued and protected. Carbon-rich muddy areas of the seafloor are often not priority 

areas for protection (as opposed to high-relief rocky areas protected for fish habitat), but could 

be better protected through MPAs to maximize carbon storage. Globally, only 4% of the carbon 

stored in marine sediments are within MPAs, and only 2% within highly protected MPAs that 

prevent disturbance to the seabed (Atwood et al., 2020).  

For the study sanctuaries to determine if current seafloor protections are adequate to protect 

carbon or if more protections are needed to meet their conservation goals, we recommend a 

more thorough assessment of the overlap of current leading causes of seabed disturbance with 

carbon hotspots. Such an analysis would require the collection and mapping of current activities 

that cause seabed disturbance in the entirety of the sanctuaries, including the location and 

duration of: bottom-contact fishing and areas currently closed to bottom trawling; violations of 

seabed protections; and permitted activities. It should be noted that these analyses will not 

indicate the final fate of disturbed sediment carbon; significant advances in scientific research 

are required to better understand global impacts of carbon remineralization due to seabed 

disturbance. These assessments, however, can inform sanctuaries of those disturbance activities 

that are most likely to degrade carbon stores and cause negative local effects due to carbon 

remineralization. To better understand the specific impact of bottom-contact fishing, 

sanctuaries could employ the carbon vulnerability ranking of Black et al. (2022) to identify those 

areas of the seabed most vulnerable to bottom-contact fishing gear that should be prioritized for 

protection.  

We recommend building a stronger dataset of sediment samples to improve the predictive 

model by addressing sedimentological and spatial data gaps and to validate the carbon 

hotspots identified in this study. Our dataset is dominated by sand samples, so building the 

dataset with more mud samples and identifying regions of hard substrate such as rocky outcrops 

would strengthen the analytical model and reduce uncertainty. Additionally, there are spatial 

gaps in available data in the northwest region of the study sanctuaries and off the shelf break. 

Validation of carbon hotspots (e.g., the mud swath identified west of the shelf) would improve 

confidence in both the predictive model and understanding of the substrate. Using the sediment 

classification maps, a sampling plan could be developed that leverages existing sanctuary 

projects, such as remotely operated vehicle surveys, or new partnerships with external 

researchers to both fill data gaps and validate the model presented in this study. This would 

improve the predictive model, provide additional data for estimating the sanctuaries’ carbon 

stock, and better inform potential management actions. Additional data gaps to address in 

future studies include thickness of the sediment on the seafloor to improve the total carbon 

stock estimate, the origin of stored carbon (terrigenous vs. marine) to determine the processes 

that contribute most to carbon stores, sediment dating of samples to determine accumulation 

rates, and improved geochemical analysis to determine the lability of carbon in the sediment. 
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We recommend sanctuary managers consider this sediment carbon model in decision-making 

and issuance of permits for future activities that could disturb the seafloor. This could occur 

during a permit application review or in a marine spatial planning process. The National 

Environmental Policy Act requires federal agencies to consider environmental effects in all 

decision-making. Our estimates could be used as a basis for understanding the impacts projects 

may have on carbon stores and sequestration. 

The model we present here could also be applied in other areas to calculate sediment carbon and 

carbon hotspots. Greater Farallones and Cordell Bank National Marine Sanctuaries could 

engage other national marine sanctuaries, agencies, and MPA managers and share this model to 

advance a broader understanding of sediment carbon nationally. And, to better establish the 

results from Greater Farallones and Cordell Bank National Marine Sanctuaries in a broader 

regional context, engagement with other national marine sanctuaries in California, as well as the 

California Department of Fish and Wildlife and the Ocean Protection Council on state managed 

MPAs, could lead to the development of a state-wide analysis to inform a regional perspective of 

ocean protection priorities.
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Glossary  

Carbon sequestration The process of capturing and storing atmospheric carbon 

dioxide.  

Carbon stock The amount of carbon stored in an ecosystem, which can 

either increase with sequestration or be released by 

disturbance.  

Marine sedimentary carbon  The carbon stored in marine sediments. 

Mudbelt    Elongated mud deposits, detached from their source. 

Remineralization The breakdown or transformation of organic matter into its 

simplest inorganic forms. 

Seabed The 3-dimensional substrate, including subsurface layers, 

that extend below the surface of the seafloor. 

Seafloor    The surface of the seabed. 

Surficial sediments   The top 10 centimeters of the seabed. 
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