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Abstract Sediment grain size and organic carbon (OC)
data collected over the past 50 years, together with δ13C
values of OC in recently collected samples, were analyzed
to improve understanding of sediment OC distribution and
abundance in Todos Santos Bay. Sediments in the subma-
rine canyon at the mouth of the bay and in quiet-water
locations along the shore are fine grained, high in OC, and
have generally low δ13C values; sediments in high-energy
environments are low in OC and have high δ13C values. A
bivariate isotopic mixing model indicates that none of the
sediments contain >50% terrigenous OC (average ~30%),
and that the terrigenous OC content of the sediments is a
small proportion of the OC content of local soils. Sediment
OC composition is apparently controlled by energy-related
sorting and deposition, oxidation of much of the original

terrigenous OC, and replacement of some terrigenous OC
by marine OC.

Keywords Sediment organic carbon . Grain size .

Carbon isotopes . Sorting . Replacement

Introduction

In general, modern sediments deposited in nearshore shelf
and upper slope environments have higher content of
organic carbon (OC) than sediments from central, open-
ocean regions. The deposition of OC-rich sediments is
interpreted to be controlled by a combination of elevated
nearshore primary production, increased preservation asso-
ciated with elevated sedimentation rate, and proximity to
the source of terrigenous OC (Stein 1991).

OC sedimentation of the ocean is of particular interest, in
order to understand the role of oceanic sedimentation in the
global carbon balance. OC transport from the land to the
coastal ocean is estimated to total about 0.38 Gt year−1

(Ludwig et al. 1996). Hedges and Keil (1996) estimated
that OC burial in the world ocean is about 0.16 Gt year−1,
about 27% higher than previously estimated by Berner
(1982); these authors agree that about 95% of OC burial
occurs on deltas, other shelf areas, and the upper slope. The
burial represents about 40% of river OC delivery, with the
difference between delivery and burial interpreted to
represent an excess of oceanic OC oxidation over primary
production (Smith and Hollibaugh 1993 and references
cited therein).

Most studies of coastal sediment OC focus on sediments
near significant river systems, likely to be dominated by
river input. The system studied in the present analysis is
substantially different. The present paper examines sedi-
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ment OC in a coastal area with low river sediment OC
delivery and active upwelling-induced coastal primary
production. What can be learned about sources, transport,
and deposition in such a system?

Sediment characteristics in Todos Santos Bay, Ensenada,
Baja California, Mexico, have been extensively studied
since the 1950s (e.g., Walton 1955; Emery et al. 1957).
Emery et al. compared the sediment distributions of three
bays on the Baja California peninsula and emphasized the
importance of details of topography and hydrography in
controlling grain size and both OC and inorganic C content.
Subsequent studies have greatly amplified the database but
have not comprehensively re-assessed the environmental
significance of the data.

The present paper summarizes available information on
OC and grain size of Todos Santos Bay sediments. Between
the published historical data and our recent sample
collection, we have used data amassed over the past
50 years. The paper describes the spatial distribution of
OC and grain size in Todos Santos Bay, compares OC
content and stable carbon isotopic composition with local
soils which provide the proximate terrestrial sediment
source, and discusses processes responsible for the ob-
served OC distribution. The questions posed in the study
concern the origin of the OC preserved in the bay
sediments. Is the sediment OC dominated by residual

terrigenous OC, perhaps with some diagenetic loss of
OC? Or is it dominantly marine OC that has largely
replaced the terrigenous material? Is the OC content of the
bay sediments more or less than that of the source material?

Study Area

Todos Santos Bay is located on the northwest coast of Baja
California, Mexico (~31°47′ N; 116°43′ W). We define the
NW oceanic boundary of the bay as the ridge of a broad
shoal between the Todos Santos Islands and the mainland
shoreline and the SW boundary as the shortest distance
between a prominent point (Punta Banda) and the islands.
The bay has a surface area of ~240 km2. A large submarine
canyon marks the 6-km wide southwestern oceanic bound-
ary of the bay. Within the outline of the bay (Fig. 1),
maximum depth is ~100 m except for the canyon reaching
to 400 m and draining down the continental slope.

Wind dominates the coastal circulation. Prevailing
northwesterly winds, primarily during the spring and
summer, drive water into the bay from the NW. During
some winter storms and offshore “Santa Ana” wind
conditions, water enters through the SW entrance (Argote-
Espinoza et al. 1991). There is an apparent convergence
zone within the bay, near the mouth of the Punta Banda

Fig. 1 Index map of Todos Santos Bay, coastal bathymetry in the bay
and the immediately adjacent coastal area, sample locations (gray
crosses), and catchments that drain to the bay or might contribute

sediment from along shore. See Smith et al. (2007) for more details
about the individual catchment characteristics
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estuary, along the eastern shore (Alvarez-Sánchez et al.
1988). Sediment transport into and within the bay follows
the same circulation pattern (Pérez-Higuera and Chee-
Barragan 1984). The prominence of Punta Banda, subma-
rine canyons to the north and south of the bay, and a very
narrow shelf outside the bay, make it unlikely that there is a
large amount of alongshore sediment delivery to the bay
from either the north or south (Fig. 1).

Upwelling is a prominent feature of much of the Pacific
coast of North America, including northern Baja California,
during periods of NW winds (Bakun 1990). Various authors
(e.g., Espinosa-Carreón et al. 2001) have documented
effects of local upwelling on water properties (including
temperature, nutrients, and chlorophyll) near the mouth of
Todos Santos Bay during the springtime upwelling period.

We briefly consider characteristics of sedimentary inputs
to the system. Erosion in the Todos Santos Watershed has
been estimated to average about 1,400 t km−2 year−1 across
an area of 4,900 km2 (Smith et al. 2007; Fig. 1). The largest
catchment in the region (#6) discharges ~20 km to the north
of the bay; canyons apparently intercept most sediment as
the material moves southward along the narrow shelf. Two
of the catchments (#1, 2) drain into the Punta Banda
estuary, with limited exchange with the open bay; another
(#4) drains through a water reservoir that intercepts sedi-
ments from about 90% of its catchment area. Catchments
with an aggregate area of ~500 km2 and only relatively
small upland erosional areas have unimpeded flow to the
open bay. None of these catchments has perennial streams;
significant discharges of water and sediments only occur
during and after winter storms. As a result of these
observations, Smith et al. (2007) concluded that most of
the eroded soil is intercepted and trapped within the
watershed.

Poorly developed soils (lithosols, regosols; FAO soil
classification system; http://www.fao.org/AG/agl/agll/prtsoil.
stm) are the dominant soil types in the watershed, and the
area-averaged organic carbon content of these soils is
estimated to be 0.6%.

The dominant natural vegetation is shrubland, with low-
slope areas now largely converted to agriculture or
urbanization. About 70% of the watershed remains in a
“disturbed natural” state (see Smith et al. 2007 for more
data on soils and land cover in the watershed). Most of the
terrestrial, organic carbon in marine, coastal sediments in
northwestern Baja California derives from soils on which
the biomass is overwhelmingly dominated by C3 trees and
shrubs; C4 plants are an insignificant component of this
Mediterranean vegetation, including introduced vegetation
(Peinado et al. 1995; Smith et al. 2007, and references
therein, together with personal communication about the
dominant physiology of the local plants from Julio
Betancourt and Mario Salazar).

As a result of limited delivery of terrigenous material
both directly from land and alongshore, as well as the
circulation pattern within the bay, sediment characteristics
with respect to both grain size and OC content within the
bay are likely to be dominated by dispersal. There is high
wave energy in shoal areas within the open bay, net
transport of sediments away from the shoreline, and high
primary production associated with coastal upwelling at the
edge of the shelf. Primary production associated with
nutrient pollution in inshore areas might also be important
but is likely to be insufficient (based on local sewage
discharge data) to affect bay-wide average sediment OC
content very much.

Methods

Most data used here came from tabulated data in publica-
tions (Ames-Sigala 1985; Díaz-Castañeda and Harris 2004;
Dirección General de Oceanografía y Señalamiento
Maritimo 1974; Francisco-Ramos 2006; Mendez-Arriaga
1982; Riveroll-Schroeder 1985; Rodríguez-Villanueva
2005; Romero-Vargas 1995; Walton 1955). Table 1 sum-
marizes data sources, methods used, and range of measured
grain size and organic matter values, as well as the general
environments represented by the various collections. In
addition to the published data, various unpublished data
sources are listed in Table 1. In cases where organic matter
(OM) was reported, estimates were converted to OC using
an OC/organic matter mass ratio of 0.4.

Unfortunately, the extensive original data behind maps
and analyses in Emery et al. (1957) could not be located,
and the figures in that publication are too general to be used
quantitatively. Nevertheless, that publication provides an
extensive benchmark for comparison with other data. The
qualitative grain size and OC distribution patterns that we
derive are not greatly different from those in the study by
Emery et al.

Sediment samples collected by Ibarra-Obando from the
bay and estuary during 2005 (with the assistance of the
Mexican Navy) and from the bay by Gonzalez-Yajimovich
during 2006 were used primarily for carbon isotopic
analysis. OC δ13C values were determined at the Autono-
mous University of Baja California (UABC) or at the
University of Hawaii (UH) on decalcified samples (Hedges
and Stern 1984). Analyses at UABC were performed
using an Optima isotope ratio mass spectrometer (VG-
Micromass), with a precision of ~0.2‰. Analyses at UH
were performed using an on-line carbon-nitrogen analyzer
coupled with an isotope ratio mass spectrometer (Finnigan
ConFlo II/Delta-Plus), with a similar precision. Isotope
values are reported in standard δ-notation relative to the
PDB standard. Grain size analyses were performed on
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recently collected samples (2005, 2006) with an LS Particle
Size analyzer, Beckman Coulter, either at the University of
San Diego or at UABC.

Table 1 summarizes the data sources. Sediment grain
size (GS) information was available for 364 samples; 209
samples had estimates of OM; 52 samples had estimates of
organic carbon. Carbon isotopic analyses were obtained on
24 samples.

Median grain size, in � units, is approximately normally
distributed. OC abundance in the sediments is log-normally
distributed, so those data were log-transformed before
statistical analysis. The data were inspected for time trends
in both OC content and grain size. No time trends were
obvious, so the data were aggregated across years for further

analysis. Trend surface analysis was undertaken for median
grain size, log(%OC), and percent terrigenous OC, using
universal kriging in Arc View 9.2 (Geostatistical Analyst).
The trend surface maps were subsequently converted to
gridded data at a horizontal resolution of 100 m, and
spatially averaged data reported here were based on this grid
spacing.

Results

Median grain size within the bay is coarsest (<1�) along the
shoal demarking the NW boundary of the system and in
exposed locations along the eastern and southern shores of

Table 1 Information on data sources for Todos Santos sediments

Data source Sample year Major habitat (n) Sampling method
(approximate depth, cm)

Grain size method OM, OC method

Walton (1955) 1952 Slope, shelf
(68, GS)

Coring tube (3.5 cm) Sieving –

Emery et al. (1957) (DATA
NOT AVAILABLE)

? Slope, shelf ? Sieving, pipette
or color coding

Peroxide oxidation

Dirección General
de Oceanografía y
Señalamiento Maritimo
(1974)

1970 or
earlier

Shelf, slope
(18 GS, 18 OM)

Coring tube (10 cm)
Dietz La Fond, modified
van Veen (30 cm)

Sieving, pipette Peroxide oxidation

Mendez-Arriaga (1982) 1982 Shelf (37 GS) Coring tube (10 cm),
Dietz La Fond sampler

Sieving –

Riveroll-Schroeder (1985) 1983 Slope, shelf,
harbor (55 GS,
59 OM)

Coring tube (10 cm)
Dietz La Fond, modified
van Veen (30 cm)

Sieving, pipette Potassium dichromate
digestion

Ames-Sigala (1985) 1984 Shelf, estuary
(49 GS, 49 OM)

Coring tube (10 cm)
Dietz La Fond, modified
van Veen (30 cm)

Sieving, pipette Peroxide oxidation

Romero-Vargas (1995) 1992 Slope, shelf,
harbor (37 GS,
37 OM)

Van Veen Sieving Potassium dichromate

Díaz-Castañeda and Harris
(2004); Diaz (unpublished)

1994 Slope, shelf
(35 GS, 45 OM)

van Veen used top
2–3 cm

Sieving 4-h combustion, 490 C

Rodríguez-Villanueva
(2005)

1998 Shelf, slope
(28 OM)

Van Veen (> 5 cm) – CHN analyzer, decalcified
samples

Vertimiento (unpublished) 2002 Slope (21 GS) Dietz La Fond (10 cm) Sieving, pipette
(4.0–7.0)-

–

US McDonnell
(unpublished)

2003 shelf (13 GS) Dietz La Fond (10 cm) Sieving, pipette –

Huerta-Díaz et al.
(submitted manuscript)

2004 Harbor (4 GS) Hand core (7 cm) Laser scattering –

API (unpublished data) 2004 Harbor (3 GS) Dietz La Fond (6 cm) Sieving –
Francisco-Ramos (2006) 2006 Estuary (1 OM) Manual collection into

10 ml vial
– 4-h combustion 450 C

Marina/CICESE 2005 slope, shelf,
estuary (14 GS;
14 13C, OC)

Dietz-La Fond (10 cm) Laser scattering CHN analyzer, decalcified
samples in line with mass
spectrometer

Gonzalez (unpublished) 2006 slope, shelf (10
GS; 10 13C, OC)

van Veen (~12 cm) Laser scattering CHN analyzer, decalcified
samples in line with mass
spectrometer
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the bay (Fig. 2a). The most extensive region of fine
sediments (>4�) is a strip that includes the submarine
canyon and extends ENE, towards the Ensenada port area.
This approximates the southerly shipping channel into the

bay. The Punta Banda estuary (SE corner of the bay), the
Ensenada port area (~6 km to the north), and smaller port/
marina areas along the coastline also accumulate fine
sediments.

Fig. 2 a Trend-surface map of median grain size (� units) of the bay
sediments. Crosses indicate sampling stations with grain size data. b
Trend-surface map of log(%OC) of the bay sediments. Crosses
indicate stations with OC data. The trend surfaces (derived by

universal kriging) have been “trimmed” to the boundary of the bay
as defined in the text, although data outside the bay boundary were
used in the trend surface analysis
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Log(OC) also shows a clear spatial pattern, with low
values (log[OC]<−1.0) in shallow, exposed areas along the
NW boundary and the eastern portions of the bay (Fig. 2b).
High values (i.e., fine sediments; to >0.0) occur in the
canyon and slope, as well as the protected areas of the
estuary and port (Fig. 2b). The pattern generally follows
the distribution of �, although details of the spatial trends
from the canyon towards the port area differ.

The general spatial similarity but difference in detail
between these two patterns results in a weak but statistically
significant (p=0.004; directional t test) positive correlation
(r=0.45) between median � (a proxy for energy) and log
(OC) (Fig. 3). On the one hand, the data scatter is not
surprising, given the disparity among analytical methods.
On the other hand, the general pattern illustrated by Emery
et al. (1957) indicates the same trend and apparent scatter as
we illustrate for the entire set of data we have used. OC
increases with finer sediments. It should be noted that one
sediment sample in the harbor (Romero-Vargas 1995) had a
� value of 10.6, about three units finer than all other
samples. Although the result was apparently correctly
tabulated (the same value occurs in the text and table), it
was so far removed from the other grain size estimates that
we regard it as a statistical outlier and eliminate it from
further analysis.

It is useful to calculate the mean OC content of the
sediments. The mean±standard deviation based on the
individual samples is 0.5±0.7%, while the area-weighted
estimates based on the trend surface map is 0.3±0.3%. This
comparison demonstrates both the lognormal distribution of
OC (high standard deviation relative to mean) and the
proportionally larger number of extreme values in the
original sample data. The median values are very close to
one another (0.24 vs. 0.26%; samples vs. map). Based on
the similarity between the two calculations of median OC

and the similarity of these two values to the mean OC
estimated from the map, we estimate that a value of 0.3%
best represents the percent OC of this system.

Figure 4 illustrates the relationship between log(OC) and
δ13C values for samples collected in 2005 and 2006. There
is a weak (r=−0.57; p=0.058) negative correlation between
the variables. The single sample that falls strongly below
the line is in the estuary, a likely site of high terrigenous
input. The isotopic value for that sample is near the value
we estimate for terrigenous OC. Marine (dominantly
planktonic) OC has δ13C near −20‰ (Williams and Gordon
1970), while terrestrial organic matter (locally dominated
by C3 plants) is about −25‰ (Deines 1980). These end-
member values are consistent with the extreme values
observed in the bay and are similar to reported δ13C values
for soil at shrubland sites in southern California (−26‰ to
−24 ‰; Vourlitis et al. 2007) and marine suspended
material and seston from San Quintin Bay, Baja California
(−20‰ to −18 ‰; Jorgensen 2006; Carriquiry, unpub-
lished). It should be explicitly noted that the dominant
vegetation types, including grasses and other ground cover,
in the watershed are C3 vegetation.

Discussion

What conclusions can be derived from these observations?
A conservative, qualitative, interpretation of the overall
trend is that sediments with high organic contents are
dominated by terrestrial organic carbon sources, while
sediments with low organic contents are dominated by

Fig. 3 Scatter diagram showing relationship between grain size and
OC for sediments in or near Todos Santos Bay

Fig. 4 Scatter diagram showing the relationship between OC and
δ13C values in sediments in or near Todos Santos Bay. The datum
with an extremely light δ13C value lies in the estuary in the SE portion
of the bay
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marine carbon sources. This leads to the observation
(Fig. 2) that terrestrially derived OC is primarily repre-
sented by the deep-water samples, which are both finer
grained and in the area subjected to upwelling.

This spatial separation between terrigenous input and
terrigenous accumulation suggests that dispersal and grain
size are more important than local biogeochemical process-
es in controlling OC distribution. It appears that the
distribution of OC in the sediments in and around Todos
Santos Bay is dominated by winnowing—removing the
fine-grained fraction derived from soil-derived carbon and
moving it offshore into deeper water. This general
winnowing model is consistent with Emery et al. (1957).
The coarser, open-shelf samples are apparently dominated
by marine OC, but these samples also have low OC in
comparison to the deepwater samples.

Soils in the NW portion of Baja California have an
average OC content of about 0.6% (Smith et al. 2007). By
comparison, only about 15% of the bay area (the canyon
sediments and some of the estuarine sediments) have an OC
content this high. The average soil OC content is near the bay
average sediment OC based on the original samples, although
below the map-based average. However, the δ13C values
(Fig. 4) and sediment C/N ratios (not illustrated) suggest that
some portion of the sediment OC is not terrigenous.

The Mississippi River marine deposits, with its massive
loading of terrigenous materials, are perhaps the best
characterized river-dominated system with respect to
sources and fates of terrigenous organic matter. In that
system, there is apparently both an offshore increase in
proportion of marine OC and degradation of the terrestrial
OC with distance offshore (e.g., Goñi et al. 1998). The
analysis of that system is, however, complicated by
accumulation of 13C-depleted terrestrial material (C3-domi-
nated) inshore and 13C-enriched terrestrial material (C4-
dominated offshore). Environments like Todos Santos, with
relatively little terrigenous input and relatively little input of
OC from C4 vegetation, provide a potentially interesting
comparison.

Because we have only C3 plants as a significant
terrigenous source, we have been able to use a simple
bivariate mixing model between terrigenous (C3 plants) and
marine (plankton) OC (nominal δ13C=−25 and −20‰,
respectively) and the regression between OC and δ13C
values in the sediments (Fig. 4) to approximate the
proportion of terrigenous OC remaining in the samples
(Fig. 5). The four classes used in the figure each represent
about 25% of the calculated range in terrigenous percent-
age, and the percent areas in parentheses represent the
approximate area of the bay covered by each class. This
calculation should be regarded as qualitative, particularly
given the low correlation shown in Fig. 4. Nevertheless, the
relationship does suggest that the maximum terrigenous OC

content of sediments in Todos Santos Bay is <50%. The
average is near 30%, based either on the calculated
terrigenous fraction of the individual samples or the sample
area covered by each class. Weighting the data by
sedimentation rate might alter the estimated average
terrigenous contents, but we believe that this effect would
be relatively small. Emery et al. (1957) argued that finer
sediments are probably more slowly deposited in this
system than coarser sediments, so we assume that neither
the canyon sediments within the outer portion of the bay
nor the deep water sediments beyond the bay are major
sediment sinks.

The average OC content of the sediments has been
estimated to be about 0.3%, so the average terrigenous OC
fraction of these sediments is apparently ~0.1% (i.e., about 1/6
the OC values for soils from which the sediments were
derived). At least in this low-sedimentation embayment and
the submarine canyon that receives sediments from the bay, it
appears that most terrigenous organic matter has been lost and
apparently only partially replaced by marine organic matter.

These calculations, while approximations, suggest that
much of the terrigenous OC delivered with soils has been
removed and replaced by marine OC. The quantity of marine
organic matter is highest in the fine-grained samples, a result
consistent with the observations of Mayer (1994), Keil et al.
(1994), and others, if fine-grained (organic rich) sediments
are winnowed from the coarser sediments.

Conclusions

Few coastal systems with low transport from land have
been seriously examined in the context of their role in the

Fig. 5 Estimated percentage of the sediment OC that is terrigenous,
based on isotopic mixing as discussed in the text. The four classes
each represent about 25% of the data range

Estuaries and Coasts (2008) 31:719–727 725725



global carbon cycle, yet most of the global coastline has
little or no terrigenous input. The present analysis examines
a system with low terrigenous OC input in the face of
potentially large coastal production of organic matter.
Without data on sedimentation rate within and beyond the
bay, a quantitative balance between terrigenous inputs and
sedimentation cannot be established. Nevertheless, it seems
likely that much of the terrigenous organic matter has been
oxidized. Further, it is clear that lateral transport as well as
oxidation and adsorption processes cannot be ignored in
assessing organic carbon mass balance in this and similar
coastal systems.

We have not undertaken the compound-specific isotopic
analyses employed by Goñi et al. (1998) and others, but we
suggest that systems with both low and isotopically simple
terrigenous input could provide further insight into pro-
cesses affecting the sources, dispersal and diagenetic fates
of terrigenous organic matter.
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