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ABSTRACT 

This study, conducted with the Monterey Bay Aquarium Research Institute (MBARI), is the first to 
investigate potential effects of carbon dioxide (CO2) hydrates on benthic microfossils, specifically 
foraminifera. The experiment was conducted in September 2003 aboard the R/V Western Flier using 
the ROV Tiburon. Experimental (CO2 exposed) and control cores were collected at 3600m and stained 
to distinguish live (stained) from dead (unstained) individuals. Foraminifera are ideal for these 
investigations because of differing test composition (calcareous and agglutinated) and thickness, and 
diverse epifaunal and infaunal depth preferences. The effects of the CO2 on assemblages have been 
tracked both vertically (10cm depth) and horizontally, and between live and dead individuals. 
Increased mortality and dissolution of calcareous forms resulted from exposure to CO2 hydrate. 
Preliminary results suggest several major effects on surface sediment assemblages: 1) total number of 
foraminifera in a sample decreases; 2) foraminiferal diversity decreases in both stained and unstained 
specimens. The number of planktonic and hyaline calcareous tests declines greatly, with milliolids 
being more resistant to dissolution when stained; and 3) percentage of stained (live) forms is higher. 
Down-core trends (up to 10cm) indicate: 1) percent agglutinated forms decline and calcareous forms 
increasingly dominate; 2) agglutinated diversity decreases with depth; and 3) assemblages become 
increasingly similar with depth to those in control cores not subjected to CO2 hydrate. These results 
imply almost complete initial mortality and dissolution upon CO2 hydrate emplacement in the corrals.  
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INTRODUCTION 
There is increasing concern regarding the effects of 
rising concentrations of anthropogenically-produced 
carbon dioxide (CO2) on global warming, with 
predictions that the Earth’s global temperature will 
rise between 2° and 11°C during the current century 
[e. g. 5, 12, 15]. Furthermore, geologic records, such 
as that of the Vostok ice core, indicate a close 
correlation between fluctuations in CO2 and the 
Earth’s global temperature [10]. Growing consensus 
on the effects of rising CO2 levels on global 
temperature has lead to consideration of CO2 
sequestration in the deep sea as a method of 
remediation for global warming.  
 
Previous investigations have shown that diffusion   
of CO2 hydrate causes an increase in pCO2 and a 
decrease in pH in surrounding waters [17, 18]. This 
has had observable negative effects on the benthic 
macrofauna, specifically on respiration and 
metabolism [14, 16] and causes dissolution in 
carbonate taxa. While studies have already been 
performed on the effects of CO2 on mobile 
megafauna [14, 16], this is only a small fraction of 
deep benthic life. A much larger percent of the 
biomass found at depth is represented by in situ 
microfauna [4, 7] and the effect of dissolving CO2 
hydrate on these organisms requires investigation.  
 
This study has examined the effects of CO2 
sequestration on a specific set of shelled protists—
foraminifera—that live within or on marine 

sediments. Foraminifera were chosen for this study for 
several reasons: their relative abundance in the 
sediments [4]; their varying test composition, for 
example calcareous and agglutinated; their varying 
depth of residence in the sediment [6, 7]; and their 
inability to migrate away from CO2 hydrate. Because 
of these circumstances, the effects of mortality and 
dissolution on these microorganisms are quantitatively 
measurable as a function of the distance from CO2 
injection both vertically and laterally. 
 
Quantitative comparison of foraminiferal assemblages 
in control relative to exposed samples allows 
assessment of mortality and dissolution resulting from 
the presence of CO2 hydrate. Planktonic foraminifera 
(which are calcareous) are relatively susceptible to 
dissolution and hence their relative abundance can be 
employed as a dissolution index. Due to the 
considerable depth of the experimental site (3600m) 
within the lysocline it is possible that planktonic 
foraminiferal tests may have already been influenced 
by dissolution [2, 9, and 19]. 
 
The experiment has attempted to determine the effects 
of CO2 hydrate on the mortality of benthic 
foraminifera. If the presence of CO2 hydrate increases 
mortality, the number of live foraminifera in the 
experimental cores should be reduced relative to 
control samples. Living and relict foraminifera can be 
differentiated by the use of a cytoplasmal stain as 
discussed later. Another contributing factor to the 
amount of mortality is dissolution. Most species of 

Figure 1: Location of 2003 Experimental site offshore Monterey Bay, California. 



foraminifera have calcareous tests or cements while 
others have agglutinated tests with non-calcareous 
cements [2, 9, and 19]. Decreasing pH in the 
experimental area due to elevated pCO2 (caused by 
the dissolution of CO2 hydrate) causes the 
dissolution of carbonate to compensate for lowered 
pH. This reaction leads to the dissolution of 
calcareous foraminiferal tests and cements in the 
effected area. Absence, thinning, or weakness of 
calcium carbonate tests in experimental samples can 
indicate the influence of carbonate dissolution. 
Furthermore, agglutinated species accordingly 
would increase in relative abundance. The survival 
of agglutinated species can thus be quantitatively 
assessed following exposure to high pCO2 since 
dissolution is excluded as a cause of mortality and 
hence other factors such as metabolic depression and 
respiration stress can be considered [16]. This 
represents a preliminary contribution describing the 
effects that CO2 sequestration in the form of deep-
sea hydrates on foraminiferal assemblages.  
 
EXPERIMENTAL METHODS 
This experiment was conducted in collaboration with 
the Monterey Bay Aquarium Research Institute 
(MBARI), using the R/V Western Flyer and the ROV 
Tiburon in September, 2003. The location of the 
experiment was off the coast of California, at 36º 
42.7’N and 123º 31.5’W at depth of 3600m (Figure 
1). One month prior to this expedition, corrals (48cm 
in diameter and 15cm high) had been placed on the 
seafloor in a circular configuration roughly 15m in 
diameter (Figure 2) and filled with liquid CO2. 
Using the ROV Tiburon, a total of 17 push cores 
(7.5cm diameter) were taken to a depth of 10cm in 
the sediment (Table 1). Of these 4 cores (CS1A, 
CS1B, CS2A, and CS2B) were taken ~80-100m 
from the experimental site to serve as control 
samples (Figure 2). One core was taken in each of 5 
corrals (C2, C9, C1, C6, and C7). A paired core was 
taken proximally to the corrals, within 18-40cm to 
each of the 5 cored corrals (P2, P9, P1, P6, and P7). 
Three cores (D1, D2, and D3) were also taken near 
the center of the experimental area, ~5 to 9.5m from 
the corrals (Figure 2). The cores were sampled at 
1cm increments (whole-core) down to 10cm in 
depth. Each sample was preserved with 4% formalin 
in filtered seawater to prevent degradation of organic 
material, and buffered to a pH >8.3 to prevent 

dissolution of carbonates. The pH of each sample was 
monitored until washing. 
 
Rose Bengal stain was added to each sample later in 
the laboratory and allowed to sit for a minimum of one 
week before further analysis. Rose Bengal is a 
cytoplasmal stain commonly used to separate the live 
fraction of foraminifera from the dead (relict) 
foraminifera [e.g. 3, 8, 11, and 13]. Tests that contain 
protoplasm absorb the stain and turn bright red, while 
empty tests remain colorless.  Since all living cells 
contain protoplasm, those tests that stained were 
considered living (or recently living) at time of sample 
collection and unstained specimens are considered 
dead. The Rose Bengal method has some well-known 
drawbacks: cells that were dead at time of collection 
but had not undergone significant tissue decay may 
have also stained [3]. Thus, only tests that were fully 
stained were considered living (or recently living) at 
the time of collection.  

 
Location Name Original Core # 

Control Site 1 CS1A T620C58 
 CS1B T620C80 

Control Site 2 CS2A T621C69 
 CS2B T621C77 

Corral Sites C2 T618C42 
 C9 T618C64 
 C1 T619C52 
 C6 T618C44 
 C7 T618C29 

Distal & Central D1 T619C56 
 D2 T619C77 
 D3 T619C78 

Proximal Sites P2 T618C65 
 P9 T618C01 
 P1 T619C80 
 P6 T619C69 
 P7 T619C18 

Table 1: Core numbers, names, and locations. 



 
Following staining the samples were sieved initially 
at >63μm and then at >150μm to separate the larger 
fraction for picking. There were little to no 
foraminifera in the 63μm to 150μm fraction. All 
foraminifera were picked from the >150μm fraction 
and separated into stained (live) and unstained 
(dead). All foraminifera were identified at the 
species level and mounted on grid slides. Individual 

 
 
 
 

 
 
 
 
 
 counts were made for each species separately and sub-
divided by live or dead. These counts form the 
quantitative basis for this investigation. 
 
PRELIMINARY RESULTS AND DISCUSSION 
The four control cores (CS1A, CS1B, CS2A, and 
CS2B) exhibit similar numbers of total foraminiferal 

Figure 2: Schematic diagram of experimental area (dashed line) with location of corrals shown as open circles, numbered 
and designated as C. Individual push cores indicated by dots and each core is labeled according to Table 1. Relative 
location of control cores (CS) also indicated. Distal cores are located close to the center of the corral array. 



tests (Figure 3), diversity of foraminifera, and 
dominance of individual species making up the 
assemblages. This similarity is observed between the 
individual pairs of cores taken within 30cm of each 
other and between the sets of cores separated by 
~125m. This resemblance is also apparent in the 
number of relict tests, number of planktonic 
individuals, and number of stained foraminifera in 
the cores (Figure 3). The abundance of planktonics 
in control cores was lower than expected, suggesting 
that local effects have already altered the initial 
foraminiferal assemblage.  This is likely due to the 
experimental site’s significant depth within the 
lysocline.  
 
Comparison of foraminiferal assemblages between 
experimental and control cores clearly indicates 
changes in the assemblages. Compared with control 
cores, corral cores (C2, C9, C1, C6, and C7) lack 
planktonic foraminifera, and have greatly reduced 
numbers of relict benthic foraminiferal specimens 
and species (Figure 3). In addition, the stained 
fraction also contains considerably fewer 
foraminiferal specimens and species. Distal cores 

taken in the central part of the experimental area (D1, 
D2, and D3) exhibit very similar numbers of 
specimens compared to that of the corral cores, 
furthermore, they contain essentially no planktonic 
foraminiferal specimens, few relict benthic 
foraminiferal tests, and few living foraminifera (Figure 
3). On average, the corral and distal cores contain 
fewer living (stained) individuals. In contrast, the 
proximal cores (P2, P9, P1, P6, and P7) within, 18-
40cm of the corrals, exhibit a larger amount of 
variably in preservation of relict and living 
foraminifera. Three cores exhibit characteristics more 
similar to control cores with two having characteristics 
similar to corral cores (Figure 3).   
 
The distinctly lower numbers of living foraminifera in 
corral and distal cores indicates that the addition of 
CO2 hydrates causes significant mortality in the 
benthic foraminifera. Nevertheless, stained 
foraminifera are still present in all cores. The presence 
of these stained individuals may not necessarily 
indicate survival of benthic foraminifera exposed to 
the CO2 hydrate.  Instead, this may simply indicate the  

Figure 3: Total number of foraminiferal tests within each core, subdivided into stained (living), relict benthic, and 
planktonic forms. 



 
 

 

Interval CS1A CS1B CS2A CS2B Avg. C2 C9 C1 C6 C7 Avg.
0-1cm 80 79 152 76 97 48 30 5 30 5 24
1-2 99 83 54 55 73 46 70 16 47 21 40
2-3 48 85 32 36 50 16 38 37 31 15 27
3-4 36 46   55 46 10 16 32 8 5 14
4-5 28 84 25 25 41 8 12 9 6 3 8
5-6 65 50 22 13 38 1 4 6 6 0 3
6-7 35 29 25 40 32 3 4 3 10 0 4
7-8 60 33 28 22 36 5 12 7 11 9 9
8-9 37 33 18 39 32 11 9 0 3 13 7
9-10 34 48 14 35 33 4 9 0 19  8

 
Interval D1 D2 D3 Avg. P2 P9 P1 P6 P7 Avg. 
0-1cm 20 35 25 27 19 67 4 74 100 53 
1-2 7 33 15 18 35 63 4 48 50 40 
2-3 26 14 18 19 25 45 9 18 49 29 
3-4 9 58 25 31 18 30 3 29 61 28 
4-5 12 51 7 23 35 15 4 24 72 30 
5-6 9 5 9 8 23 19 5 52 45 29 
6-7 11 5 2 6 18 33 6 32 18 21 
7-8 25 4 2 10 6 77 4 22 14 25 
8-9 2  9 6 18 56 7 28 9 24 
9-10 6  13 10 23 42 2 74 4 29 

 
 

Figure 4: Average number of tests found per centimeter within each core type (see Table 2 
below for raw data). 

Table 2: Numbers of foraminiferal tests per centimeter in each core. 



lack of decay of organic material in deceased 
specimens at time of collection. 
 
The corral and distal cores contain approximately 
half the number of relict tests exhibited in control 
and most proximal cores. The lower numbers of 
relict tests in the corral and distal cores clearly 
indicates that the elevated pCO2 causes an increase 
in dissolution of calcareous taxa. Specimens that 
have survived complete dissolution usually have 
thinner tests, are fragile and easily fragment. The 
effect of dissolution is less pronounced in proximal 
cores; these cores still contain a majority of the 
calcareous specimens. These specimens, 
nevertheless, have clearly suffered dissolution as a 
result of the presence of the CO2 hydrate compared 
to the preservation of specimens in the control cores. 
Calcareous specimens in the control cores are 
generally well preserved although hyaline species 
may still have some minor dissolution effects due 
the significant depth of the site in within the 
lysocline. 
 
Several trends occur in the vertical distribution of 
foraminifera throughout the sediment columns. For 
example, the average number of tests in the sediment 
column for each core type indicates that the 
assemblages change with depth (Fig. 4). Specifically 
control cores show an exponential distribution of 
tests within the sediment column with approximately 
100 specimens present in the 0-1cm interval 
decreasing to about 40 specimens at 9-10cm (Figure 
4). This distinct decrease in the average numbers of 
tests is primarily the result of a decrease in the 
preservation of agglutinated taxa downcore. At all 
depths control cores have significantly higher 
numbers of tests compared with all other core types. 
 
Overall corral cores have a much lower 
foraminiferal abundance at all intervals in 
comparison to control and proximal cores. The 
uppermost part (0-1cm) of the corral cores show a 
distinct decrease in the average number of tests 
compared with immediately deeper levels in the 
core. Furthermore, this uppermost layer also has 
distinctly fewer foraminiferal tests then the control 
and proximal cores. This indicates that the 
uppermost one-centimeter interval was severely 
affected by the presence of CO2 hydrate. The 

assemblage in the top centimeter is almost 
completely dominated by agglutinated taxa which 
clearly have resisted carbonate dissolution (Figure 
4).  One calcareous species, a milliolid, is represented 
by several specimens suggesting that this taxon is 
resistant to dissolution. Below 1-2cm the number of 
tests declines (Figure 4) until 7-10cm where a slight 
increase in the numbers reflects sporadic preservation 
of some calcareous specimens. 
 
Comparison of the assemblages throughout corral 
versus control cores indicates that effects of the CO2 
hydrate penetrate to at least 10cm depth. Even at 
10cm depth the number of calcareous specimens is 
still significantly lower than at equivalent depths in 
the control cores (Figure 4). However a sporadic 
reappearance of calcareous forms below 7cm 
suggests the effects have begun to diminish. 
Nevertheless, 10cm deep cores were of insufficient 
length to determine the depth of influence of CO2 
hydrate (and associated pCO2) on foraminiferal 
assemblages. Studies of longer sediment cores are 
required. 
 
Distal cores were most similar to corral cores in 
down-core distribution of foraminifera (Figure 4). 
However, there is a deeper zone of extreme 
dissolution (to 3cm depth) in distal core sediments. 
These cores are distal to the solid hydrate but central 
to the experimental area and thus frequently bathed in 
waters with higher than normal pCO2. The center of 
the circular CO2 pool experiment was expected to 
experience nearly continuous exposure to a 
moderately strong dissolution plume from the CO2 
pools.  Measurements of pH using in situ pH 
electrodes indicated, however, that the actual CO2-
rich plume was episodic and weak, with mild pH 
perturbations (~-0.05 pH units; pCO2 increased to 
578.7 μatm (TC= 2322 μM) from pCO2=511.2 μatm, 
TC= 2306.1 μM) approximately every few hours [1]. 
These cores are distal to the solid hydrate but central 
to the experimental area and thus constantly bathed in 
waters with high pCO2. The high pCO2 waters appear 
to penetrate more strongly into surface sediments 
compared with corral cores. The reason for this is 
unclear but may result from the presence of a hydrate 
skin in the corrals decreasing downward diffusion of 
CO2. 
 



The foraminiferal assemblages are least effected by 
the CO2 in the proximal cores. Nevertheless there is 
a clear decrease in the number of specimens 
through most of the core length compared to 
controls. The greatest disparity occurs in the 
uppermost centimeter reflecting greatest effect of 
CO2 at the sediment water interface. The number of 
tests found at increasing depth in proximal cores 
more closely approaches those in control cores, 
indicating decreasing influence of CO2 at depth. 
 
PRELIMINARY CONCLUSIONS 
This experiment has allowed the examination, of the 
effects of CO2 hydrates on deep-sea foraminiferal 
assemblages. The effects of CO2 emplacement have 
been tracked both vertically and horizontally, and 
between live and dead individuals. Major mortality 
and increased dissolution of calcareous forms 
resulted from exposure to CO2 hydrate. Preliminary 
results suggest that the total number of foraminifera 
in a sample decreases, foraminiferal diversity 
decreases in both stained and unstained specimens, 
the number of foraminiferal tests declines, and the 
percentage of stained foraminifera is higher. 
Foraminiferal trends down-core include a decline in 
the percent agglutinated individuals and taxa with 
calcareous forms increasingly dominating with 
depth. Assemblages become increasingly similar 
with depth to those in control cores not subjected to 
CO2 hydrate.  
 
The investigation continues with additional analyses 
and interpretations of data and production of new 
data from additional sites. 
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