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Figure 3.2.  Sampling location of sediment cores and soil samples in RES watershed. 
Note that some of the cores are very close together hence the overlay in soil samples. 
 

Table 3.1. Sediment core locations, length and date of collection. 

Sample 

 ID Latitude Longitude 

Sample 

Type 

Core 

Length 

(cm) 

Date 

 Collected 

ESC1 18.37364 N 65.81887 W Core 52 July, 2007 
ESC2  18.40305 N 65.81410 W Core 66 August, 2008 
ESC3 18.38954 N 65.81659 W Core 42 August, 2008 
CCB4 18.40921 N 65.80476 W Core 70 July, 2007 
RES1 18.31972 N 65.82495 W Soil N/A August, 2008 
RES2 18.31981 N 65.82486 W Soil N/A August, 2008 
EV1 17.93658 N 66.22481 W Soil N/A August, 2008 
EV2 17.93658 N 66.22481 W Soil N/A August, 2008 
EV3 17.93658 N 66.22481 W Soil N/A August, 2008 
EV4 18.34636 N 65.82404 W Soil N/A August, 2008 
EV5 18.34644 N 65.82404 W Soil N/A August, 2008 

 

 

3.2. Sedimentological Analysis 
 
3.2.1. Sediment distribution 

 Grain-size distribution was determined for both sediment and soil samples.  The 

traditional wet-sieving method and Micromeritics Saturn DigiSizer ® 5200 (a high 
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resolution laser particle size analyzer) was used for this analysis.  To perform this 

analysis, approximately three grams of freeze-dried sample was first dispersed using 

approximately 10 ml of a 5 % solution of Sodium Tripolyphosphate (calgon) solution.  

The dispersed sediment and soil samples were then wet-sieved using a 63 µm mesh sieve.  

This procedure separated larger fraction and sand-sized (LFS) constituents from finer 

material (particles ≤63 µm).  Particles larger than 63 µm were collected from sieved, 

oven-dried and weighed.  Finer material were analyzed further using the Saturn DigiSizer 

to determine percent silt-sized particles (4 µm < silt ≤63 µm) and clay-sized particles (≤ 4 

µm). 

 
3.2.2. Loss on ignition (LOI) 

 Organic matter and carbonate content was determined from a sequential ignition 

methodology (Dean et al., 1974 and Heiri et al., 2001).  Sediment and soil samples were 

finely grounded and homogenized by stirring.  Powered samples were then oven dried for 

12-24 hours at 105 °C in crucibles in order to standardize the sample weights and to 

extract any moisture in samples.  Samples were cooled in dessicators and sample weights 

were obtained.  These samples were then placed in a furnace for 4 hours at 550 °C.  

Weight loss after 550 °C was used to compute percent organic matter (O.M.).  Carbonate 

was determined from weight loss after ignition at 950 °C for 1.5 hrs using samples that 

had previously undergone the 550 °C treatment (see Appendix A for detailed LOI 

procedures).   

3.3. Gamma Analysis  

  

3.3.1. 
137

Cs determination 

Sediment and soil samples were prepared for gamma analysis using procedures 

described in Johnson-Pyrtle and Scott (2001).  Approximately, one to two grams of 
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samples were sealed in plastic test tubes and were assayed for gamma emitters using two 

Canberra® high purity germanium well detectors connected to a Canberra Genie multi-

channel analyzer, which records the gamma spectra in 4096 channels.  These detectors 

were calibrated using U.S. National Institute of Standards and Technology 4357 Ocean 

Sediment multiline and Canberra Industries MGS-5 sediment standards.  137Cs was 

identified a specific energy peak at 661 keV in every other sample (every 1 cm in top 10 

cm and every 2 cm below until depth of 40 cm).  A Peruvian soil standard, Columbia 

River sediment river sediment standard, an Ocean sediment standard prepared by NIST 

was used to verify detector performance.  Since it is believed that 137Cs has a strong 

affinity to clays, resulting values for samples were normalized against clay.  Total 137Cs 

inventories were calculated for each core using the following equation: 

 
     I = kƩρi ti Ci      Equation 3.1 

 

Where I = the 137Cs inventory (Bq/m2) for each sediment core, 
Ci = 137Cs (Bq/g) measured in each increment 
ρi  = the density for each sediment increment (g/cm2) 
ti =  the thickness of each increment (cm) 
k = 10,000, a constant for converting Bq/cm2 to Bq/m2. 
 
3.3.2. Excess 

210
Pb determination 

 Both well detectors and a planar detector were used to measure 210Pb activity 

concentrations in sediment and soil samples.  Sealed plastic vials containing 1-2 grams of 

sample (well detectors) and aluminum tin cans (planar detector) containing 

approximately five grams of sediments were allowed reach secular equilibrium during a 

period of no less than 30 days prior to analysis.  This time period is assumed to be the 

equivalent of 8 half lives of 222Rn, the immediate daughter of 226Ra.  214Pb is a daughter 

product of 222Rn and a precursor to 210Pb. The activity of 226Ra can be determined by 
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determining the activity of 214Pb.  Samples were analyzed for gamma emitters mentioned 

above for at least 24 hrs. 210Pb and 214Pb were identified by specific energy peaks of 46 

keV and 351 keV, respectively.  Energy and efficiency performance were calculated and 

factored prior to determining the actual activities (see Appendix D and E).  Excess 210Pb 

(also known as unsupported 210Pb) can be estimated by subtracting 214Pb (226Ra) activity 

from the total 210Pb activity.  Gamma activities were also normalized with clay (Aalto et 

al., 2003). 

   
3.4. Statistical Analysis 

Statistical analysis was performed using SAS Enterprise Guide 4.2.  Regression 

analyses were performed to assess relationship between 137Cs radionuclide activity 

concentrations and sediment characteristics (clay, silt, mud fraction (clay + silt) and 

organic matter).  A One-way ANOVA was performed to assess the influence of location 

on the distribution of 137Cs in RES riverine-estuarine system. 

 

4.0. Results and Discussion 

Grain-size, organic matter and calcium carbonate content varied among cores.  Such 

variability may be attributed to core sampling location and dominant environmental 

processes at each site.  The average distance between cores is estimated at 2,253 m.  The 

longest distance occurred between ESC1 and CCB4 in estuary (4,184 m).  ESC1 being 

the most upstream core and CCB4 located within the estuary.  The shortest distance was 

between sediment cores ESC2 and ESC3 at an estimated distance of 805 m (0.5 miles). 
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4.1. Sediment Composition  
 

4.1.1. Sediment cores 

Table 3.2 shows the mean percent clay, silt and LFS in all sediment cores 

collected from RES estuary.  ESC1 and ESC3 are sediment cores collected inland and 

closer to head of estuary whereas ESC2 and CCB4 were collected near the mouth of the 

estuary (Figure 3.2).  In general, cores taken landwards (ESC1 and ESC3) on average had 

a greater distribution of clay and silt-sized particles when compared to ESC2 and CCB4 

(Table 3.2).  Since these sediment cores were taken higher upstream, it may be assumed 

that the major input of sediments to these areas is land-based.  Conversely, LFS and silt-

size particles were the dominant in these sediment types (grain-size) in ESC2 and CCB4 

cores.  The higher amounts of LFS in these cores may be indicative of marine inputs as 

these cores are located closer to the mouth of the estuary.  Specifically, there is a 

neighboring beach area that may supply sand-sized particles to these sites.  The textural 

patterns observed for ESC2 and CCB4 may suggest that these sites are high energy 

depositional environments. 

 

Table 3.2. Percentage of clay, silt and larger fraction and  
sand in each sediment core. 
  ESC1 ESC3 ESC2 CCB4 

Clay (%) 21.7 18.9 8.7 15.8 
Silt (%) 51.1 61.0 49.7 48.7 
Larger Fraction and Sand (%) 27.1 20.1 41.6 35.8 

 

Evaluation of grain-size distribution down core profiles indicated some spatial 

patterns between core collection sites.  Silt-sized particles are the dominant sediment type 

in ESC1 core.  On average over 51 % of the sediments core is comprised of silt-sized 

particles (Table 3.2).  With the exception of the first 1.5 cm, and a poorly sorted layer 
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that is approximate1-2 cm thick below surface layer, silt distribution remains relatively 

constant with depth in ESC1 core (Figure 3.3).  The sediment characteristics of ESC3 are 

similar to ESC1 in that silt-sized particles also dominate this sediment core.  From 1.5 cm 

depth in core to about 4 cm depth, there is a poorly sorted segment in core that is mainly 

comprised in silt-sized particles and LFS.  This layer is approximately 3 cm thick (Figure 

3.4).  The sampling locations for ESC1 and ESC3 are spatially close to each other hence, 

it may be expected that they would exhibit similar sediment depositional patterns.  In 

these two cores, inconsistency in energy may be observed.  At the surface of each cores, 

there is some indication of a high energy event however, the dominance of silt-sized 

particles in both cores may suggest lower energies may have prevailed. 
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Figure 3.3.  Grain-size distribution for ESC1 core. 
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Figure 3.4.  Grain-size distribution for ESC3 core. 

 

CCB4 is the most seaward core collected within the study river estuarine system.  

Very distinct segments can be identified in this core (Figure 3.5).  Silt-size particles 

dominate the surface layers of this core.  This section concludes at a depth of 5.5 cm.  

Beneath this section, there is a 9 cm thick sandy layer, which may be indicative of marine 

input from the local beach and marine source area.  This layer may also be a result of 

higher energy flow from the river during a flooding event, which may have carried finer 

materials out to sea.  Below this segment silt becomes the predominant sediment type, 

possible low energy environment, which may allow for the deposition of these size 

particles.  ESC2 was also collected close to the mouth of the estuary.  This core exhibits 

an inverse pattern to the sediment distribution of CCB4.  There is a silt segment in this 

core that is not thick or appears at the same depth of the sandy segment, which is visible 
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in the CCB4, but it does have an alternate pattern of LFS-silt-LFS.  This pulse of silt-

sized particles may also be representative of a potential pulse of terrestrial derived 

sediments moved downstream during a flooding even in the river.  
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Figure 3.5.  Grain-size distribution for CCB4 core. 
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Figure 3.6.  Grain-size distribution for ESC2 core. 
 

4.1.2. Soil samples 

 The soil samples below are not organized in any particular order.  RES1 and 

RES2 were collected along the main tributary of river (Espiritu Santo) whereas EV1-EV5 

was collected along a smaller, but significant tributary draining into Espiritu Santo.  

Based on the graph provided below there are no obvious trends in grain-size distribution 

between the soil samples (Figure 3.7).  What this graph shows is that LFS is the dominant 

sediment type in some of the soil samples. 
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Figure 3.7.  Sediment distribution in soil samples collected on land in the headwaters of 
RES riverine-estuarine system. 
 
4.2. Organic Matter and Carbonate Content  

 Organic matter (O.M.) in the sediment and soil samples is primarily comprised of 

partially decayed leaves and woody debris.  In certain cores, ESC2 for example, very 

fibrous material, which has been identified as root material from mangroves along the 

shoreline of the riverine-estuarine channel, are present.  The identifiable fragments of 

carbonates in sediments were shells.  These pieces were too small to allow for 

identification of organisms associated with the carbonate fragments. 

 

4.2.1 Sediment cores 

In the CCB4 core both O.M. and carbonate content is highly variable with depth 

(Figures 3.8-3.9).  Within the ESC2 core, both O.M. and carbonates increased in depth 

(Figures 3.10-3.11).  ESC2 on average had the highest O.M. content when compared to 

other cores (Table 3.3).  The ESC2 core was collected adjacent to mangroves forest that 
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lined the shores of the estuarine system, which may provide an explanation for high 

amounts of O.M. estimated for this core.  The carbonate content was also higher in this 

core as compared to the other cores.  This may be due to a higher occurrence of shelled 

organisms living in the protected mangrove as opposed to other core locations, which in 

its surrounding areas were urban or other forms of vegetated land cover such as pasture.   

 
Table 3.3. Average O.M. and carbonate 
content in sediment core. 

Sample Core O.M. (%) Carbonate (%) 

ESC1 14.0 2.6 
ESC3 15.8 4.3 
ESC2 48.7 7.8 
CCB4 20.5 5.2 
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Figure 3.8. Percent O.M. profile for CCB4 sediment core. 
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Figure 3.9.  Percent carbonate profile for CCB4 sediment core. 
 

0

5

10

15

20

25

0 10 20 30 40 50 60 70 80 90 100

 O.M. (%)

D
ep

th
 (

cm
)

Figure 3.10. Percent O.M. profile for ESC2 sediment core. 
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Figure 3.11.  Percent carbonate profile for ESC2 sediment core. 

 

Carbonate content and O.M. content in the ESC3 core exhibits some variability 

(Figures 3.12- 3.13).  O.M and carbonate in the ESC1 does not exceed 20 % (Figures 

3.14-3.15).  ESC1 possessed the lowest carbonate when compared to the other cores.  

This may be attributed to location (core located furthest upstream), where some shelled 

organisms typically found in estuarine environment may not be found at this location.  In 

addition, this location may not have a significant marine influence even though it is 

located less than 4,828 m (3 miles) from the mouth of the estuary. 
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Figure 3.12. Percent O.M. profile for ESC3 sediment core. 
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Figure 3.13.  Percent carbonate profile for ESC3 sediment core. 
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Figure 3.14. Percent O.M. profile for ESC1sediment core. 
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Figure 3.15.  Percent carbonate profile for ESC1 sediment core. 



 90

4.2.2. Soil samples 

 Soil samples collected from the RES watershed possessed less than 25 % O.M.  

With samples such as RES1, EV4 and EV5 containing less than 10 % organic matter 

(Figure 3.16).  In addition, all samples contained less than 3 % carbonates (Figure 3.17).  

It may be assumed that potential sources of organic matter for these samples are leaf litter 

and other forms of detritus at these sites.  Carbonates sources at these locations may be 

shells from terrestrial invertebrates. 
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Figure 3.16.  Percent O.M. in soil samples collected from RES watershed. 

 



 91

0

0.5

1

1.5

2

2.5

3

RES1 RES2 EV1 EV2 EV3 EV4 EV5

Soil Sample

C
a

rb
o
n

a
te

s 
(%

)

 
Figure 3.17.  Percent carbonates in soil samples collected from RES watershed. 
 

4.3. Gamma Analysis 
137Cs is an anthropogenic radionuclide that has been introduced to the environment 

via controlled discharges from nuclear plants (Avery, 1996).  However, the primary 

source of this radionuclide originates from the testing of nuclear weapons in from 1945 to 

1980 (Beck and Bennett, 2002).  In addition, the Chernobyl accident in 1986 also 

released a recognizable amount to radioactive material into the atmosphere.  Radioactive 

debris, which was injected into the atmosphere, is eventually deposited on the earth 

surface.  The primary source of 137Cs to the Caribbean is global atmospheric fallout 

(Alonso-Hernandez et al., 2006).  Figure 3.18 shows historical records of 137Cs fallout 

over the Miami area.  
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Figure 3.18.  Historical data for 137Cs from monitoring site in Miami, FL. 

 
 
4.3.1. 

 137
Cs distribution in sediment cores 

137Cs profiles for this estuary are representative of an unstable environment 

(Figures 3.19-3.22).  As a result, sedimentation rates could not be computed for this study 

area.  On the other hand, these profiles provide valuable insight into radionuclide 

retention and distribution in the RES river-estuarine system.  At various depth intervals 

within CCB4, ESC2 and ESC3, 137Cs goes to zero.  This may be an indication of “old 

material” being supplied to this area whereas the presence of 137Cs indicates “newer” or 

“younger material” being introduced to the system via storm or flooding events.  Another 

possible explanation for the erratic 137Cs profiles in sediment cores may be reflective of 

biological activities (bioturbation).  Each core has a relatively high percent O.M. content 

even at great depths, therefore it is possible that organisms burrow down into the 

sediments thus altering the 137Cs profiles for these sediment cores.  
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Figure 3.19.  137Cs activity normalized with clay for sediment core ESC1. 
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Figure 3.20.  137Cs activity normalized with clay for sediment core ESC3. 
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Figure 3.21.  137Cs activity normalized with clay for sediment core ESC2. 
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Figure 3.22.  137Cs activity normalized with clay for sediment core CCB4. 
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 137Cs distributions for all cores were plotted on a single graph for the sake of 

comparison (Figure 3.23).  Three major events (storm or flood) may have occurred, 

which probably supplied 137Cs or newer material to the system (Figure 3.24).  The pulses 

that are visible on the graph suggests to some degree a possible time lag in the delivery as 

in certain instances the pulse or peaks occurs at a shallower depth for those cores 

collected at the estuarine mouth (CCB4 and ESC2) and at deeper depths in the more 

inland cores (ESC1 and ESC3).     
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Figure 3.23.  Down core distribution of 137Cs activity for all sediment cores. 
 



 96

0

10

20

30

40

50

60

0 1 2 3 4 5 6 7 8

137
Cs (dpm g

-1
 clay)

D
ep

th
 (

cm
) CCB4

ESC2

ESC3

ESC1

Figure 3.24.  Down core distribution of 137Cs activity for all sediment cores with possible 
flooding events highlighted on graph. 
 

4.3.2. 
137

Cs inventories for sediment cores  
137Cs inventories were computed for each core.  Due to the fact that 137Cs was 

detected at the base of core, the calculate values is not a “true” representation of the total 

inventory of 137Cs in these cores.  The inventory values reported herein actually represent 

minimum inventories.  Spatially, inventories in general, decrease towards the mouth of 

the estuary with the exception of ESC2.  ESC1, the core collected furthest upstream, had 

the highest total inventory (7.98 dpm/cm2) of all cores (Table 3.4). This decreasing trend 

may be explained by observations which suggests that 137Cs behaves like a conservative 

element (soluble) in marine environments.  However, in freshwater systems this 

radionuclide may be associated with fine-grained sediments (Murdock et al., 1995; Volpe 

2002).   



 97

ESC2 had the lowest estimated inventory (1.22 dpm/cm2) of all the cores (Table 

3.3).  In the ESC2 sediment core, LFS is the dominant grain-size at various intervals 

(Table 3.2).  It is observed that 137Cs has a strong affinity for fine-grained sediment 

(particularly clays) in freshwater systems (Francis and Brinkley, 1976).  With reference 

to this core, it may be assumed that this dominance of LFS has reduced the absorption 

potential of this radionuclide hence its lower inventory when compared to the other 

sediment cores (Avery, 1996).  In addition, ESC2 has on average the highest percentage 

of O.M.  Various studies have reported that increased organic matter in soils can reduce 

the ability of 137Cs to be adsorbed onto the mineral fraction of soils (Avery, 1996; 

Staunton et al., 2002).   

ESC2 is the shortest core in length collected from this estuary.  To allow for a 

better comparison without length of core being a confounding factor, inventories were 

computed using activity concentration up to a depth of 20.5 cm.  It was observed that 

even though inventories were calculated based on a “shallower” depth, ESC2 still 

possessed the lowest inventories, providing some support to the assumption that O.M. 

and sediment composition playing a major role in 137Cs adsorption (Table 3.5).  Figure 

3.25 show a map with 137Cs inventories computed for sediment cores in the RES riverine 

estuarine system. 

 

Table 3.4. 
137Cs inventories for sample sediment cores 

Core ID 

Inventory 

(dpm/cm
2
) 

CCB4 6.86 
ESC2 1.22 
ESC3 7.73 
ESC1 7.98 
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Table 3.5. 
137Cs inventories computed from a maximum depth of 20.5cm 

Core ID 

Inventory 

(dpm/cm
2
) 

ESC1 4.67 
ESC3 3.00 
ESC2 1.22 
CCB4 3.13 

 

 
Figure 3.25.  137Cs inventories for all sediment cores in RES riverine-estuarine system. 
 
4.3.3. 

137
Cs distribution in soil samples 

 Gamma analysis was performed on soil samples.  The highest level of 137Cs was 

detected in soil sample RES1 (4.04 dpm g-1 clay) whereas EV1 had the lowest (0.24 dpm 

g-1 clay) (Figure 3.26).  The RES soil sample has an abundance of LFS with small 

amounts of clay and silts.  This sample also has the lowest percent O.M (3.2 %). when 

compared to the other samples.  High levels of 137Cs were also detected in EV2.  Both 

RES1 and EV1 have an abundance of LFS sized particles.  Additional testing is necessary 
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to discover whether these particles may have an influence on 137Cs distribution in these 

soils.  A common trend witnessed for soil samples RES2, EV1 and EV3 is that these 

samples are comprised of at least 18 % O.M.  Staunton and others (2002) investigated the 

potential role of O.M. in radiocaesium adsorption in soils.  Authors reported that the type 

and amount of organic matter may decrease adsorption of this nuclide.  In these tropical 

soils it is unclear whether distribution of 137Cs is affected by the high amounts of O.M. 

present in these samples. 

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

RES1 RES2 EV1 EV2 EV3 EV4 EV5

Soil Sample

1
3
7
C

s 
(d

p
m

 g
-1

 c
la

y
)

 
Figure 3.26.  137Cs activity concentration in soil samples.  Activities normalized with 
clay. 
 

4.3.4. 
210

Pb distribution 

 The major inputs of 210Pb to the water column include: 1) atmospheric fallout 

from the decay of 222Rn gas, which is primarily released from continents, 2) in-situ decay 

of 226Ra (via 222Rn) in the water column and 3) rivers via weathering of rocks and soils, 

leaching from soils (Swarzenski et al., 2003).  Excess 210Pb has been used extensively as 
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an environmental tracer.  This radionuclide is often used to describe sediment 

depositional history in various coastal environments (He and Wallings, 1996).  Figures 

3.27 to 3.30 show the excess 210Pb activities down core for each sediment core.  Average 

excess 210Pb for ESC1, ESC3, ESC2 and CCB4 are 10.4, 5.13, 1.71 and 15.7 dpm g-1 

clay, respectively.  210Pb activity tends to increase as one move in a seaward direction.  

Rajashekara et al. (2008) observed a similar trend in sediment samples collected from the 

Kali and Nethravathi Rivers in Karnataka, India.  CCB4, the core located closest to the 

beach/ocean area has the highest 210Pb activity.  A possible explanation for this is that the 

coastal ocean may be acting as a source of 210Pb at this site.  Of the four cores, CCB4 is 

the only sediment core that goes to zero at depth.  It is important to note that this is the 

longest core collected from this system (Figure 3.30).  This observation may suggest that 

in order to acquire a more complete depositional history for this environment, longer 

sediment cores should be collected.   

 The excess 210Pb profile for ESC2 shows an interesting pattern that is unique 

when compared to other cores (Figure 3.29).  At the surface of the core, up to a depth of 

about 5 cm, 210Pb values goes to zero.  This pattern suggests that there were no recent 

inputs of 210Pb to this site.  There are small peaks in activity at various depths however, 

this may suggest a flux to the site via a flooding event.  Another possible explanation for 

this pattern may be due to removal of sediments from this zone from the estuary via 

physical processes such as floods, tides and/or currents.  When the sedimentological 

characteristics of this sediment core are taken into consideration, ESC2 has the lowest 

amount of clay as compared to the other cores.  It also has the lowest mud fraction (< 63 

µm) of all four cores.  Excess 210Pb similar to 137Cs has an affinity to finer particles 
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therefore, the lower activity of 210Pb may be attributed to the small amounts of finer 

particles specifically clays in this sediment core (He and Wallings, 1996).  Figure 3.31 

shows a map of excess 210Pb inventories for sediment cores collected in RES riverine-

estuarine system 

0

5

10

15

20

25

30

35

0 5 10 15 20 25 30 35 40 45

210
Pbex (dpm g

-1
 clay)

D
ep

th
 (

cm
)

 
Figure 3.27.  210Pbex activity normalized with clay for ESC1 sediment core. 
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Figure 3.28.  210Pbex activity normalized with clay for ESC3 sediment core. 
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Figure 3.29.  210Pbex activity normalized with clay for ESC2 sediment core. 
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Figure 3.30.  

210Pbex activity normalized with clay for CCB4 sediment core. 
 

 
Figure 3.31.  Excess 210Pb inventories computed for sediment cores in RES riverine-
estuarine system. 
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4.1.5. 
210

Pb distribution in soil samples 

 As mentioned before, RES1 and RES2 were collected along the main river 

tributary of river (Espiritu Santo) in the headwaters of the watershed.  Comparing these 

sites, we see that the resulting excess 210Pb activity in each of these samples is very 

different with RES having the highest activity (29 dpm g-1 clay) (Figure 3.32).  No trend 

in 210Pb activity was visible when comparing all of the soil samples (Figure 3.32).  

 

0

5

10

15

20

25

30

35

RES1 RES2 EV1 EV2 EV3 EV4 EV5

Soil Sample

2
1

0
P

b
e

x
(d

p
m

 g
-1

 c
la

y
)

Figure 3.32.  210Pbex activity normalized with clay for soil samples collected from RES 
watershed. 
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4.4. Statistical Analysis 
 

4.4.1. Potential effect of sediment characteristics on 
137

Cs 

 Regression analyses were performed to evaluate the effect of selected sediment 

characteristics on 137Cs distribution for each core.  No statistically significant 

relationships were determined for 137Cs and any of the sediment characteristics in ESC1, 

ESC2 and CCB4 used in the analyses (Table 3.6).  For sediment core ESC3 statistically 

significant relationships were detected for all sediment characteristics with the exception 

of percent O.M.  Results from these analyses indicate that sediment type (clay and silt) 

may have an effect on 137Cs distribution in the ESC3.  Silt-sized particles are the 

dominant grain-size in this core (61 %) and the abundance of this sediment type in ESC3 

may have an influence on 137Cs distribution at this sampling site.   

  
Table 3.6. Statistical relationships between 137Cs and sediment characteristics 

Sample 

ID N Clay (%) Silt (%) Mud (%)  O.M. (%) 

ESC1 22 0.05 0.004 0.02 0.005 
ESC2 16 0.09 0.38 0.16 0.0 
ESC3 23 0.41* 0.68** 0.65*** 0.02 
CCB4 25 0.07 0.01 0.0 0.02 

* indicates statistical relationship was significant at α=0.5 
** indicates statistical relationship was significant at α =0.001 
*** indicates statistical relationship was significant at p<.0001 
 

4.4.2. Potential effects of location on 
137

Cs 

A One-way ANOVA was performed to determine the effect of location on 137Cs 

distribution.  The analysis was significant, F-value (9.67), p <0.0001 (r = 0.26).  Results 

suggest that the location of sediment cores influences the spatial distribution of 137Cs.  

This trend is visible when considering the 137Cs inventories computed for sediment cores 

where as one moves seawards, the inventories generally decrease.  These results may be 

supported by observations where 137Cs behaves conservatively in the marine environment 
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due to the greater amount of cations competing for space on particulates.  In contrast, in 

freshwater systems there is less cation competition, therefore 137Cs may be more readily 

adsorbed and transported via sediments. 

 

4.5. Relating Sediment Characteristics to Soil Properties 
A 30 m and 60 m buffer was created to determine soil characteristics and landuse 

closest to the sampling sites.  With reference to sediment core identified as ESC1, the 

primary soils surrounding this site are Pandura- very stony land complex and Coloso, 

silty clay loam.  These soils are stark contrast from each other.  The Pandura mapping 

unit is found on steep slopes, where soils are shallow and susceptible to erosion.  Coloso 

silty clay loam experience occasional flooding most likely due to slow permeability and 

has a seasonally high water table.  Soil characteristics listed above suggests the potential 

of this site to be a recipient of sediment material eroded from neighboring areas.  In 

addition, this area is part of a floodplain that may experience seasonal hydric conditions.  

This is best supported by the fact that upon sampling, a thick buffer of bamboo lined the 

channel of this river. 

ESC3, which is the site located closest to the ESC1, in some respect represent a 

transitional environment.  Typical land use surrounding this core include: pasture, 

emergent/herbaceous and woody wetlands.  Soil mapping units surrounding this core are: 

tidal swamp material, wet alluvial land and Corcega sandy loam.  The Corcega sandy 

loam soil type is typical on river floodplains and experience periodic flooding, hence the 

presence of wetland forest within this area.  The ESC2 sediment core was collected 

adjacent to mangrove forest in tidal swamps.  CCB4, the seaward core was also taken 

adjacent to mangrove forests lining the channels of the estuaries.  In all sediment cores 
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there is a dominance of silt-sized particles (Table 3.2).  The textural classification for 

sediment cores is silt loam.  This may be attributed to the dominance of this sediment 

type in soils within this watershed with some implication that the watersheds may be 

supplying this riverine estuarine environment with sediments.  This leads to the question 

of: What are potential source areas for these sediments?  While some soil samples were 

collected in the watershed, the quantity collected is not sufficient enough for speculating 

potential source areas of sediment in the watershed. 

 

5.0. Conclusion 

  There is great variability in both the 137Cs and excess 210Pb activity in all sediment 

cores.  Due to this variability it was not possible to determine sedimentation rates at any 

of the sampling sites.  The sedimentological characteristics, source inputs, hydrological 

and climatic forcings may help explain the depositional patterns of radionuclides 

deposited in the sediments of this tropical estuarine system.  However, further 

geochemical and hydrodynamic studies must be conducted.  The resolution of the soils 

data was very low therefore, meaningful comparisons with sediments samples could not 

be made with great confidence.  While sedimentation rates were not determined for this 

study site, valuable information was gained into the spatial distribution of radionuclides 

along a tropical riverine-estuarine system in the Caribbean.  To date, the author is 

unaware of a similar study carried out in this region. 
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CHAPTER 4 
137

Cs AND 
210

Pb DISTRIBUTIONS AND SEDIMENTOLOGICAL 

CHARACTERISTICS IN JOBOS BAY ESTUARY 

 
1.0. Introduction 

 Jobos Bay is the second largest estuary in Puerto Rico.  It is a semi-enclosed bay 

situated on the south-central coast of the island (Figure 4.1) with a surface area of 

approximately 11 km2 and a maximum depth of 10 m (Field, 2003 and Dieppa, 2008).  

The Jobos Bay Estuary is considered to be a coastal plain estuary with mangrove forests 

along the shoreline of the bay.  Mangroves on the northern and eastern portion of the bay 

are part of the Aguirre forest (Field, 2003).  The extensive mangrove forests along the 

western boundary of the bay is known as Mar Negro.  Mar Negro together with Cayos 

Caribe (reef fringed, mangrove islands) is the designated Jobos Bay National Estuarine 

Research Reserve System (NERRS), which was established by the NOAA in 1981 

(NERRS, 2010).  Besides mangrove forests, local ecosystems of significance include 

upland dry forests, coral reefs, lagoons and seagrass beds.  Ecological important species 

such as the brown pelican, West Indian manatee, Pelegrine Falcon and hawksbill turtle 

inhabit this area (NERRS, 2010).  In addition to its ecological significance, Jobos Bay is 

used for recreational purposes including: fishing, ecotourism and other commercial 

activities (NERRS, 2010). 
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Figure 4.1. Location of Jobos Bay and sampling sites. 

 
The Jobos Bay Estuary is very unique in that the major source of freshwater to the 

system is via ground water.  Rio Seco is the only surface water channel that drains into 

the bay (Zitello et al., 2008).  Tides in the bay are classified as mixed, but mainly diurnal 

in nature and based on the United States Fisheries Wetland Classification System, Jobos 

Bay is considered an intertidal estuarine system (Cowardin et al., 1979).  Low tides are 

visible during the beginning of the year and high tides occur around October during 

periods of heavy rains (Field, 2003).  Residence time in bay is approximately 5.5 days 

(Morelock and Williams, 2010) and currents flow in a westward and southern direction 

(Figure 4.2).  Nearshore regions, adjacent to reefs, are wind and wave driven.  With 

reference to surface and deep currents, movements are influenced by wind direction and 

speed as well as tides (Morelock and Williams, 2010). 



 110

 
 

Figure 4.2.  Direction of currents in Jobos Bay. This figure is adopted from Morelock 
and Williams, 2010) 
 

A large part of the Jobos Bay watershed is within the Salinas and Guayama 

municipalities.  These municipalities possess various land use/cover types, including: 

upland forests, pasture, agriculture, residential and industry.  The proximity of land use 

types such as agriculture, residential and industry may have an impact on estuarine 

health.  In a recent study by Aldarondo-Torres and others (2010) reported that sediment 

quality in Jobos Bay is low to moderately polluted with trace metal, polycyclic aromatic 

hydrocarbons (PAHs) and polychlorinated biphenyls (PCBs).  Olsen and Valiela (2010) 

conducted an investigation on the effects of sediment nutrient enrichment on sea grass 

grazing with Jobos Bay Estuary.  Results from this study suggested that increased 

nutrients in sediment can potentially reduce the ability of sea grass to defend itself against 



 111

grazing.  The increased nutrients may lower the production of chemical defense 

compounds in sea grass (Olsen and Valiela, 2010).  This study highlights the importance 

of monitoring the flux, fate and transport of nutrients and pollutants (sorbed onto 

sediments) within the bay for effective management of this tropical ecosystem. 

In an effort to contribute to the effective management of this ecologically 

significant estuary, the spatial and vertical distribution of 137Cs and 210Pb was determined 

to gain information regarding sedimentation regimes in the bay.  Both 137Cs and 210Pb 

have been used extensively for this purpose (Ramesh et al., 2002; Aalto et al., 2003; 

Sanders et al. 2006; Brooks et al., 2007; Alonso-Hernandez et al. 2006).  An investigation 

conducted by Alonso-Hernandez et al. (2006) for Cienfuegos Bay, Cuba, is most similar 

to the current study.   

137Cs is an anthropogenic radionuclide that has been introduced into the natural 

environment during nuclear weapons testing, accidental releases (Chernobyl accident in 

1986) and discharges from nuclear processing plants (Avery, 1996; Bennett and Beck, 

2002).  Maximum inputs occurred during the 1963 followed a decrease coinciding with a 

ban on atmospheric testing (Alonso-Hernandez et al., 2006).  The half-life of this 

radionuclide is approximately 30 years.  In contrast, 210Pb is a naturally occurring 

radionuclide from the 238U series.  Specifically, 210Pb is a radioactive daughter product of 

222Rn emitted from rocks and soils.  Half-life for 210Pb is approximately 22 years (Noller 

et al., 2000).  Both 137Cs and 210Pb are particle reactive, their adsorption to particles and 

subsequent settling and accumulation in sediments can provide a historical record of 

environmental change for an area (Corbett et al., 2007).  With reference to 210Pb, the 

vertical distribution of this radionuclide and its in situ decay can be used to determine 
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sediment accumulation rates ideally over the past 100-120 years (Swarzenski et al., 

2003).  

This chapter describes sedimentological and radionuclide data obtained for the 

purpose of conducting a preliminary assessment of sedimentation regimes within Jobos 

Bay.  To the author’s knowledge, this is the first representation and mapping of 137Cs and 

210Pb distribution within this estuary. 

 

2.0. Methods  

 

2.1. Sample Collection, Location and Preparation 

  Ten surface sediment samples were collected from Jobos Bay estuary in 2008 

using a petit ponar grab sampler, collecting approximately the top 5cm.  A total of seven 

cores were collected within the bay using a push corer.  In addition, two sediment cores 

were collected from a transitional area between agricultural land and Mar Negro, a 

protected mangrove forest that is part of the Jobos Bay National Estuarine Research 

Reserve (JBNERRS).  The locations of grab samples and sediment cores are shown in 

figure 4.1.  Table 4.1 contains detailed location and general characteristics for grab 

samples and sediment cores.  Sediment cores were extruded and sliced immediately after 

sampling into 0.5 cm sections for the first 10 cm.  Below this point, sediment cores were 

sliced into 1.0 cm sections to bottom.  Each individual section was weighed, archived and 

stored in a freezer until analysis.  Sediment grab samples were also weighed, archived 

and frozen until analysis.  Prior to analysis, sediment samples were freeze-dried. 
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Table 4.1. Sediment core locations, length and date of collection 

Sample 

ID Latitude Longitude 

Sample 

Type  

Core  

Length  

(cm)  

Date  

Collected 

AF1 17.95099 -66.24952 Core 23 August, 2008 
AF2 17.95146 -66.24662 Core 26 August, 2008 

ACN1 17.95644 -66.21770 Core 50 July, 2007 
ASM1 17.95718 -66.21818 Core 63 August, 2008 

PJ1 17.95136 -66.18291 Core 68 August, 2008 
SFM1 17.96098 -66.19993 Core 32 August, 2008 
JB1 17.94667 -66.16761 Core 57 August, 2008 
JB3 17.94181 -66.21340 Core 50 August, 2008 
JB4 17.93211 -66.23317 Core 50 August, 2008 

JBG1 17.94757 -66.18382 Grab sample N/A August, 2008 
JBG2 17.94340 -66.18767 Grab sample N/A August, 2008 
JBG3 17.94819 -66.19110 Grab sample N/A August, 2008 
JBG4 17.94706 -66.19870 Grab sample N/A August, 2008 
JBG5 17.95352 -66.19970 Grab sample N/A August, 2008 
JBG6 17.95417 -66.20550 Grab sample N/A August, 2008 
JBG7 17.94680 -66.20969 Grab sample N/A August, 2008 
JBG8 17.94829 -66.21597 Grab sample N/A August, 2008 
JBG9 17.94218 -66.21868 Grab sample N/A August, 2008 

JBG10 17.92846 -66.22342 Grab sample N/A August, 2008 
 

2.2. Sedimentological Analysis 

Grain-size analysis was carried out on freeze-dried sediment core sections and  

surface samples.  This analysis was performed using a combination of traditional wet 

sieving to separate larger fractions and sand (LFS) from finer-grained materials (such as 

clay and silts).  A 63µm mesh sieve was used to separate LFS (>63 µm) from finer-

grained material (<63 µm).  Material that is less than 63 µm in size was further analyzed 

using a Micromeritics Saturn DigiSizer ® 5200 to determine the percent silt and clay 

within samples.  Particle size classes were defined as follows: clay size ≤ 4 µm; 4 µm ˂ 

silt≤ 63 µm; LFS ˃63µm. (see Appendix B).  Loss on ignition (LOI) was used to 

determine organic matter and carbonate content using a sequential method.  Organic 

matter content was calculated as ignition loss at 550 °C.  Through subsequent ignition of 

the sample at 950 °C, weight loss was used to estimate carbonate content in each sample.  
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All analysis was performed on oven-dried at 105 °C to constant weight. (see Appendix 

A). 

 
2.3.Gamma Analysis 

 

2.3.1. 
137

Cs determination 

Sediment and soil samples were prepared for gamma analysis using procedures 

described in Johnson-Pyrtle and Scott (2001).  Approximately, one to two grams of 

samples were sealed in plastic test tubes and were assayed for gamma emitters using two 

Canberra® high purity germanium well detectors connected to a Canberra Genie multi-

channel analyzer, which records the gamma spectra in 4096 channels.  These detectors 

were calibrated using U.S. National Institute of Standards and Technology 4357 Ocean 

Sediment multiline and Canberra Industries MGS-5 sediment standards.  137Cs was 

identified a specific energy peak at 661 keV in every other sample ( every 1 cm in top 10 

cm and every 2 cm below until depth of 40 cm).  A Peruvian soil standard, Columbia 

River sediment river sediment standard, an Ocean sediment standard prepared by NIST 

was used to verify detector performance.  Since it is believed that 137Cs has a strong 

affinity to clays, resulting values for samples were normalized against clay.  Total 137Cs 

inventories were calculated for each core using the following equation: 

 
     I = kƩρi ti Ci      Equation 4.1 

 

Where I = the 137Cs inventory (Bq/m2) for each sediment core, 
Ci = 137Cs (Bq/g) measured in each increment 
ρi  = the density for each sediment increment (g/cm2) 
ti =  the thickness of each increment (cm) 
k = 10,000, a constant for converting Bq/cm2 to Bq/m2. 
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2.3.2. Excess 
210

Pb determination 

 Both well detectors and a planar detector were used to measure 210Pb activity 

concentrations in sediment and soil samples.  Sealed plastic vials containing 1-2 grams of 

sample and aluminum tin cans containing approximately five grams of sediments were 

allowed reach secular equilibrium during a period of no less than 30 days prior to 

analysis.  This time period is assumed to be the equivalent of 8 half lives of 222Rn, the 

immediate daughter of 226Ra.  214Pb is a daughter product of 222Rn and a precursor to 

210Pb. The activity of 226Ra can be determined by determining the activity of 214Pb.  

Samples were analyzed for gamma emitters mentioned above for at least 24 hrs. 210Pb 

and 214Pb were identified by specific energy peaks of 46 keV and 351 keV, respectively.  

Energy and efficiency performance were calculated and factored prior to determining the 

actual activities (see Appendix E).  Excess 210Pb (also known as unsupported 210Pb) can 

be estimated by subtracting 214Pb (226Ra) activity from the total 210Pb activity.  Gamma 

activities were also normalized with clay (Aalto et al. 2003). 

2.4. Statistical Analysis 
Statistical analysis was performed using SAS Enterprise Guide 4.2.  Regression 

analyses were performed to assess relationship between 137Cs radionuclide activity 

concentrations and sediment characteristics (clay, silt, mud fraction (clay + silt) and 

organic matter).  A One-way ANOVA was performed to assess the influence of location 

on the spatial distribution of radionuclides in bay. 

 

3.0. Results and Discussion 

 

3.1. Grain-size Distribution, O.M. and Carbonate Content in Surface Grab Samples 
 For all grab samples with the exception of JBG10 silt and clay-sized particles is 

the dominant sediment types.  In contrast, JBG10 showed a greater distribution of silts 
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and LFS.  The greater distribution of mud fraction (% clay + % silts) in nine of the ten 

grab samples suggests potential low energy depositional areas for these finer-grained 

materials.  With reference to grab sample JBG10, the evenly distributed LFS and silt-

sized particles suggests a higher energy depositional area.  This sample was collected at a 

major opening in bay where there is a potentially greater oceanic (wave) influence.  

Spatially, all grab samples were collected from the middle portion of the bay, where 

depths ranged from 6-9 m (Figure 4.1).  This area may be a potential area of sediment 

focusing.  

Table 4.2. Grain-size distribution for grab samples collected within the bay. 

Sample ID  Clay (%) Silt (%) Larger Fraction +Sand (%) 

JBG1 26.24 66.07 7.69 
JBG2 24.96 66.37 8.67 
JBG3 27.04 65.53 7.43 
JBG4 26.24 60.95 12.82 
JBG5 24.77 61.46 13.77 
JBG6 24.67 61.36 13.97 
JBG7 25.93 59.79 14.28 
JBG8 26.69 56.19 17.12 
JBG9 22.67 72.64 4.68 

JBG10 6.51 49.53 43.96 
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Figure 4.3.  Bathymetric map with surface sediment sampling location in Jobos bay. 
 
 Table 4.3. includes estimated O.M. and carbonate content for the grab samples 

collected within the bay.  All grab samples appear to have an abundance of shells (pieces 

of shells, broken up).  Organic matter in these samples is composed of leaves and roots 

from surrounding mangrove forests, seagrass and macro algae communities.  This 

material may have been washed into some of these locations through tides and currents 

since most of these grab samples were collected in the inner portions of the bay (Figure 

4.3).  Grab sample JBG10 has the lowest O.M (4.6 %) while JBG7 has the highest (15.7 

%).  Surface sample, JBG8 has the highest (15.8 %) carbonate content whereas JBG9 had 

the lowest (5.7 %).   
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Table 4.3. Percent O.M. and carbonate content  
in surface grab samples. 

Sample ID  O.M. (%)  Carbonates (%) 

JBG1 12.8 9.1 
JBG2 11.1 12.6 
JBG3 15.3 9.2 
JBG4 15.1 13.7 
JBG5 12.9 13.2 
JBG6 11.5 15.3 
JBG7 15.8 11.0 
JBG8 14.2 15.8 
JBG9 15.4 5.7 

JBG10 4.6 11.4 
 
3.2. Grain-size Distribution, O.M. and Carbonate Content in Sediment Cores 
  
3.2.1. AF1 and AF2 

Sediment cores AF1 and AF2 were collected within the Jobos Bay watershed.  

Specifically, these cores were obtained from an intermediate area between an agricultural 

farm and Mar Negro a protected mangrove forest (a part of the Jobos Bay National 

Research Reserve).  Rationale for collecting sediment cores at this location was to 

estimate sediment flux in this protected area from the adjacent agricultural lands.  Table 

4.4 contains averaged grain-size distribution for both AF1 and AF2.  Figures 4.4-4.5 

shows grain-size profiles for AF1 and AF2, respectively.  A simple comparison of these 

cores indicates that there is some variation in sediment distribution in the cores based on 

averaged values (Table 4.4).  In both cores, silt-sized particles dominate each core of 

these cores.  This pattern is demonstrated both in Table 4.4 and in figures 4.4-4.5.  The 

abundance of silt-sized particles may be reflective of soil types within the JB watershed. 
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Table 4.4. Grain-size distribution for all sediment cores. 
Sample 

Core Clay (%) Silt (%) LFS(%) 

AF1 18.9 71.4 9.8 
AF2 14.3 68.8 16.9 

ACN1 12.4 37.3 50.3 
ASM1 5.7 34.8 59.6 

PJ1 10.5 64.0 25.6 
SFM1 23.2 66.4 10.3 
JB1 12.4 70.1 17.5 
JB3 9.2 24.9 65.9 
JB4 11.6 51.7 36.7 
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Figure 4.4.  Grain-size distribution for sediment core AF1. 
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Figure 4.5.  Grain-size distribution for sediment core AF2. 
 

O.M. content for AF1 exhibits a variable, but decreasing trend with depth (Figure 

4.6).  Conversely, carbonate content appear shows an increasing trend with depth within 

the AF1 core (Figure 4.7).  The decrease in organic matter with depth may be attributed 

to a decrease in biomass (mangrove roots) under the surface.  As mentioned before, this 

core was collected in a transitional area between agricultural areas and mangrove forest.  

The increase in carbonate content with depth may reflective of mixing and burial 

carbonate material.  Both O.M. and carbonate content within AF2 were highly variable 

with depth.  No obvious patterns were visible in the depth profiles for these 

characteristics.  Figures 4.8-4.9 contains the depth profiles for percent O.M. and 

carbonate content for AF2.  Despite the variation in trends for O.M. and carbonate 

content between the two cores, average O.M. and carbonate content are relatively similar 
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in both cores (Table 4.5).  This can be expected since these cores were collected 

relatively close together (Figure 4.1).   

Table 4.5. Percent O.M. and carbonate content  
for all cores. 

Sample Core O.M. (%) Carbonate (%) 

AF1 15.1 14.4 

AF2 12.2 11.8 

ACN1 9.8 10.4 

ASM1 20.5 8.9 

PJ1 8.4 5.1 

SFM1 11.6 4.4 

JB1 10.8 6.1 

JB3 9.1 18.2 

JB4 11.8 22.2 
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Figure 4.6.  Depth profile of organic matter for AF1 sediment core. 
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Figure 4.7.  Depth profile of carbonate content for AF1 sediment core. 
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Figure 4.8.  Depth profile of organic matter for AF2 sediment core. 
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Figure 4.9.  Depth profile of carbonate content for AF2 sediment core. 
 

3.2.2. Sediment cores collected with the Bay 
When comparing average grain-size distribution, we see that the distributions 

varied among cores (Table 4.4).  On average, LFS was the dominant sediment type in 

ACN1, ASM1 and JB3 (Table 4.4).  These cores comprised of 50 % or more of LFS.  

Within these cores the LFS characteristics differed within each core.  For instance, in 

ACN1 the inorganic LFS was composed of white-beach sand while the organic portion 

comprised of broken shells and corals well as small amounts of leaf litter from adjacent 

mangrove forest.  ASM1 is the most interesting of all cores collected from bay in that 

most of the LFS fraction consisted of ash, possibly sugar cane ash discharged into the bay 

during operation of Aguirre Sugar Mill.  Broken coral fragments were the dominant LFS 

in this core.  JB3 was collected closest to outline mangrove islands located on the western 

side of the bay.  This part of the bay also has coral communities, which may supply 
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broken carbonate fragments to this site.  Figures 4.10-4.12 show the depth profiles of 

grain-size for all cores except AF1 and AF2. 
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Figure 4.10.  Grain-size distribution for sediment core ACN1. 
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Figure 4.11.  Grain-size distribution for sediment core ASM1. 
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Figure 4.12.  Grain-size distribution for sediment core JB3. 
 


