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ABSTRACT 

Environmental Trace Element Geochemistry of Sediments of 

the Buccaneer Offshore Oil and Gas Field: Factors 

Controlling Concentrations of Trace Elements in Sediments 

Richard B. Wheeler 

Sediments are a sensitive record of recent, as well 

as ancient, physical and chemical paleoenvironmental 

conditions. In the marine environment, sediments are the 

ultimate sink for all types of contaminants and, therefore, 

can be used to indicate the presence of anthropogenic con¬ 

taminants in the system. Evaluation of contamination 

levels in sediments, however, is critically contingent 

upon consideration of sediment physical and mineralogical 

properties which may profoundly influence chemical compo¬ 

sition. This study of trace element contamination in sedi¬ 

ments of the Buccaneer offshore oil/gas field attempts to 

take an objective approach towards this problem. Several 

trace element-sediment interactive processes are examined 

in order to evaluate their control over the occurrence of 

Ba, Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, Sr and Zn. Although 

trace element-sediment interactions could not be quantified, 

Q-mode cluster analysis was used to classify the sediment 

samples into similar groups on the basis of the sediment 

texture, organic carbon and carbonate contents. The Q-mode 

cluster analysis includes samples collected near the pro¬ 

duction platforms, as well as control samples collected at 

some distance from the platforms and supplementary analyses 
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INTRODUCTION 

Sediments are a sensitive record of physical and 

chemical environmental conditions at the time of deposition. 

The vast field of sedimentology is centered around the 

attempt to reconstruct processes of sediment transport, 

deposition and alteration; the relationships between phy¬ 

sical conditions and sediment texture and mineralogy are 

well documented. It has also been recognized that sediments 

are indicative of chemical conditions in the depositional 

environment. Boron in recent and ancient sediments has 

been used as an indicator of paleosalinities (Couch, 1975; 

Khoury, 1976), and organic geochemists have long recognized 

associations between depositional environments and organic 

constituents in sediments (Hunt, 1961; Koons et al., 1974). 

With the overwhelming interest in environmental impact 

assessment, sediments have become a valuable tool for moni¬ 

toring chemical and physical changes within aquatic systems 

during modern time. Sediments are the ultimate sink for 

chemical contaminants, both organic and inorganic, which 

enter marine and freshwater systems as the result of indus¬ 

trial, agricultural, municipal and recreational activities. 

The vertical and areal distribution of contaminants in 

sediments may permanently record the age, type and source 

of contamination. 

Sediment contamination has ecological, as well as 

academic significance. Filter feeding organisms which 
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ingest suspended sediments, and infauna which ingest bottom 

sediments, are themselves a source of food for higher marine 

organisms. Concentrations of trace elements in suspended or 

bottom sediments may be orders of magnitude greater than 

concentrations in the water. Sediments, therefore, are a 

potentially significant mode for introducing contaminants 

into the food chain. 

Just as Man's activities influence the chemical condi¬ 

tions, so do they influence the physical processes of sedi¬ 

mentation in aquatic environments. Contamination from 

agricultural activities (fertilizers, pesticides, and 

herbicides) may be associated with increases in erosion and 

runoff borne sediment resulting from the denuding and 

cultivation of land for crops (Anderson et al., 1978). 

Chemical loading of water bodies from industrial effluents 

may result in flocculation and sedimentation of suspended 

clays near discharges, causing locally higher sedimentation 

rates (Wheeler and Dunning, 1976). Offshore exploration and 

production platform pilings and pipelines create unnatural 

turbulence which results in winnowing of bottom sediments 

near the structures (Machemhl and Abad, 1975). 

Concentrations of trace elements in sediments can be 

profoundly influenced by textural, mineralogical and other 

compositional sedimentary parameters. Therefore, any attempt 

to accurately assess the degree of contamination in sediments 

must take into account the influence of sediment character. 

Historically too many studies of "contaminant" distribution 
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have been performed without due consideration for the types 

of sediments being analyzed (Hann and Slowey, 1972; Maxfield 

et al., 1974). The results of such an oversight may yield 

conclusions about "contaminant" distributions which truely 

reflect only the distribution of fine sediments, carbonates, 

or some other constituent rather than a true variation in the 

amount of pollution. 

This study is one portion of a comprehensive effort to 

evaluate the environmental impact of offshore oil and gas 

production in the Buccaneer Field. The thesis attempts to 

study relationships between sedimentary parameters and pro¬ 

cesses and the fate of trace element contaminants from the 

offshore oil/gas production field. Sediment parameters 

measured for this study are grain size, % organic carbon 

(Behrens, 1977), % carbonate, and clay mineralogy (Butler, 

personal communication). Trace concentrations of Ba, Cd, Co, 

Cr, Cu, Mn, Ni, Pb, Sr, and Zn were determined by atomic 

absorption spectrophotometry. Iron concentrations were also 

measured since Fe/Mn concentrations are a inverse function 

of grain size. In addition to this data, similar data from 

the South Texas outer continental shelf (BLM-STOCS study) 

are included to increase the scope of the study. 

Multivariate statistical techniques are used to assist 

identification and modelling of natural relationships. 

R-mode cluster analyses are used to recognize elements which 

naturally coexist and associations between trace element 

concentrations and sediment parameters. Q-mode clustering 
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is used with sediment data to define sediment facies. Com¬ 

parisons of supposedly pristine and "contaminated" sediments 

are made only within groups of samples which fall into the 

same facies. The object is to take a more accurate and 

objective approach towards the interpretation of sorbed 

trace element concentrations in sediments. 

STUDY AREA 

The study area is approximately 12 x 4 km in and around 

the Buccaneer offshore oil and gas field (Figure 1). The 

Buccaneer field, developed by Shell Oil Company in lease 

blocks 288, 289, 295 and 296, is located some 51 km south- 

southeast of Galveston, Texas (Figure 1). The leases were 

obtained in 1960 and 1968 with initial exploratory drilling 

beginning about midsummer of 1960. Construction of perma¬ 

nent production facilities and subsequent drilling and 

production operations followed (Jackson et al., 1977). 

Presently the production field consists of two main produc¬ 

tion platforms with associated living quarter platforms, and 

thirteen satellite platforms. 

This study area is attractive for this type of study 

for several reasons: 

1) it has been in operation for some 15 years, 

allowing sufficient time for physical, geochemical 

and biological effects to be realized; 

2) it is relatively isolated from other production 

fields and exploratory activities, allowing control 

areas to be established a reasonable distance from 



Figure 1 Location map of the study area and the 
Buccaneer oil/gas field. 
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the actual production field; 

3) the type of activity provides a potential source for 

various types of contaminants; 

4) the seafloor displays a variety of sediment types, 

allowing the assessment of the effects of the plat¬ 

forms on physical processes of sedimentation as well 

as providing a broad scope for the geochemical 

modeling. 

Bathymetry. 

The Buccaneer study area is located in the midst of a 

portion of the inner shelf which is topographically rela¬ 

tively complex compared to the majority of the northern Gulf 

inner continental shelf (Figure 2). The long axis of the 

study area is situated subparallel to the axis of a north¬ 

east-southwest trending synform. The trough is closed to 

the northeast but opens broadly into the featureless plain 

to the southwest. The synform is formed by two linear 

topographic highs which bound it to the north and south. 

On a smaller scale this topographic relationship is 

even more clear (Figure 3). A small closed basin in the nose 

of the synform is situated in the eastern portion of the 

study area. The northeast corner of the study area overlaps 

the ridge which forms the northern flank of the synform. 

The remainder of the area, particularly in the vicinity of 

the production field, is relatively featureless lying in a 

"flat" area between the two linear highs. 



Figure 2. Bathymetry of the northwest Gulf of Mexico. 
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Figure 3. Bathymetry of the study area. 
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Curray (1959), in his discussion of the physiographic 

features of the north central Gulf, notes the occurrence of 

east and west trending channels on the inner shelf (Figure 

4). Frequently these channels are associated with low 

ridges suggesting erosional and/or depositional processes 

in their formation. Figure 4, adapted from Curray (1959), 

shows these physiographic features in the vicinity of the 

Buccaneer area with the channel running along the axis of 

the study area and "depositional" ridges to the north and 

south. These topographic features on the shelf are no doubt 

relict of lower sea level stands during the late Pleisto¬ 

cene. There is little evidence for significant erosional/ 

depositional processes taking place in this area today. 

Meteorology and Hydrography. 

Currents and wind generated seas are the dominant 

physical processes on the inner shelf of the Gulf of Mexico 

in the vicinity of the study area. Wind influences circu¬ 

lation on the inner shelf and wind-generated seas play a 

geologically important role in the resuspension and redis¬ 

tribution of bottom sediments. The transport direction of 

semi-permanent currents in the study area will determine 

the direction of sediment transport, as well as the source, 

volume, and petrography of terrigenous elastics being depo¬ 

sited in the area. 

The annual wind and circulation patterns for the study 

area are discussed in some detail in appendix I. In general, 



Figure 4. Physiographic map of the northwestern Gulf of 
Mexico showing relict channels and depositional 
ridges (after Curray, 1959). 
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however, south-southeasterly winds dominate throughout most 

of the year. They are consistent from late spring through 

early fall, being interupted with increasing frequency by 

variable and northerly winds associated with "norther" 

fronts during winter months. Coupled with the S-SE pre¬ 

vailing winds, the surface currents through most of the year 

show a net longshore transport direction to the west or 

west-southwest. Bottom currents, less influenced by the 

wind, move generally onshore shifting from northwesterly in 

the spring to north-easterly in late summer. Monthly 

diagrams in appendix I illustrate these generalities. 

METHODS 

Sampling. 

All samples from the study area were collected aboard 

the R. V.1s Gus III or Kinqfish♦ Bottom sediment samples 

were collected using gravity and piston coring devices or a 

ponar grab sampler. A proton magnetometer survey of the 

area, performed prior to heavy coring operations, assisted 

with locating pipelines on the seafloor to prevent possible 

damage. 

Once retrieved, sediment cores were retained in the 

plastic core liners and capped with plastic caps to prevent 

disturbance or dessication of the cores. Grab samples were 

immediately subsampled for a) hydrocarbon analysis, to be 
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used by another investigator, b) trace element analysis, 

using only the oxidized surface layer (approximately the 

upper 1 cm), and c) sediment textural and compositional 

analyses. Subsamples b and c were placed in separate plastic 

bags and sealed. All grab samples were handled with care to 

avoid contamination during sampling and storage. Sediment 

cores and grabs were refrigerated on-board. 

In the laboratory sediment cores were sectioned into 0.5 

meter lengths and x-radiographed to check for bedding, bio- 

turbation, and gross lithology changes prior to extrusion 

and sampling. Ponar grab subsamples were homogenized prior 

to sampling. 

Sedimentology. 

Grain size analyses were initially performed on all 

samples using standard sieve and pipette techniques (Folk, 

1974). The piston core samples and several surface sediment 

samples were later analyzed using the Rice University Auto¬ 

mated Sediment Analyzer (RUASA) system. This system, which 

calculates grain sizes on the basis of settling velocities, 

uses two settling tubes and a hydrophotometer to achieve re¬ 

fined effective size determinations over a broad range of 

particle sizes (Anderson and Kurtz, in press). Sample pre¬ 

paration for both techniques are outlined in appendix II. 

Heavy mineral analyses were performed on samples from 

the study area by Dr. Rudy R. Schwarzer. The techniques 

used are described in detail in Anderson et al. (1977). 
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Analysis of calcium carbonate percentages were per¬ 

formed on greater than 10 milligram samples. The technique 

used, outlined in appendix II, essentially involves disso¬ 

lution of the calcium carbonate in acetic acid and titration 

of the solution with EDTA. This procedure was adapted from 

Turekian (1956) by F. Weaver (personal communication). 

Total organic carbon and radiocarbon analyses were 

provided by Dr. E. W. Behrens (1977) of the University of 

Texas. 

Clay mineral analyses were provided by Dr. John Butler 

of the University of Houston. Samples were prepared accor¬ 

ding to the procedure described in Anderson et al. (1977). 

The technique used allowed identification and semi-quantita- 

tive determination of the abundance of kaolinite, montmoril- 

lonite, chlorite and illite. 

Geochemistry. 

A partial digestion procedure using 50% reagent grade 

nitric acid and sodium hypochorite was used to dissolve the 

carbonate and organic fractions and leach the detrital 

material. Samples were diluted to standard volume with 

distilled deionized water yielding a 4% solution. Analyses 

for Ba, Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, Sr, and Zn were 

performed by atomic absorption. A nitrous oxide-acetylene 

flame was used for Ba analyses. A detailed procedure is 

given in appendix II. 
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Statistics. 

Multivariate statistical techniques assist the scien¬ 

tific investigator in the identification of natural groups 

within large sample populations for which several attri¬ 

butes have been measured per sample. Of the several 

multivariate statistical techniques available, cluster 

analysis was chosen for this study. Why it was chosen and 

how it was applied is discussed in more detail in appendix 

II. 

R-mode clustering was performed to: 

1. recognize redundance of attributes measured in order 

to avoid bias of Q-mode clustering by the use of several 

similar, or highly correlated variables; 

2. identify natural relationships between sediment 

physical parameters and trace element concentrations; 

3. indicate geochemical similarities between trace 

elements exhibited by their cooccurrence. 

Q-mode clustering was performed to objectively define 

sedimentary facies on the basis of textural and compositional 

parameters. 

Geophysics. 

Shallow seismic reflection profiling was undertaken to 

assist geological interpretation of the shallow structural 

and stratigraphic features in the area. A magnetic survey 

was performed for the purpose of locating the seafloor 
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collection pipelines between platforms and sidescan sonar 

was used to gather evidence of seafloor surface features 

indicative of sediment dispersal processes. All geophysical 

surveys were performed under the direction of Dr. H. C. 

Clark. Details of the surveys are given in appendix II. 

GEOLOGY OF THE BUCCANEER STUDY AREA 

Structure of the Dome and Vicinity. 

The Buccaneer oil/gas field, typical of oil fields of 

the northwestern Gulf and Gulf Coastal region, produces from 

a structural/stratigraphic trap formed by a large intrusive 

body, probably salt. High resolution shallow seismic pro¬ 

filing (Anderson et al., 1977) revealed this and associated 

structures in the study area. Figure 5 is a depth-to-datum 

contour map of a deep (160 - 180 feet) acoustic reflector. 

The map shows two closed domal structures with structural 

relief of up to 10 feet. The continuous thickness of these 

strata over the dome suggests that at this depth the dia- 

pirism has occurred post-depositionally. Syntectonic 

deposits would be attenuated over the dome. 

A northeast-southwest trending fault (Figure 5), 

oriented radially to the dome, may also be associated with 

the diapirism (Anderson et al., 1977). Displacement along 

this fault is about 6 feet, uplifted on the north. The 

fault is fairly young (post depositional) as there is no 



Figure 5. Depth-to-datum contour map of the deep acoustic 
ref1ector. 
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evidence of a thickened section on the downthrown side. 

Consequently it cannot properly be termed a 'growth' fault, 

although the seismic records show that it dies out with no 

evidence of offset in the shallow subsurface strata. 

Figure 6 is a depth-to-datum contour map of a shallow 

acoustic reflector which shows little evidence of either the 

dome or the fault. There does appear to be a small domal 

structure in this reflector about one mile east of the pro¬ 

duction field. At such a shallow depth, however, this 

apparent feature is probably the effect of thinning over the 

topographic depression shown in Figure 3. 

Sediment Facies. 

The introduction mentions the influence of sedimentary 

textural and compositional parameters over the trace element 

composition of sediments. In order to evaluate similarities 

or differences in trace element concentrations it is first 

necessary to understand how sedimentary parameters relate 

to the geochemistry of a particular trace constituent. 

Variation within natural systems requires that the investi¬ 

gation of such relationships between texture/composition 

and trace element concentrations be based on sample popula¬ 

tions about which generalizations can be made regarding 

sediment-trace element interactions. Conversely, in the 

name of environmental impact assessment, it is often desire- 

able to compare different sediment samples for their degree 

of exposure to contaminants which requires that the 



Figure 6. Depth-to-datum contour map of the shallow 
acoustic reflector. 
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comparison be based on samples of like character (texture 

and composition). The objective of this thesis is to ad¬ 

dress both problems; to model natural relationships between 

sediments and trace elements, and to use the sediments to 

investigate the environmental impact of the offshore 

petroleum operations. An objective classification of sedi¬ 

ments by texture and composition is clearly necessary. 

Objective classification of sediment samples into 

groups is provided by Q-mode cluster analysis of the sedi¬ 

mentary parameters. Rather than attempting to plot the 

samples on traditional ternary diagrams for texture or com¬ 

position and then arbitrarily dividing all of the points 

into groups, computer programmed cluster analysis allows 

equal and simultaneous evaluation of each parameter studied. 

The final product is a Q-mode dendrogram which orders the 

samples into groups of greatest similarity (Figure 7). 

Q-mode cluster analysis was performed on 130 samples, 

of which 47 are from the Buccaneer field area, 5 are from 

around the rigs and the remainder are from the BLM - South 

Texas Outer Continental Shelf (STOCS) study area (Berryhill, 

1975). Sediment parameters considered most significant 

with respect to the geochemistry are texture, percent car¬ 

bonate and percent organic carbon; which in terms of 

variables used for clustering is percentages of sand, silt, 

clay, carbonate and organic carbon. Clay mineralogy is 

often considered an important factor with respect to the 

geochemistry of sediments and trace elements. Selected 
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Figure 7. Sediment facies classification: Q-mode 
dendrogram of sediment samples from the 
Buccaneer and BLM-STOCS study areas. 
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Buccaneer sediment samples, analyzed for expandable clays, 

illite and kaolinite, show very little variation, however. 

Also, BLM-STOCS samples were analyzed for montmori11onite , 

illite, chlorite and mixed-layer clays. Because of the 

apparently small variation in the Buccaneer study area and 

because of data incompatibility, these parameters were not 

used in the cluster analysis. The number of samples from 

the Buccaneer study area used in the clustering is limited 

to those samples for which organic carbon analyses are 

available. 

In the Q-mode dendrogram of the Buccaneer and BLM-STOCS 

sediments (Figure 7), groups of samples have clustered well 

together rather than the sort of add-on, stairstep shaped 

dendrogram which results from the absence of natural groups 

and the continuous addition of single samples or small 

groups at increasingly lower levels of similarity. There 

are clearly five major natural groups represented by the 

samples analyzed. Two of these groups have a significant 

number of samples from the Buccaneer study area, the other 

three are almost exclusively BLM-STOCS samples. In addition, 

there are several lone samples which do not cluster well 

with any other samples (eg. 102, 080G, 004G, 103). 

Texturally/compositionally anomalous sediments occurred at 

several locations but were not included in the statistical 

analysis because of their obviously unique character; one 

sample was enough to establish their individuality. Sample 

103 is an example of this which, by inspection of tables 1A 
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and IB, can be shown to be very similar to samples 64, 65, 

and 66 and equally dissimilar to anything else in the study 

area. 

The technique proved to be an effective, objective 

approach toward sediment classification on a relative basis. 

On the basis of texture, organic carbon and carbonate con¬ 

tent, these five major groups and two minor groups (based on 

lone anomalous samples 102 and 103) were selected as the 

representative sediment facies occurring within the two 

areas. Figure 8 is a ternary sand-silt-clay diagram on which 

the mean textural values for each of the seven groups are 

plotted. The groups are further divided according to sample 

areas (BLM-STOCS, Buccaneer Field or Buccaneer Rig stations) 

yielding a total of 10 plotted points on a ternary diagram. 

Groups 1-BLM and 2-BLM plot as mud (M) and silt (Z) respec¬ 

tively, having considerably less sand than most of the other 

groups. Groups 3-BLM, 3-BUC and 3-RIG all plot within the 

muddy sand (mS) field, displaying a small but progressive 

decrease in silt-clay content. Groups 5-BLM and 5-BUC plot 

closely in the muddy sand field. The lone sample 102 plots 

as sandy mud with subequal silt and clay percentages while 

lone sample 103 is 99 percent sand/gravel sized material. 

The distribution of these facies in the BLM-STOCS and 

Buccaneer study areas are shown in figures 9 and 10, 

respectively. Shideler (1977) has thoroughly reviewed the 

sediment distribution of the STOCS area, there is no need 

to reanalyze his work with respect to the clustered facies 
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Table la. Sediment textural data (% sand,silt and 
clay) for samples from the Buccaneer field 
area. 

SAMPLE % SAND % SILT % CLAY 

11 59. 28. 13. 
31 53. 21. 26. 
32 74. 9. 17. 
38 71. 21. 8. 
39 67. 21. 12. 
40 59. 37. 4. 
61 76. 24. 0. 
62 67. 26. 7. 
63 76. 22. 2. 
69 47. 38. 15. 
71 41. 35. 24. 
73 80. 14. 6. 
74 75. 11. 14. 
76 71. 9. 21. 
77 70. 10. 20. 
78 68. 21. 10. 
80 75. 16. 9. 
81 77. 22. 1. 
82 71. 17. 13. 
83 78. 22. 0. 
84 72. 13. 15. 
85 75. 12. 13. 
86 75. 17. 7. 
87 71. 16. 13. 
89 67. 21. 12. 
92 72. 12. 16. 
96 53. 19. 28. 
97 55. 37. 8. 
98 54. 30. 15. 
99 56. 22. 21. 

100 57. 25. 18. 
102 21. 38. 41. 
103 99. 1. 0. 
104 14. 61. 25. 
105 66. 20. 14. 
107 68. 20. 12. 
110 72. 14. 14. 
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Table lb. Sediment textural data (% sand, silt and 
clay) for samples from within 110 meters 
of the Buccaneer Platforms. 

SAMPLE % SAND % SILT % CLAY 

37-R 84. 5. 11. 
42-R 87. 4. 9. 
43-R 87. 4. 9. 
44-R 63. 16. 21. 
48-R 81. 7. 12. 



Figure 8. Ternary sand-silt-clay diagram showing 
average textural composition of each facies. 
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Figure 9. Sediment facies distribution map; BLM-STOCS 
area. 
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Figure 10. Sediment facies distribution map; Buccaneer 
study area. 
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distribution. The BLM-STOCS samples were clustered for the 

purpose of making geochemical comparisons between them and 

Buccaneer samples rather than geological interpretations. 

The facies map does, however, correlate with the salient 

features of Shideler's (1977) analysis. 

The sediment facies distribution in the Buccaneer study 

area bears a striking relationship to the topography. Sedi¬ 

ment variation on a large scale, irrespective of variation 

around structures which will be discussed later, is confined 

to the northeastern sector of the study area. This is 

notably also the area of topographic complexity (Figure 3). 

The facies represented by the lone sample number 103 is a 

coarse shell hash or coquina which occurs at stations 64, 

65, 66 and 103, and piston core locations 1 and 10. Piston 

core 10, located near the base of the northern ridge, pene¬ 

trated 86 cm of the shell hash demonstrating that it is a 

substantial deposit. U.S.C.&G.S. charts indicate that shelly 

material is widespread north and east of the study area, 

capping the topographic highs. 

The shallow basin in the nose of the synform apparently 

correlates with the distribution of the other facies. 

Lone sample 102 lies near the center of this possibly relict 

erosional depression. The sediment at station 102 was 

visually identified as the dense grey clayey material of the 

Pleistocene Beaumont Formation (see Stratigraphy section, 

Appendix III). The same sediment type was retrieved at the 
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surface in piston core 14 and in the subsurface at a depth 

of 150 cm in piston core 12. Behrens (personal communica¬ 

tion) recovered Beaumont material at a depth of 60 cm in 

piston core 65 taken 1 mile east of platform A. 

Surrounding the area of Beaumont outcrop are the muddy 

sands of facies group 5. Again, the boundary of this facies 

appears to roughly follow the contours of the shallow ero- 

sional basin. The sediments of facies group 5 contain, on 

the average, about 45% mud while the so-called muddy sands 

of facies group 3-BUC average only 28%. 

The remainder of the study area, again excluding the 

immediate vicinity of the platforms, is covered by the 

fairly uniform muddy sands of facies group 3. Although all 

of the samples from this area statistically fall within the 

same group, subtle variations within the facies type do 

exist. A closer look at the Q-mode dendrogram, figure 8, 

shows that two groups of four samples each (42-R, 43-R, 

37-R, 48-R and 61, 83, 81 and 63) tend to fall out into 

distinct sub-groups. The rig stations were arbitrarily 

isolated as facies group 3-RIG because it is generally 

believed that hydrodynamic variations around the structures 

might influence sediments in that area. This is discussed 

in detail in the section on sedimentary processes. 

The other subgroup (stations 61, 63, 81, and 83) is 

somewhat anomalous, however, and should possibly be con¬ 

sidered a separate facies. Table 1 shows that these four 

samples contain very little clay sized material and that 



33. 

in general they have less mud (silt + clay) than other 

samples in facies 3. Figure 11 is a sand/mud isopleth map 

which illustrates this trend. There appears to be a tongue 

of cleaner sand extending into the study area from the north¬ 

west and possibly from the southeast. Topographically there 

appears to be a very slight ridge (relief about one foot) 

extending across this area. 

More detailed discussion of these facies, their compo¬ 

sition and theories of their origin will be discussed in 

later sections. It is on the basis of this objective facies 

classification, however, that geochemical comparisons will 

be made between samples within the Buccaneer study area as 

well as with those from the BLM-STOCS area. 

Sediment Texture. 

Large portions of the continental shelf are covered by 

either relict sediments or reworked, palimpsest sediments 

(See Appendix III). While palimpsest sediments are in some 

stage of equilibration, exhibiting petrographic attributes 

of the modern environment, relict sediments, in contrast, 

may be totally out of equilibrium with the modern hydrody¬ 

namic environment. The Buccaneer oil/gas field and the 

surrounding study area are situated in the Central Area of 

the continental shelf shown in figure 12. Several lines of 

evidence (discussed in Appendix III) indicate that this is 

an area of slow or non-deposition (Curray, 1959; vanAndel 



Figure 11. Sand/mud isopleth map; Buccaneer study 
area. 
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Figure 12. Distribution of Holocene shelf facies 
(after Curray, 1959). 
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and Poole, 1960; Pinsack and Murray, 1960; Shideler, 1977). 

Textural data show that there is a considerable variety of 

sediment types in the relatively small area of study, sugges¬ 

ting the presence of relict or palimpsest disequilibrium 

sediments. The following section will discuss this same 

issue on the basis of composition. 

The sediments of the Buccaneer study area are dominantly 

composed of three distinct size modes of terrigenous clastic 

material and a coarse calcareous fraction. Virtually all 

sediment samples from the study area can be described on 

the basis of these four modal components occurring in 

different relative proportions. Descriptions of these 

components are based on Automated Sediment Analyzer grain 

size determinations and macroscopic/microscopic visual 

descriptions. 

Component 1 - a coarse sand, gravel or pebble-sized 

calcareous fraction of biogenic origin; 

Component 2 - a fine silt and clay ( >7.5 0) of the 

Pleistocene Beaumont Formation; 

Component 3 - a coarse to very coarse (2.0 0 to 0.5 0), 

moderately well rounded quartz sand; 

Component 4 - a very fine (3 0 to 3.5 0), sub-angular 

quartz sand. 

Each facies identified in the earlier section can be 

described according to its modal composition of the above 

components. The following discussion will cite examples 

of this with size frequency curves to illustrate the 
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relative proportions of the modes. Facies 103-B0F, however, 

is composed of dominantly component 1 gravel sized calcare¬ 

ous material, which is not within the size range of the 

RUASA system. Consequently there is no type frequency curve 

for the 103-B0F facies. Component 1 does occur in the very 

coarse sand fractions of some samples in other facies 

though. Facies 102-B0F was described in the Sediment 

Facies section as the Beaumont Formation. The sediment size 

frequency curve (Figure 13a) shows a primary mode at 8 0 

which actually represents everything of 8 0 and finer. This 

mode represents component 2 -- the Beaumont Formation silts 

and clays. A minor mode at 3 0 represents mixing of the 

Beaumont Formation with a small amount of component 4 

material, probably through bioturbation (Plate 1). Other 

sediments identified visually as the Beaumont Formation 

were collected in short cores taken near platform A. Sample 

AW1 (11 to 13 cm depth) is an example of truely relict 

Beaumont material which consists almost entirely of com¬ 

ponent 2 sediments (Figure 13b). Apparently the type sample 

for the Beaumont Facies (sample 102) is actually palimpsest 

sediment which has undergone a small amount of reworking, 

incorporating the coarser component 4 material. Beaumont 

samples analyzed from the study area are typically nega¬ 

tively skewed, with mean grain sizes finer than 7.5 0. 

Surrounding the Beaumont outcrop in the eastern portion 

of the study area is a halo of facies 5-BOF sediments 

(Figure 10). The statistical summary of the sediments in 
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Plate 1. A section through a large sediment core 

showing bioturbation to a depth of at least 

15 cm in the Beaumont formation, station 102. 



Figures 13 a-g. Representative grain size frequency 
distribution curves for Buccaneer area 
facies types. 
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this facies described the average of 5-BOF samples as 58% 

sand and 42% mud (silt + clay). They plot in the muddy sand 

field of the ternary diagram shown in figure 8. Grain size 

frequency curves of sediments which fall within the 5-BOF 

facies field are generally bimodal. The modes consist of 

component 4 and component 2 material in variable, but gene¬ 

rally subequal proportions. Figures 13c and 13d illustrate 

grain size frequency curves for two typical facies 5-BOF 

sediments. 

Going back to figure 8 it is clear that facies 5-BOF 

and 3-BOF are similar, both are muddy sands, but differ on 

the basis of sand content. This is more graphically dis¬ 

played by the size frequency distribution curves for sedi¬ 

ments of this facies (Figures 13e-g). Although the 3-BOF 

sediments are still essentially bimodal, component 4 is 

substantially more abundant than 2. Figures 13e and f show 

the occurrence of small and trace quantities of component 3 

(0.5 - 1.5 0). Component 3 is not distributed throughout 

this facies; its distribution appears to be controlled by 

other factors which will be discussed later. 

Taking an alternate approach to interpreting sediment 

distribution in the study area let us examine the distribu¬ 

tion of these components without regard for the sedimentary 

facies discussed above. From figure 8, it is apparent that 

facies 5-BLM, 5-BOF, 3-BLM and 3-BOF fall roughly along the 

2.0 silt/clay isopleth. Therefore, these sediments vary 

predominantly in their sand/mud ratios, while the mud 
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fraction remains texturally constant. 

Within the study area, the highest sand content is in 

3-BOF which covers the central and western portion of the 

field. A look at the grain size frequency curves discussed 

above reveals that this east to west coarsening trend is not 

a stepwise phenomenon that takes place at the facies boun¬ 

dary. Starting with sample 102 in the Beaumont Formation, 

the other samples (71, 40, 38, 82 and 73) roughly form a 

transect from east to west across the study area. The rela¬ 

tive abundance of component 2 versus component 4 clearly 

varies as a function of distance from the Beaumont outcrop. 

Apparently the cluster analysis divided these samples 

somewhat arbitrarily on the basis of grain size from within 

a continuum of sediment textural compositions. The Beaumont 

Formation may be the dominant source of component 2 silty/ 

clayey sediments throughout the entire study area. The plot 

of sample 102 on figure 8 would not tend to substantiate 

this as it shows a silt/clay ratio of nearly unity, rather 

than 2.0. Figure 8 is based on seive and pipette data, 

however, and the point for facies 102-B0F is based on only 

one sample. The possibility of error here seems great in 

light of the overwhelming trend displayed by the RUASA data 

(Figures 13a-g). 
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Sediment Composition. 

Compositional parameters such as heavy minerals, clays, 

and organic carbon can provide further information about 

sediment distribution, maturity and provenance. Available 

data regarding the composition of sediments in the Buccaneer 

study area are discussed in this section with some brief 

conclusions about their relict, palimpsest or modern nature. 

Heavy mineral analyses were provided for eight surface 

sediment samples throughout the study area (Anderson et al., 

1977). The weight percent of heavy minerals in the sediment 

samples varies from 0.14% to 0.47%. All samples analyzed 

fall geographically into either facies group 3-BOF or 5-B0F. 

Those which are located within facies 5-BOF consistently 

have greater than 0.20% heavy minerals by weight. Those 

samples situated within facies 3-BOF have less than 0.20% 

heavy minerals with the exception of sample 105 which has 

0.47% by weight. Sample 105, however, is near the facies 

boundary between 3-BOF and 5-BOF and may show evidence of 

transition or mixing. The heavy mineral assemblage consists 

of about 50% hornblende and 15% each of epidote and pyrox¬ 

enes. According to these results and those of vanAndel 

and Poole (1960) presented in table 1-111 (Appendix III) 

this assemblage probably represents mixing of the Missis¬ 

sippi and Rio Grande provinces. Lesser abundance of 

pyroxenes in the study area may suggest slightly greater 

maturity of the sediments in this transition zone. 



The clay mineralogy of the sediments from the study 

area is typical of clay mineral suites from the northwestern 

Gulf of Mexico continental shelf (John Butler, personal 

communication). Samples were analyzed for clay fraction 

weight percents of expandable clays, illite and kaolinite. 

Our data is in good agreement with that of Pinsack and 

Murray (1960): Expandables (including montmorillonite) are 

the most abundant ranging from 4 to 7 parts in 10. Illite 

is the next most abundant with 2 to 3.5 parts in 10 (Table 

2). 

Mixed layer clay/montmorillonite ratios might be indi¬ 

cative of sediment maturity as discussed in appendix III. 

No distinction was made in this study, however, so the 

maturity of the clay mineral assemblage cannot be assessed. 

Also, there is no consistent variation in the clay mineral 

assemblages between sediment facies which might suggest 

differing source areas for the sediments. Sample A (Table 

2), taken at the mouth of Galveston Bay, also shows a clay 

mineral assemblage typical of those sediments collected in 

the study area. 

The most significant finding from the clay mineral 

analysis appears to be a distinct variation in the sharpness 

of the (001) reflection peak of the expandable clays. 

Figure 14 shows sample X-ray diffraction patterns of sedi¬ 

ments having sharp ("S") and broad ("B") (001) reflections. 

Table 3 identifies those samples having sharp (S), broad (B), 

and moderately sharp (S~) (001) expandable clay peaks. 
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Figure 14. X-ray diffraction patterns showing typical 
sharp (sample 43) and broad (sample 37) 
expandable clay (001) reflection peaks. 
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The variation in the sharpness of the reflection is probably 

due to the varying crystallinity of expandable clays. 

Normal marine expandable clays would not be expected to 

exhibit uniform crystallinity. A possible explanation for 

the occurrence of the sharp reflection is the presence of 

bentonitic drilling muds in the sediments of the study area 

(Anderson et al., 1977) which probably contain well-crystal¬ 

lized montmori11onite. An alternate explanation might be 

that crystallinity is inversely related to maturity, although 

sample A near Galveston Bay exhibited a broad (001) reflec¬ 

tion. The sharp (001) reflections almost exclusively 

occurred in samples located within 115 meters of the produc¬ 

tion platforms, further substantiating the hypothesis of 

their association with drilling muds. 

Total organic carbon analysis of sediments from the 

study area was performed by Behrens (1977). Figure 15 is 

his map showing the distribution of organic carbon in the 

surface sediments. This map bears a striking resemblance 

to figure 3 of the bathymetry. The highest concentrations 

occur in the basin in the eastern portion of the study area 

and just to the northeast of platform A. Both of these 

areas are near, but not directly coincident with sites of 

Beaumont outcrop. In fact sample 102, described earlier 

as Beaumont, yielded a low organic carbon value of 0.18% 

(Behrens, 1977). This appears to be atypical of the 

Beaumont material, however, which averaged 0.51% (8 samples), 

with a high of 0.96%. The upper Beaumont Formation is 



Figure 15. Total organic carbon distribution in sediments 
of the Buccaneer study area. 
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generally considered to be floodplain deposits and would 

be expected to be relatively high in organic material 

(Anderson and Clark, 1977). The highest organic carbon 

value reported was in the shell hash at station 103. 

Environments of Deposition. 

At least three of the four sedimentary components 

(1, 2, and 4) may be considered to have originally been 

distinct sedimentary units, and there is some evidence that 

component three also represents a unique depositional envi¬ 

ronment . 

Component one, composed of coarse sand and gravel sized 

biogenic carbonate material, occurs along the northeastern 

limit of the study area. The deposit is a coquina-like 

assemblage of mollusk and bryzoan fragments forming a thick 

(>86 cm) linear unit along the crest of a ridge, as dis¬ 

cussed earlier in the facies section. The geometry of this 

unit and its relationship to morphological features in the 

area indicate that this is a relict nearshore depositional 

bar associated with longshore channelization and deposition. 

Curray (1959) radiometrically dated a coquina-like deposit 

from a similar feature off Freeport, Texas and determined 

an age of 26,900 + 1800 years, indicating a probable inter¬ 

glacial origin. Soil borings on Galveston Island by Humble 

Oil Co. have revealed similar, more recent deposits of shell 

hash interpreted as tidal channel deposits, overlying or 
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eroded into the underlying Beaumont Formation. 

The Beaumont formation silts and clays, component two, 

have been discussed in previous sections. The Beaumont is 

generally considered the last complete cycle of the Gulf 

Coast Pleistocene section (see Stratigraphy section, Appen¬ 

dix III). Radiometric dating of two upper Beaumont clay 

samples collected by Behrens (1977) yielded dates of 22,120 

+ 1440 and 24,180 + 1170 years, which place it during the 

Late Wisconsin glacial phase and eustatic low sea level 

stand. The Beaumont formation contains everything from 

shallow marine oyster and clam beds and various other mol- 

lusks to the remains of terrestrial vertebrates such as 

elephants, mammouths and horses (Price, 1934). The weathered 

soil zone of the upper Beaumont was indeed of terrestrial 

origin, receiving flood plain deposits from the ancestral 

Trinity River. 

The coarse sands of component three are of somewhat 

questionable origin. Their distribution is limited to a 

small area in the vicinity of the production platforms, with 

a few remote occurrences. Several explanations for their 

occurrence will be discussed below. Microscopic examination 

of component three sands indicates that they may represent 

a distinct depositional environment. Anderson et al. (in 

press) determined that the fossil benthic foraminiferal 

assemblage associated with this sand is a low diversity 

population characteristic of the high wave energy littoral 

zone. Thus, the textural and faunal evidence would suggest 
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that this sand represents the basal shelf facies (see Stra¬ 

tigraphy section, Appendix III) of the early Holocene 

transgression. Strati graphically, then, it should be asso¬ 

ciated with the upper Beaumont surface, although there is 

no evidence for this in piston core 12 which penetrated the 

Holocene section and the upper Beaumont formation (Figures 

16a-e). A trace of component three sediment in the top of 

this core, however, may be evidence that the sample interval 

within this core was too great to actually detect the major 

occurrence of the basal sand. 

Alternate explanations for the occurrence of the coarse 

sand are based upon its apparent association with the plat¬ 

form area. Increased turbulence and winnowing of sediments 

near the platforms (discussed in the sedimentary process 

section) may have left this coarse sand accumulation as a 

residual or lag deposit. If this is the case, this compo¬ 

nent may be finely disseminated in trace abundances through¬ 

out the Holocene, or even Beaumont Formations. Concentra¬ 

tions of the component in some samples would occur by 

removal of the finer sand and mud fractions. 

Gulf coast wells are often known to produce formation 

sands along with the oil, gas and brine mixture. If wells 

in the Buccaneer field are producing formation sands, these 

sands may be discharged with the formation waters at collec¬ 

tion platforms A and B. This may be substantiated by the 

general absence of component three material in cores 

collected around satellite platform 288-3, which has no 



Figure 16 a-e. Grain size frequency distribution 
curves for selected piston core samples. 
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brine discharge, as compared to platform A core samples. 

Clearly the most ubiquitous sediments of the study area, 

both on the surface and in the subsurface, are the fine 

grained component four sands. This distinct 3.5 0 mode 

dominates the sandy facies of the entire field area and 

extends in the subsurface to the greatest depths sampled 

(160 cm), indicating that it is relict in origin, deposited 

at a time of higher energy and greater depositional rates. 

The foramini feral assemblage of the component four sands 

contains several species which are common to the coastal 

waters of the Gulf Coast (Anderson et al., in press). This 

fine sand which generally occurs in variable mixtures with 

other component types, especially silt and clay, probably 

. represents the upper basal facies of the Holocene section. 

Mixing of the sands with muddy components represents re¬ 

working of this relict material in the broad zone of transi¬ 

tion between the basal facies of the shallow shelf and the 

shelf facies of the central and outer continental shelf. 

Sedimentary Processes. 

The above discussions have made it increasingly clear 

that the sediments of the study area are largely of a relict 

or palimpsest nature. The four modal sedimentary components 

appear to originate from deposits which stratigraphically 

date from oldest (component one) to youngest (component 

four). Although mineralogical maturity indices were not 
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very helpful in evaluating the contribution of modern sedi¬ 

ment sources to the finer grained fraction of the sediments, 

this contribution appears to be minimal. Rather than depo¬ 

sition, the distribution of sedimentary components suggests 

that the dominant sedimentary process in the study area is 

reworking and redistribution of the ancient sediments. This 

is compatible with the hypothesis that the bulk of the sedi¬ 

ments transported toward this portion of the Gulf are either 

impounded in the estuaries or carried through the area by 

longshore currents and deposited on the shelf areas to the 

southwest (See Modern features and processes, Appendix III). 

Behrens (1977) used radiocarbon dates of sediments from a 

piston core taken southeast of the study area to determine 

average rates of sedimentation for the region. His results 

(Table 3) show that the average rate of sedimentation over 

the last 3300 years has been about 1.2 cm/100 years. Yet 

by dating several intervals in the core he found that 

accumulation rates have declined steadily during that time 

and average only 0.29 cm/100 years for the last 680 years. 

Several processes are active within the study area 

which result in both vertical and horizontal redistribution 

and mixing of sedimentary components. The Beaumont forma¬ 

tion, essentially flatlying under the veneer of Holocene 

sediments, outcrops in the erosional depression in the 

eastern portion of the study area and near the platforms. 

Vertical mixing by burrowing organisms incorporates younger 

component four material into the Beaumont formation as 
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Table 3. Rates of Sedimentation calculated from 

Radiocarbon ages in a core from the southeast 

control area (Behrens,1977) 

Core 
Interval 

(cm) 

0 - 2.5 

2.5 - 7.5 

7.5 - 12.5 

12.5 - 40 

Ages 
(B.P.) 

0 - 680 

680 - 1 ,420 

1 ,420 - 1 ,780 

1,780 - 3,350 

Sedimentation 
Rate 

(cm/century) 

0.29 

0.54 

1.11 

1.91 
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evidenced by figures 13a and 16a-e. In less cohesive muddy 

sands dredging operations by shrimper fleets probably 

thoroughly homogenize surfacial sediments over vast areas 

of the inner shelf. Piston core samples with bimodal com¬ 

ponent two and four sediments at depths up to 160 cm show 

that vertical mixing is not confined to the upper few centi¬ 

meters of the sediment column (Figures 16a-e). 

Likewise, horizontal redistribution of sediments is 

apparent from the transect of surface sediments in figures 

13 c-g. The decrease in abundance of component two material 

from east to west demonstrates the longshore transport of 

this component across the study area from the outcropping 

source area at station 102. The bulk of this fine grained 

silty/clayey sediment is probably transported only perio¬ 

dically under conditions of high current velocity and/or 

wave activity. 

This simple pattern of sediment reworking and redis¬ 

tribution is interrupted in the center of the study area by 

the presence of the production platforms and pipeline net¬ 

works. Sediments near the platforms exhibit great variabi¬ 

lity over a relatively small area (Plate 2) and a generally 

patchy distribution. This is the effect of increased 

turbulence around pipelines and platform piles causing scour 

and winnowing of sediments at the base of the structures. 

The effect of current and oscillatory wave energy around 

subsea structures is a well documented phenomenon (Machemhl 

and Abad, 1975). Undermining erosion and deposition on the 



53. 

Plate 2. Sediment cores collected by divers within 100 

meters of Platform A and a satellite platform 

showing extreme variability of sediment types 

Cores are 10 - 15 cm in length. 
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upcurrent and downcurrent sides, respectively, of pipelines 

is apparent to the underwater observer and has been used to 

explain the mechanism by which ocean bottom pipelines are 

capable of migrating distances of more than 100 meters 

(Anderson et al., 1977). 

Reworking and resuspension of sediments around struc¬ 

tures is an intermittent and non-uniform process which 

depends upon the strength, direction and duration of bottom 

currents, wave height, structure size and design, etc. 

Therefore the reworking of sediments in the production field 

may vary diurnally/fortnightly with the tides, daily and 

seasonally with the weather conditions as well as from site 

to site depending upon the structure and substrate charac- 

teristics. 

Sediment cores collected around platform A and the 

satellite platform 288-3 illustrate the magnitude of this 

erosional redistribution process. Based on the identifi¬ 

cation of the Beaumont surface in short cores taken near the 

platforms and from Behrens' (1977) piston core descriptions, 

the Beaumont Formation generally lies at a depth of 60 to 

70 cm. The Beaumont Formation surface, which is assumed to 

be featureless and flatlying beneath the veneer of Holocene 

sediment, outcrops near or beneath these structures indica¬ 

ting that winnowing has completely removed the Holocene 

sediments. Cores taken near the platforms show the Beaumont 

surface gradually being exposed by the basin shaped erosional 

surface which exposes the Beaumont within 100 feet of the 
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platforms. Radiocarbon dates (Behrens, 1977) for surficial 

sediments substantiate the hypothesis that erosion, rather 

than deposition, is occurring near the platforms. The upper 

4 to 5 cm of the cores shown in figure 17 have successively 

younger ages farther away from the platform. Behrens (1977) 

estimated that erosion has stripped one meter of sediment 

from core 50E, 24 cm from core 500E, and 7 cm from core 6000E. 

In order to model the magnitude of the erosion in 

volumetric terms a more conservative estimate of the amount 

of erosion was used. The Holocene section was assumed to 

have a uniform thickness of 60 cm above the Beaumont surface. 

Anything above the 60 cm isopach is considered depositional 

and anything below, erosional. It is also assumed that 

there has been no erosion below the Pleistocene/Holocene 

contact, although this is probably not true. Exxon Produc¬ 

tion Research Company provided the use of their "Surface 

Approximation and Contour Mapping" (SACM) computer program 

to model the erosional (negative) and depositional (positive) 

areas around platform A (Figure 18). Based on this contour 

map, the program calculated that 5,400 cubic meters of sedi¬ 

ment have been removed from the normally 0.6 meter section 

of Holocene sediments and that deposition above the 0.0 

contour amounts to less than 100 cubic meters of sediment. 



Figure 17. Carbon isotope distribution in piston cores 
(after Behrens, 1977). Lined parts are 
Pleistocene Beaumont Formation clays. Core 
designations ending in E indicate distance 
in feet east of Platform A. 
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Figure 18. SACM contour map of the Holocene surface. 
Negative values indicate erosion, positive 
values indicate deposition (in meters). 
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TRACE ELEMENT GEOCHEMISTRY OF 

BUCCANEER SEDIMENTS 

63 

Trace elements in the marine environment generally occur 

in one of the following transport phases: solution, colloi¬ 

dal suspension, organic material, ion exchange positions in 

minerals, organic or metallic coatings on particles, and 

within the lattice of crystalline solids. Those which are 

incorporated within the mineral lattice of detrital silicate 

minerals are relatively inert with respect to the short term 

interactions of environmental concern. Caleite/aragonite 

secreting organisms, however, are capable of incorporating 

trace elements into the lattice of carbonate minerals. The 

nitric acid-sodium hypochlorite partial digestion procedure 

was selected to extract those sediment-bound trace elements 

from phases in which they are available for environmental 

chemical interaction. This includes metals associated with 

organic material, in ion exchange positions, particle 

coatings, chemically bonded to particle surfaces, and 

present in the lattice of calcium carbonate minerals. This 

encompasses several chemical interactive processes which 

are listed in table 4 and discussed in detail in appendix IV. 

Again, the objective of this study was twofold. First 

an attempt was made to determine which elements may be 

controlled by the same parameters such as grain size, 

organic content, carbonate content, cation exchange, or 

source. The literature, reviewed in appendix IV, is 
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Table 4. Summary of Trace element - 

Environmental Interactive Processes 

Process 

Complexing 

Uptake by Organisms 

Aggregation 

Adsorption 

Mechanism 

Virtually all metal ions in 

solution and colloidal suspension 

form complexes with organic and 

inorganic,1igands. Dominant 

ligands are H20, OH”, S04
2-, 

C03
2", C03

2-, HC03”, CT and F", 

also humic substances. 

Uptake of metals by organisms via 

ingestion, diffusion through 

membranes or adsorption through 

skin. May be partitioned within 

organism, excreted through feces 

or precipitated with shell mate¬ 

rial. Transition and Group IIB 

elements common in organic 

matter. Alkali metals, Cr, Cd, 

Mn, Mi, Pb and Fe in calcium 

carbonate. 

Disruption of suspended particle 

charge repulsion by dissolved 

ionic species and/or adsorption 

of charged species resulting in 

flocculation of suspended par¬ 

ticles or colloidal suspension. 

Coating of particle surface by 

dissolved species. Dominated by 

organics which induce negative 

surface charge, but significant 

inorganics at ppm level as well; 
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Table 4 

Process 

Chemisorption 

Cation Exchange 

Coprecipitation 

(Continued} 

Mechanism 

largely a function of surface 
area. 

Exchange of a surface hydroxyl 
ion from mineral lattice for a 
similarly charged dissolved 
species, often a metal-ligand 
complex. 

Exchange of internal metal ions 
from the tetrahedral, or possibly 
octahedral positions in the 
mineral lattice for dissolved 
metallic species. Dependant 
upon mineralogy (predominantly 
clay minerals) and charge/radius 
character of metallic species. 

Fe and Mn have relatively low 
solubilities, therefore, high 
propensity to precipitate out 
of solution as oxide or hydroxide 
grain coatings. This process 
incorporates significant amounts 
(ppm level) of other dissolved 
metals, dependant upon mineralogy 
of phase being precipitated. 
Largely a function of surface 
area. 



sometimes inconsistent with respect to this. Table 5 

tabulates the literature information. 

The second purpose of the geochemical analyses was to 

compare trace element concentrations in areas of possible 

or probable contamination with control areas, which sup¬ 

posedly have not been influenced by exploration/production 

activities. Such a comparison must incorporate sediment 

parameter data into interpretations about variations in 

sediment-bound trace element concentrations. 

Results. 

The results of the geochemical analyses are tabulated 

in Appendix V. Table 1-V lists data for 66 samples col¬ 

lected at 57 stations outside of the production area; 

referred to as "field stations". Table 2-V tabulates the 

data for 41 samples from 41 stations located on radial 

transects around platforms within the production area. 

These are referred to as "rig stations". 

A glance at the data reveals that it is too voluminous 

to interpret by simply scanning. The use of R-mode cluster 

analysis enables statistical interpretation of the large 

data matrices. R-mode clustering compares all eleven 

elements against eachother on a sample-by-sample basis and 

establishes a matrix tabulating each element-element 

Sorrensen's similarity coefficient. The program then sets 

up the dendrogram just as the Q-mode clustering does 



Element 

Ba 

Cd 

Co 

Cr 

Cu 

Fe 

Mn 

Ni 

Table 5. Summary of proposed sediment/trace element interactions 
based on the literature. Presence of a citation 

in a category indicates its proposed existence. 

Grain size - Cation exchange -
Coprecipitation Carbonate Organic Carbon Chemisorption 

Hurlbut (1971), 
Lowenstam (1954) 

Hurlbut (1971) -
minor substitution 

Jenne (1968), Hurlbut (1971) - Boothe & Knaver Aston & Duursma 
Goldberg (1954) minor substitution (1972) (1973) 

Oliver {1973), 
~r~11~knnf {lQ~h\ 

Leland et al. 
Jenne {1968}, Hurlbut {1971} - {1973), Boothe & Demumbrum & 
Krauskopf {1956) minor substitution Knaver {1972) Jackson (1956) 

Aston & Chester Hurlbut (1971) Leland et al. 
{1973), Jenne ( 1973}, Boothe & 
{1968), Goldberg Knaver {1972) 
(1954) 

Jenne (1968), Hurlbut (1971) Boothe & Knaver 
Goldberg {1954) (1972) 

Jenne {1968), 
Krauskopf {1956), 
Goldbero (1954) 

°' ...J 
• 



Table 5. (Continued) 

Grain size -
Element Coprecipitation Carbonate Organic Carbon 

Krauskopf (1956) Hurlbut (1971) Leland et al. 
Pb (1973), Boothe 

& Knaver (1972) 

Sr Hurlbut (1971), 
Turekian (1955), 
Lowenstam (1954) 

Jenne (1968) Hurlbut (1971) Boothe & Knaver 
Zn (1972) 

~at1on excnange -
Chemisorption 

Scrudato & Estes 
(1975) 

Aston & Ouursma 
(1973), Oemumbrum 
& Jackson (1956) 

O'I 
CX) . 
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with the sediment data. R-mode clustering was done once on 

data from 103 samples from the BLM-STOCS study area. It was 

also performed on 93 samples collected at both rig and field 

stations in the Buccaneer study area. Localized sources of 

contamination in the Buccaneer study may interfere with 

natural geochemical coherence patterns. Consequently, it 

is important to compare results in the study area with those 

in the BLM-STOCS control area. The BLM-STOCS area results 

will be discussed first. 

Trace elements included in the BLM study are Ba, Cd, 

Cr, Cu, Fe, Mn, Ni, Pb, and Zn, plus V which was not studied 

in the Buccaneer area. The R-mode dendrogram of this data 

(Figure 19) shows some good groups of elements and some 

elements which do not fall into well defined groups. Fe, 

Zn, Mn, Cu and Ni form a group of highly similar elements 

(similarity coefficient 0.90). To this group of five ele¬ 

ments Cr and Pb are added at only a slightly lower level of 

similarity (0.89). This difference is probably not signi¬ 

ficant and the first seven elements should be considered a 

single group. However, the first five elements are the most 

abundant measured non-alkaline elements in seawater while 

Cr and Pb are the least abundant. Under normal marine 

conditions of Eh and pH Zn, Mn, Cu, Ni and Pb are stable in 

their divalent oxidation states; Fe and Cr occur as trivalent 

cations. 

There is evidence, discussed in appendix IV, that Fe, 

Zn, Mn, Cu and Pb are commonly involved in biochemical and 



Figure 19. R-mode dendrogram of trace element similar¬ 
ities based on analyses of 103 BLM-STOCS 
sediment samples. 
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Figure 20a. Plot of lead concentrations versus percent 
organic carbon. 
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organic chelating reactions. A plot of Pb vs. % organic 

carbon shows a good positive correlation (Figure 20a). Cr, 

Ni, Cu and Zn show little apparent correlation with organic 

carbon, however. Pb is apparently the only element studied 

which reacts to a significant extent with organics. 

Cation exchange, dependant upon the charge/radius 

properties of the cation, is another potentially significant 

interactive process; particularly for the transition metals. 

Except for Pb, the above elements fall within the range of 

charge/radius constraints (table 6 ) of common exchange 

cations for octahedral substitution positions in layered 

silicates shown in table3-IV. The ionic radius of Pb (II), 

the common oxidation state of Pb under normal marine con¬ 

ditions, is substantially greater than the other metals. 

Figure 20b plots Fe concentrations against grain size 

illustrating its greater abundance in finer grained sedi¬ 

ments. Similarity coefficients of Fe vs. Zn, Mn, Cu, Ni, 

Cr and Pb are 0.94, 0.93, 0.91, 0.91,0.88 and 0.89, respec¬ 

tively. Likewise, similarity coefficients of Mn vs. Zn, 

Cu, Ni, Cr and Pb are all greater than 0.87. Coprecipitation 

of metals with hydrated Fe and Mn oxide coatings on grains 

is a commonly observed phenomenon (Oliver, 1973; Jenne, 

1968; Krauskopf, 1956; Goldberg, 1954) which is discussed 

in some detail in appendix IV. 

There is not sufficient data available to further 

examine the nature and extent of sediment-metal interactions 

for these metals. The high degree of similarity of these 
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Table 6. Oxidation states, ionic radii, and ionic 
potentials of trace elements studied. 

ION IONIC RADIUS IONIC POTENTIAL 

Ba+2 1.35 1.48 

Cd+2 0.97 2.06 

Cr+3 0.69 4.35 

Co*2 0.74 2.70 

Cu+2 0.69 2.90 

Fe+2 0.76 2.63 

Fe+3 0.64 4.69 

Mn+2 0.80 2.50 

N1+2 0.72 2.78 

Pb+2 1 .20 1.60 

Pb+4 0.84 4.76 

Sr+2 1 .13 1.76 

V+5 0.59 8.3 

Zn+2 0.74 2.70 



igure 20b. Plot of iron concentrations versus mean 
grain size. 
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seven elements and the clear correlation of elemental abun¬ 

dance to grain size indicates that coprecipitation of the 

metals as grain coatings may be the dominant interactive 

process. As the literature shows, however, the occurrence 

of these common elements in several forms is likely. 

Cadmium (Cd) and Vanadium (V) form the next group with 

a similarity of 0.84. Like Zn, which is in the same perio¬ 

dic group, Cd is stable in the divalent oxidation state 

while V occurs in several states. V(IV), the vanadyl ion 

(VO ) is the most common, though V(V) is also common as 
_ 3 

VO^ . The Cd-V group has a fairly low degree of similarity 

to the other groups (0.67), which is somewhat anomalous 

since Cd and Zn generally have a similar geochemistry. This 

may reflect an unusual source for one of the elements, 

though this is speculative. There is no evidence for a 

correlation of these elements with organic carbon or carbo¬ 

nate. The available data are insufficient to make any 

further speculations about interactive mechanisms for these 

elements in the marine environment. 

The last element, barium, is strictly a loner according 

to the cluster analysis. Ba is the only alkali metal in¬ 

cluded in this portion of the study and, for that reason, 

should be unique. Similarity coefficients with the other 

elements studied do not exceed 0.30. Plots of Ba vs. CaCOg 

and % organic carbon both show no clear relationship. 

Chuck Holmes (personal communication) believes that drilling 

muds transported across the continental shelf from east 



76. 

Texas and Louisiana are contaminating BLM-STOCS sediments 

with Ba. If this is the case the distribution of Ba in this 

area is unnatural. Another potential source of Ba is from 

brines associated with natural gas seaps along the outer 

continental shelf and upper slope. Such brines are commonly 

enriched in alkali metals. 

Focussing now on the Buccaneer study area, the elements 

studied were Ba, Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, Sr, and Zn. 

The R-mode dendrogram for these elements in the Buccaneer 

study area (Figure 21) is quite different from the one 

discussed above. The most obvious difference is a somewhat 

different grouping of the elements common to both studies. 

Also noteworthy is the generally lower degree of similarity 

within all of the groups in this cluster analysis. Both of 

these differences may be attributable to a large extent to 

the presence of contamination in the Buccaneer study area. 

A localized contaminant source contributing several metals 

might mask the natural cooccurrence relationships of the 

elements. Patchy, or limited distribution of contaminants 

would cause variance of geochemical coherence patterns be¬ 

tween contaminated and uncontaminated localities, probably 

resulting in overall less similarity within cluster groups. 

The dendrogram in figure 21 groups the elements into 

three cluster groups. The first group of elements (Cd, Ni, 

Co, Mn, Zn, Cu and Pb) all have similarity coefficients 

greater than 0.80. The second group, Cr and Fe, which has 

a similarity of only 0.74 to group one, is a curious 



Figure 21. R-mode dendrogram of trace element similar¬ 
ities based on analyses of 93 Buccaneer study 
area sediment samples. 



77 

O 
to 

O 
<0 

O 
Is? 

O 

0 
01 



78. 

diversion from the coherence pattern of the BLM control 

samples. The third group consists of Ba and Sr, again 

the only alkali metals, which have a similarity coefficient 

of 0.64. The similarity of this alkali metal group to the 

other metals studied has a coefficient of less than 0.50. 

As with the BLM-STOCS cluster analyses, most of the 

divalent first row transition elements may be expected to 

cluster together, along with Pb. The first cluster group 

in figure 21 for the Buccaneer includes all of the dominantly 

divalent first row transition elements: Mn, Co, Ni, Cu and 

Zn. The presence of the newly added element cobalt in this 

group is not surprising; its geochemical similarity to Ni 

is well documented (Goldberg, 1954). The occurrence of Cd 

in this group is not so clearly understood. Although it may 

behave similarly to Zn and other divalent transition metals, 

this does not explain the difference in its occurrence be¬ 

tween the Buccaneer and the BLM-STOCS areas. 

Probably the most notable difference, however, is the 

apparent dissociation of Fe from the group of elements 

discussed above. The earlier discussion of the BLM data 

attributed the majority of the coherence to scavenging by 

iron and manganese grain coatings. This behavior now seems 

quite unlikely, with only a 0.74 similarity coefficient 

between the Fe/Cr group and the other first row metals. 

Ba now correlates with Sr, a second alkali metal 

measured in the Buccaneer study. Their similarity, although 

only 0.64, is independant of the other elements. This is to 
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be expected. A plot of Sr vs. CaCOg (Figure 22) shows a 

rather broadly scattered, yet positive correlation. It is 

probable that Ba and Sr occur as minor constituents in the 

calcareous sediment fraction derived from the shells of 

invertebrate marine organisms. The exact proportions of 

these elements to CaCOg in shell material may vary consi¬ 

derably due to several factors. These are discussed in 

appendix IV. With the help of the published literature, 

the preceeding section discussed the geochemical coherence 

patterns for most of the elements in the cluster analyses. 

Some of the anomalies remain as such. 

Environmental Implications. 

The second purpose of studying trace elements in the 

Buccaneer sediments is to assess the degree of trace element 

contamination emanating from the offshore exploration and 

production activities. Analysis of contamination sources 

may assist the interpretation of anomalous trace element 

relationships. 

The potentially toxic nature of many trace metals has 

been a popular concern of environmentalists and toxicologists 

over the past decade. Household use of terms such as heavy 

metals, trace metals and contamination has developed a 

negative connotation for them. As it is used here, the 

term "contaminants" refers to the concentration of any trace 

element in a sediment sample which is significantly higher 



Figure 22. Plot of strontium concentration versus 
percent calcium carbonate. 
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than its concentration in comparable control samples. Use 

of the term is not intended to make any implications about 

ecologically detrimental impact; that is beyond the scope 

of this thesis. 

An effort was made in the preceeding section to describe 

the influence of sedimentary parameters on the concentrations 

of various trace elements. The volume and quality of our 

analyses are insufficient to develop a quantitative model 

for sediment/trace element interactions; an exceedingly 

complex problem. Some control over the influence of sediment 

parameters is necessary, however, for comparing control 

samples to those possibly contaminated. The alternate 

approach is to classify sediments into groups of high simi¬ 

larity using Q-mode cluster analysis, as was done for 

sediment facies classification. Cluster analysis "selects" 

samples having similar sedimentary parameters which can 

then be compared geochemically for evidence of contamination. 

Table 7 is a statistical summary of elemental occur¬ 

rences in sediments from Q-mode facies groups 3-BLM, 3-BUC, 

and 3-RI6. Additionally, downcore sediment trace element 

analyses are summarized for samples which have grain size 

distributions typical of facies group 3 sediments, although 

core samples were not included in the Q-mode cluster 

analysis. This provides a further comparison for modern 

sediments against samples which predate anthropogenic con¬ 

tamination. The downcore samples selected are 2(57-60 cm), 

2(127-130 cm), 3(55-58 cm), 4(54-57 cm), 5(56-59 cm), 



TABLE 7. 

Mean (x) and variance (V = standard deviation/x) statistical summary of sediments 
judged correlable. BLM-STOCS, Buccaneer Field and Buccaneer Platform samples all 
within facies group 3 of the cluster analysis. Buccaneer Subsurface samples 
selected on the basis of visual inspection of sediment size distribution curves. 

Ba 

Cd 

Cr 

Cu 

Fe 

Mn 

Ni 

Pb 

Zn 

Co 

Sr 

BLM-STOCS (6) 
-
X 

168. 

0. 1 

24.2 

7.4 

22150. 

338. 

20.2 

9.0 

28.8 

n • d • 

n.d. 

V 

0.63 

0.34 

0.29 

0.23 

0. 15 

0.09 

0.25 

0.20 

1. 16 

n. d. 

n.d. 

BUCCANEER 
SUBSURFACE (8) 

X 

38. 

0. 19 

18.8 

6.9 

11900. 

164. 

6.0 

8.6 

36. 1 

6.6 

10. 1 

V 

0. 16 

0.17 

0.25 

0.30 

0.27 

0.06 

0.38 

0. 18 

0.24 

0. 14 

0.59 

BUCCANEER 
FIELD {22) 
-
X 

151. 

0.8 

9.7 

4.7 

8488. 

164. 

17.3 

9.4 

29.0 

8. 1 

25.l 

V 

0.80 

0. 16 

0. 1 7 

0.24 

0.25 

0.22 

0.09 

0. 18 

0.23 

0. 16 

0.92 

BUCCANEER 
PLATFORM (4) 

-
X 

403. 

1. l 

13.3 

4.3 

6885. 

142. 

14.7 

10.4 

29.6 

8.8 

60.7 

V 

0.61 

0.75 

0.87 

0.08 

0. 18 

0. l 0 

0.05 

0.25 

0. 14 

0. 13 

0.65 

co 
"' • 

• 



5(93-95 cm), 6(60-63 cm) and 6(120-123 cm). Grain size 

frequency curves for these sediments are shown in figures 

23a-h for comparison with figures 13e-g. 

83. 

Comparison of the BLM-STOCS trace element data (Table 

7) with subsurface control samples from the Buccaneer piston 

cores shows that the two areas have comparable concentrations 

of Cd, Cr, Cu, Fe and Pb. The somewhat lower values in the 

piston core samples, especially with respect to Fe, may 

reflect subtle textural differences between the areas. Ba, 

Mn and Ni are significantly lower, and Zn is the only 

element which is higher in the Buccaneer subsurface than 

in the BLM area. High levels of Zn in Beaumont Formation 

sediments may account for its abundance in the piston core 

samples. 

Within the Buccaneer study area, the distribution of 

several metals with respect to anthropogenic inputs is 

anomalous. Subsurface samples are significantly higher 

than surface samples for Cr, Cu, Fe, and Zn. Surface 

"control" samples collected in the field away from platforms 

are higher than subsurface control samples in Ba, Cd, Ni, 

Co and Sr, and comparable for Mn and Zn. Between the field 

stations and the BLM samples, however, Cd is the only 

element that is substantially more abundant in the Buccaneer 

field area. 

As one might expect, samples collected within 100 

meters of the platforms average the highest for some ele¬ 

ments; namely Ba, Cd, Co, Pb and Sr. Interestingly, the 



Figure 23a-h. Grain size frequency distribution curves 
for selected subsurface piston core samples 
texturally characteristic of facies group 
three. 
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rig samples are lower in Cr, Cu, Fe, Mn and Zn than the 

subsurface samples. In the R-mode cluster analysis of BLM 

trace element data, intended to identify natural relation¬ 

ships, these five elements clustered together (Figure 19). 

As discussed earlier, the similarity of these elements, along 

with Ni and Pb, may be attributable to their coprecipitation 

as grain coatings. The likelihood that concentration dif¬ 

ferences between the surface and subsurface for Cr, Cu, Fe, 

Mn and Zn are texturally controlled further highlights the 

greater abundance of Ni and Pb. 

In summary, samples collected near the platforms are 

clearly high in Ba, Cd, Co, Pb and Sr in comparison to 

control samples. Additionally, Cr and Zn show increased 

abundance from the field stations towards the platforms. 

Higher levels of these two metals in the subsurface and 

recognition of erosion and vertical sediment mixing near 

platforms, however, allows the conclusion that the source 

of the Cr and Zn may be subsurface strata such as the 

Beaumont Formation. Ni is notably lower close to the 

platforms. The next objective is to determine the likely 

sources for each of these trace contaminants with respect 

to the exploration and production operations within the 

field. 

Barium is a potentially hazardous substance except in 

the form of its nearly insoluble salt BaS04 (barite). Barite 

is a common component of drilling fluids, used as a weight¬ 

ing agent to control the hydrostatic head of the mud column. 
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No substantial accumulations of drilling mud debris were 

ever recognized either by side-scan sonar or by SCUBA diver 

observations. The presence of such material was indicated, 

however, by the recovery of pieces of drilled core in a 

bottom grab taken near a platform. The presence of drilling 

in the marine environment was detected in a much more subtle 

way by the identification of the well-crystal 1ized expan¬ 

dable clay mineral in several of the sediment samples (see 

Sediment Composition section). This conspicuous clay 

mineral, a possible constituent of bentonitic clays used 

for drilling muds, was recognized in the majority of plat¬ 

form samples analyzed but only in one field sample. Plat¬ 

form samples containing the wel1-crystal 1ized montmoril- 

lonite averaged 450 ppm Ba while those without averaged 

248 ppm Ba. 

Strontium, which exhibits some similarity to Ba, is 

naturally abundant in seawater (8 ppm). As an alkali metal, 

it has much the same chemistry as calcium (Turekian, 1955) 

and its concentration in sediments is largely related to 

carbonate content. Analysis of produced formation waters 

(brines) discharged from Platform A averaged 47.5 ppm Sr 

and from Platform B averaged 33 ppm Sr (Table 8). Higher 

Sr values in platform stations may reflect the greater 

availability of Sr in the seawater near brine discharges. 

A variation in CaCOg secreting faunal assemblages near 

platforms, with the presence of fouling communities, may 

also influence calcite/aragonite ratios. This could cause 



TABLE 8. 

Trace Metal Geochemistry of Produced Formation Waters (Brine) 
from Platforms A and B 

This table presents the trace metal analysis produced in formation waters from 
platform A and B. The date when the samples were collected is given and all concen-
trations are in ppm. X gives the average for each platform. 

Platform A 
Date 
Collected Ba Cd Co Cr Cu Fe Hg Mn Ni Pb Sr Zn 

6/26/77 4.0 0.5 0.5 0.5 4.0 0.05 1.0 0.5 47.5 0.5 

7/15/77 6.5 0.5 0.5 0.5 0.05 l.O 0.5 0.5 

8/21/77 5.0 0.5 0.5 0.5 4.0 0.05 1.0 0.5 48.0 0.5 

9/19/77 4.0 0.5 0.5 0.5 4.0 0.05 1.0 0.5 48.0 0.5 

X 5.0 0.5 0.5 0.5 4.0 0.05 1.0 0.5 48.0 0.5 

Platform B 

7/16/77 1.5 0.5 0.5 0.5 12.5 0.05 0.5 0.5 30.0 1.0 

6/26/77 2.5 0.5 0.5 0.5 9.5 0.05 0.5 0.5 34.5 0.5 

7/15/77 5.0 0.5 0.5 0.5 10.0 0.05 0.5 0.5 0.5 

9/18/77 2.0 0.5 0.5 0.5 8.0 0.05 0.5 0.5 35.5 0.5 

11/2/77 7.5 9.0 

x 3.5 0.5 0.5 0.5 10.0 0.05 0.5 0.5 33.5 0.5 

(X) 
(X) 

• 



89. 

a natural difference in Sr abundance near the platforms. 

Therefore, although a potential source of Sr contamination 

is present, the apparent Sr contamination may be due to 

natural factors as well. A comparison of Sr levels around 

a satellite platform (having no brine discharge) and a col¬ 

lection platform would resolve the natural/unnatural abun¬ 

dance question. However, sufficient sedimentary data is 

not available for satellite platform stations to include 

them in the Q-mode cluster analysis. 

Cd and Pb are more abundant in the Buccaneer field area 

than in the BLM-STOCS samples and are highest near the 

platforms. Co, not measured in the BLM study, is also 

higher in the surface sediments near platforms than in 

either the field or the subsurface control samples. 

Pb is commonly abundant in acidic brine waters and tends 

to precipitate rapidly upon mixing with normal seawater. 

Brine analyses, however, reveal relatively low concentra¬ 

tions of Pb in Buccaneer samples (Table 8). Divers have 

observed scattered storage batteries (among other things) on 

the seafloor beneath the platforms. Alternatively, the 

abundance of Pb in sediments around the platforms may be an 

indirectly related effect of production activities. The 

habitat for marine life which offshore structures provide is 

especially attractive to sport divers and fishermen. Hesse 

and Evans (1972) cite the combustion of leaded gasolines as 

a major source for lead contamination in aquatic environ¬ 

ments. The recreational boats which gather around the 
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platforms on any given weekend could be a significant source 

of Pb contamination. 

Cd is considerably higher around the platforms than in 

control samples and has a large coefficient of variation, 

indicative of highly variable distribution. The R-mode 

cluster analysis of Buccaneer trace element data showed a 

high degree of similarity between Cd, Ni and Co (Figure 21). 

Although Ni was not identified as a contaminant, Co and Cd 

were. Both are constituents of metal alloys and used in 

electroplating. Cd is also used in storage batteries and 

is commonly associated with Zn ores. 

Again, Cr and Zn are higher near the platforms than 

throughout the field, although the highest levels occur in 

the subsurface. The high coefficient of variation for Cr 

(Table 7 ) suggests that it may be occurring as a contami¬ 

nant with patchy distribution. The Zn values are more 

consistent; their coefficient of variation is only 0.14. 

Furthermore, Zn is highly correlated with Mn, Cu and other 

first row transition elements which are not necessarily 

contaminants , (Figure 21). The similarity of Cr to Fe may 

attest to its source as a contaminant, since it did not 

display this unique similarity in the BLM area (Figure 19). 

Microscopic examination and magnetic separation of 

sediment sand fractions collected around platforms reveals 

abundant flaky, angular, or well-rounded, highly spherical, 

magnetically susceptible particles. The restriction of such 

particles to the rig vicinity implies a genetic relationship 
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with the structures or their operations. The flaky, platy 

particles are undoubtably scale from corrosion of the metal¬ 

lic structures. The microspherules are more difficult to 

explain but may result from structural welding on the 

platforms. Cr, being a common component of steel alloys, 

may occur in this particulate form in the sediments. Cd, 

Co and Zn are also sometimes used in alloys but do not show 

the high correlation with iron in Buccaneer samples (0.65, 

0.54 and 0.72 respectively). 
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CONCLUSIONS 

A unique and salient feature of the study is the objec¬ 

tive approach taken towards interpretation of the geochemical 

data. Q-mode cluster analysis is used to objectively clas¬ 

sify sediments into facies of similar texture and composi¬ 

tion in order to mitigate the problem of natural geochemical 

variations influenced by sediment properties. Three dif¬ 

ferent populations of control samples are used; BLM-STOCS, 

Buccaneer field, and Buccaneer subsurface piston core 

samples. A set of samples from each control population is 

compared to a physically similar set of samples from the 

potentially impacted sample population (Buccaneer rig 

stations). The inherent advantages and limitations of each 

control area are considered in the interpretation of the 

geochemical results. 

The geochemical portion of this thesis provided some 

interesting insight. It was hoped that the densely sampled/ 

highly variable sediments of the Buccaneer study area, in 

conjunction with downcore samples and the vast BLM-STOCS 

area data available for control, would allow the development 

of a semiquantitative model for sediment/trace element 

interactions in the marine environment. Several potential 

physical and chemical interactive mechanisms are proposed; 

few are verified within the context of the study. Probable 

interactions recognized in the Buccaneer study are copreci¬ 

pitation, uptake by organisms, cation exchange, and 
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chemisorption, in order of decreasing significance. Further 

distinctions are inhibited by a lack of sufficient quantita¬ 

tive data (clay mineralogy, organic carbon) and by a general 

lack of conclusive knowledge regarding the multitude of 

processes involved. The presence of particulate "contami¬ 

nants" in the form of drilling muds and metallic flakes also 

interfered. 

Things which could readily be done to enhance the 

interpretations are to: 

1) Gather more sediment compositional data, especially for 

the piston core samples which have only been analyzed 

texturally and geochemically. Subsequent analyses using 

subsurface control samples might clear up natural rela¬ 

tionships, avoiding the problem of particulate contami¬ 

nation . 

2) X-ray diffraction and geochemical analyses of just the 

carbonate fractions supplemented by analyses of specific 

shell types could provide information on calcite/ 

aragonite ratios and their control over Sr and Ba concen¬ 

trations . 

3) Magnetic separation of samples to remove metallic parti¬ 

culates from samples near the platforms. With this done 

estimates of the amount of sediment bound contamination 

could be made by subtracting background abundances in 

correlable contaminated sediments. From this, one could 

even make an order-of-magnitude estimate of sediment 

contaminant flux out of the area due to the erosion of 
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contaminated sediments from around platforms. 

In spite of these shortcomings, however, this study of 

contamination in the Buccaneer Oil/Gas Field is successful 

in recognizing the presence or absence of contamination by 

the various elements studied. Apparent Ba, Sr, Cd, Co and 

Pb contaminants are identified with the aid of cluster ana¬ 

lysis to provide sedimentary control. Ba, substantiated 

by the clay mineral data, is attributed to barite in drilling 

muds. Sr from produced formation waters may be a contaminant 

but its abundance may also be due to natural factors. Cd, 

Co and Pb may be derived from corrosion of the platforms, 

the sacrificial electrodes used to reduce corrosion, or the 

various debris on the seafloor around the platforms. Re¬ 

creational boating in the vicinity of the platforms may 

also contribute Pb due to the combustion of leaded gasoline. 

The environmental implications of these conclusions 

must be reiterated. No attempt is made to relate the con¬ 

centrations of trace elements in the sediments to any 

potential environmental impact. It is significant that 

levels of "contamination" decline rapidly away from the 

structures, seldom extending beyond 100 meters. Substantial 

erosion and resuspension of sediments at the base of plat¬ 

forms is probably continuously removing and dispersing 

somewhat contaminated sediments across the continental shelf. 

This contaminant removal and dilution process prevents 

excessive accumulation of contaminants, thereby mitigating 

the potential detrimental impact of the offshore oil/gas 



operations on the marine environment. 
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APPENDIX I 

METEOROLOGY AND HYDROGRAPHY 

Wind. 

Accurate and complete weather data are generally not 

available for offshore areas, although ships, offshore 

platforms and weather bouys collect scattered data offshore 

The National Weather Service (NWS) branch of NOAA, Depart¬ 

ment of Commerce, collects climatological data at several 

onshore stations along the Gulf coast. The Galveston, 

Texas NWS station is the closest land-based station to the 

Buccaneer study area. Data recorded at this station is not 

likely to differ greatly from the study area located about 

51 kilometers offshore. Daily weather data from the 

Galveston NWS are summarized in figure 1-1 on a monthly 

basis. 

During the winter months winds are variable in direc¬ 

tion and intensity. They are dominated by the strong 

northerly winds associated with cold fronts ("Northers") 

until February. Through February and March the frequency 

and duration of northers drops off considerably while 

south-southeasterly winds become dominant. Wind velocities 

on the average, are higher during the winter and spring 

months than during the summer and early fall. 

Southerly breezes are consistent throughout the summer 



Figure 1-1. Prevailing and predominant monthly wind 
directions for the Gulf of Mexico. Based 
on two years of data from the National 
Weather Service station in Galveston, 
Texas. 
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with relatively little variability. These southerly winds 

probably emanate from the subtropical high pressure zone, 

whence come the prevailing westerlies of higher latitudes. 

The summer months of June, July and August also tend to have 

normally low wind velocities typical of this northern sub¬ 

tropical zone when the sun is near the summer solstice in 

the northern tropics. 

The autumn months are again highly variable with 

dominant mixed southerly and northerly components. Wind 

velocities again increase with the frequency of frontal 

movements through the area. 

Currents. 

The general water budget for the Gulf of Mexico is 

dominated by the loop current which flows northward through 

the Yucatan channel, swings back to the south and flows out 

through the straits of Florida (Ned Smith, personal commu¬ 

nication). Surface water longshore currents flow westward 

along the northern shelf, west of the Mississippi River, 

and northward along the western shelf. The resulting net 

surplus of water flows offshore at the convergence zone, 

near 27° north latitude. This convergence zone changes 

position slightly with dominant seasonal wind patterns. 

During the summer months of June and July these longshore 

currents lose integrity due to the absence of sustained 

winds and a periodic shifting in transport directions. 



Within the study area itself, current data has been 

collected by Shell Oil Company from Platform A and by NOAA 

personnel on shipboard (Martin, 1977). The NOAA study 

consisted of releasing drift bottles and tracing current 

trajectories on the basis of drift bottle landfalls. Data 

from February through August show a dominant longshore 

transport direction throughout this period with a slight 

shift from southwesterly to a more northerly onshore tra¬ 

jectory in late summer (Martin, 1977). 

Current meter data collected by Shell personnel 

(Figure 2-1) represent water movements at 4, 10 and 18 

meter depths. The 4 m data show predominantly westerly 

currents from March until June and northeasterly currents 

from July through October. The winter months are highly 

variable. The mid-depth currents are similar to the surface 

currents, but less variable. The northeasterly currents 

persist from July through January. The bottom currents are 

less consistent trending east-northeast during the winter, 

shifting to the west-northwest during spring and back to 

the northeast in late summer and fall. 

The deeper currents are probably more representative 

of the general surface water patterns for the entire Gulf. 

Near the surface local and short-term processes such as wind, 

tides and terrestrial runoff play an important role. This 

can be seen from the salinity data of Martin (1977) sum¬ 

marized in table 1-1. High runoff during the early spring 

results in an artificial stratification within the water 



Figure 2-1. Generalized monthly current directions at 
4, 10, and 18 meters depth. Data courtesy 
of Shell Oil Company. 
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column; lower salinities occurring at the surface. 

TABLE 1-1. 

Salinity values of surface and bottom water 

samples (after Martin, 1977) 

Station: H-l Latitude : 29° 00' 

Depth: 18.3 m. Longitude: 94° 49.5 

 Salinity %  

Date Surface Bottom 

5-24-76 27.0 30.1 

8-16-76 32.8 32.8 

9-23-76 31.4 31.7 

10-18-76 30.8 31.1 

11-11-76 31.5 34.0 

4-12-76 34.9 36.0 

1-18-77 31.5 33.0 

2-09-77 33.9 33.9 

2-19-77 31.0 36.2 
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APPENDIX II 

METHODS AND ANALYTICAL TECHNIQUES 

Grain Size Analyses. 

Initial grain size analyses followed standard sieve 

and pipette techniques (Folk, 1974). Greater than 50 gram 

portions of the "c" grab subsamples were dried at 60°C and 
- 3 weighed to + 0.5 x 10 grams. The total sample was then 

wetsieved through a 63y screen using a "Calgon"/deionized 

water deflocculant solution. The total sand (>63y) fraction 

was retained, dried, weighed and sieved at 1/4 0 intervals. 

One liter of the mud wash (<63y) was retained for pipette 

analysis, the total mud weight being calculated as the 

difference between the total sample weight and the total 

sand weight. The <63y fraction was analyzed only for 

percent silt and clay as the technique was found to yield 

unreproduceable results for more refined determinations. 

Samples analyzed on the RUASA settling tube system 

were prepared in the following manner: 

1. A 3-5 gram sample is homogenized thoroughly. 

2. A small (.25 to .5 gram) subsample is removed for 

hydrophotometer analysis (See Hydrophotometer Analysis). 
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Settling Tube Analysis - Sample Preparation 

1. Dry at 40° C. 

2. Weigh and record total dry weight of sample. 

3. Place the sample in a 50 ml glass beaker and fill with 

calgon solution. 

4. Allow sample to stand in calgon solution for 1 to 3 

days, swirling occasionally, until it is dispersed. 

5. Wet sieve sample at 63p using deionized water. Note: 

al 1 of the washed sediment is captured in a large 

flask or bottle. 

6. When all of the fines have been removed, oven dry at 

40°C. 

7. Sieve dry sample using a small 2 mm mesh sieve. 

8. Record the dry wt. of the 2 mm and 63v to 2 mm 

fraction. 

9. The 63y to 2 mm fraction is now ready for analysis 

using the long settling tube. 

Decanting : 

10. The washed supernatant from the wet sieving operation 

is covered and allowed to settle (generally several 

days) until all of the sediment has settled to the 

bottom. 

11. Water is siphoned from the sample container and the 

sample washed with deionized water into a large 

decanting tube. 

As many as six samples can be decanted at one time. 
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12. Thoroughly mix the samples by inverting the tubes 

several times. 

13. Start the timer. A settling time of 14 minutes and 

35 seconds is required to decant at 6.5 0. 

14. Repeat the decanting operation until the settling 

column in the tube is completely clear after the 

allotted time. Generally no less than four decantings 

is required. 

15. When decanting is completed, allow the sample to sit 

for an additional five minutes then siphon off the 

water being careful not to siphon off any sediment. 

16. With deionized water wash the sediment into a 50 ml 

glass beaker (pre-weighed and marked with the sample 

number) and allow to sit undisturbed for 10 minutes. 

17. Siphon off water (which should be free of suspended 

sediment) and place sample in the oven to dry. 

18. Allow to cool then weigh the sample and record the dry 

weight after subtracting the beaker weight. The 

sample is now ready for the short settling tube 

analysis. 

Hydrophotometer Sample Preparation 

1. A small subsample (.25 to .5 grams) is placed in 50 ml 

beaker with approximately 20 ml deionized water. 

2. The sample is allowed to disperse (1-3 days). 

3. The sample solution is homogenized and a few drops 

added to the hydrophotometer tubes which have been 

filled to the top line with deionized water. Drops 



of sample are added until the percent transmission 

reads between 30 and 40%. 

4. The sample is now ready for analysis. The remaining 

sample is stored in a glass or plastic container 

which is marked with the sample number. 

Calcium Carbonate Analysis 

Detailed laboratory procedure of calcium carbonate 

titration analysis after F. Weaver (personal communication) 

1. Dry sample at 80°C (usually overnight). 

2. Crush dried sample with mortar and pestle. 

3. Dry crushed sample at 100°C for 24 hours. Do not open 

oven at any time during this period. 

4. Transfer samples to dessicator and cool for at least 

5 hours. 

5. Weigh at least 10 mg of sample, record weight, place 

sample in flask. 

6. Add approximately 5 ml of 1:50 acetic acid to the 

weighed sample and flask. 

7. Mix by sloshing the acid around the flask, wash down 

sides of the flask with acetic acid. 

8. Dry the sample on a hot plate (do not boil). 

9. Cool dried samples. 

10. Add exactly 5 ml acetic acid and 30 ml distilled water 

11. Scrape down sides and bottom of flask with scraper, 

rinse down with distilled water (be sure all of sample 
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is scraped into the sollution). 

12. Add 5 ml of buffer solution and 2 ml of KCN solution. 

(Buffer is an ammonia solution and should be handled 

in a hood, while KCN is poisonous and reacts with acid 

to form a cyanid gas.) 

13. Add 10 drops Eriochrome Black-T indicator (shelf life 

of indicator solution about 3 days). 

14. Titrate with EDTA. 

15. Calculate readings and find percentage of carbonate as 

described below. 

Calculation for Percentages: 

reas^e0nwt.r(Il9im1) * 

Reagents : 

1. Buffer (pH = 10): Dissolve 67.5 gm NH^Cl in 200 ml 

distilled water, add 570 ml reagent grade concentrated 

NH^OH and dilute to 1 liter. 

2. Eriochrome Black-T indicator: Dissolve 0.2 gm indica¬ 

tor in 50 ml reagent grade methanol containing 2 gm 

hydroxyl ami ne hydrochloride. Shelf life about 3 days. 

3. KCN: Dissolve 160 gm in 2000 ml of distilled water. 

4. EDTA: Dissolve 4 gm disodium EDTA and 0.1 gm 

MgClg * 6H2O in water and dilute to 1 liter. Check 

the normality of EDTA solution vs. standard Ca 

solution each time EDTA is made up. 
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Geochemistry. 

Sediment aliquots for trace element analysis were 

taken from cores or grab subsamples using a teflon coated 

spatula, placed in plastic dishes and dried at 60°C. All 

glassware was precleaned with detergent, rinsed twice with 

5% nitric acid, final rinsed with distilled deionized water, 

and dried to prior to use. Dried samples were disaggregated 

in a ceramic mortar and pestle. Two grams (±5 mg) of sedi¬ 

ment was weighed into a 50 ml pyrex beaker. 

A partial digestion procedure using 10 ml (excess) of 

50% reagent grade nitric acid (HNOg) and 5 ml of sodium 

hypochlorite (NaOCl) was used to dissolve the carbonate and 

organic fractions and leach the detrital material. The 

solution was heated at about 110°C (a low boil) until all 

carbonate was dissolved, effervescence ceased and the 

reaction was complete. Insoluble residues were removed by 

centrifuging and the solution was decanted and diluted to 

50 ml with distilled deionized water to yield a 4% solution 

of the extractable metals. 

Analyses were conducted on a Perkin-Elmer model 360 

Atomic Absorption-Emission Spectrophotometer for concentra¬ 

tions of Ba, Cd, Co, Cr, Cu, Fe, Ni, Mn, Pb, Sr, and Zn. 

A nitrous oxide-acetylene flame was used for Ba analyses. 

Reagent blanks, prepared in the same manner as the sample 

solutions, were used to determine reagent and proceedural 

contaminant levels. Standard solutions for each element 
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were prepared by volumetric dilution of Fisher ACS approved 

1 mg/ml trace element standards. 

Statistics. 

A table displaying the data used in this study (more 

than 100 samples x 19 variables) could not be interpreted 

by simple inspection; the quantity of data is prohibitively 

large. Of the several multivariate statistical techniques 

available, cluster analysis was chosen for this study. 

Unlike the more popular factor analysis, cluster analysis 

does not require assumptions of normality of data and 

communality of the main diagonal of the correlation matrix 

(CaHell , 1965). Factors controlling variables in this 

study are not likely to provide a normally distributed 

sample population. 

The cluster analysis technique generates similarity 

matrices of all samples versus eachother (Q-mode) or all 

variables versus eachother (R-mode) using Sorrensen's 

similarity coefficient. The computer program then orders 

the data into groups of greatest similarity in a hierar¬ 

chical fashion, yielding a dendrogram. The dendrogram 

graphically displays heirarchical groups and allows the 

investigator to arbitrarily, but consistently select the 

level of similarity which he feels is significant and will 

constitute valid natural groups. This technique is often 

capable of breaking down large sample populations into 
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natural groups. For a general discussion of the application 

of cluster analysis to geological data see Parks (1966). 

R-mode clustering (variable vs. variable similarity 

matrix) was performed to: 

1) identify natural relationships between physical 

parameters and trace element concentrations, and 

2) indicate geochemical similarities between trace 

elements exhibited by their cooccurrence. 

Q-mode cluster analysis (sample vs. sample similarity 

matrix) was performed to objectively define sedimentary 

facies on the basis of sediment textural and compositional 

parameters. 

Good tests of significance are not available for 

similarity matrix techniques (Schwarzer, personal communi¬ 

cation). This is an artifact of the greater flexibility 

of cluster analysis over other multivariate statistical 

techniques. Relationships identified by clustering, then, 

can only be used as possible indicators of real relation¬ 

ships. It must be the responsibility of the investigator 

to deduce the validity of the correlation. 

Geophysics. 

The seismic reflection investigation required the use 

of a high resolution, shallow penetration, continuous pro¬ 

filing system. The system chosen was an Acoustipulse 

(Bolt, Bernek, Newman) profiling system with three "boomer" 
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type transducers using 500 joules each, towed on a catama¬ 

ran behind the R. V. Gus III. 

The magnetometer survey was performed simultaneously 

with the seismic survey using a Geometries 806 proton mag¬ 

netometer. It was operated at a sensitivity of one gamma 

and a noise level of one to three gammas. The surveys were 

conducted along the cruise track shown in figure 1 -11. 

The sidescan sonar survey used an E G & G system with 

a wet paper recorder. 



Figure 1-II. Seismic and magnetic survey track lines. 
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APPENDIX III 

GENERAL GEOLOGY OF THE GULF OF MEXICO CONTINENTAL SHELF 

The continental shelves of the world, though varied 

as they are in their geological nature, share a common and 

unique situation between continental and marine existence. 

They represent a transition zone of worldwide magnitude, 

essentially unparalleled by any other geologic setting. 

Sea level fluctuations throughout geologic history, in some 

cases complicated by tectonic activity along continental 

margins, have resulted in often complex morphology and 

widely varied stratigraphic sections characteristic only of 

the margin between land and sea. 

Changing environmental conditions on continental 

shelves associated with eustatic sea level fluctuations 

result in sedimentary textural and morphological elements 

which are out of equilibrium with modern conditions and 

processes. Johnson (1919) developed the theory of "shelf 

profile equilibrium" whereby erosional and accretionary 

processes during a transgression lead to the evolution of 

an equilibrium shelf profile which most efficiently absorbs 

and dissipates the energy of waves and currents. More 

recently this concept has been reviewed critically by peopl 

such as Dietz (1963, 1964), Moore and Curray (1964), and 

Curray (1965). In general, their observations are that, 

since the Pleistocene and the final Holocene transgression, 
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there has been insufficient time for most areas of the 

worldwide continental shelves to attain this equilibrium 

profile. Nearshore areas and especially deltas, charac¬ 

terized by high rates of sedimentation, are generally the 

only places in which equilibrium has been achieved. The 

result is that large portions of continental shelves bear 

relict topographic elements which reflect erosional/ 

depositional processes of earlier periods of lower or 

fluctuating sea level. Areas of active modern sedimentation 

respond to modern hydrodynamic conditions which over geolo¬ 

gically short periods of time will result in an equilibrium 

morphology. 

Similarly, textural equilibrium refers to the concept 

that sediments will progressively fine in an offshore direc¬ 

tion, except in the obvious case of interruption of the 

shoreline by deltaic processes. The assumption is that the 

energy regime, or the frequency with which waves affect the 

bottom, is inversely proportional to the water depth. This 

concept of frequency of affect is important. Moore and 

Curray (1964) emphasize that sedimentary processes must be 

integrated over time, rather than assessed instantaneously, 

in order to accurately determine textural equilibrium. This 

simply accounts for what is often referred to as "storm wave 

base" versus "normal wave base". A classic example of this 

is the Gulf of Mexico which is periodically churned by 

hurricanes and tropical storms, but the magnitude of the 

storm's influence at any point on the bottom depends on the 
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intensity and proximity of the storm, which may vary con¬ 

siderably from storm to storm or year to year. 

With respect to the size graded shelf, however, the 

observation was again made (Shepard, 1932) that this is 

generally absent on modern shelves. Study of the modern/ 

relict sediment distribution and interaction lead to the 

development of a dynamic concept of shelf sediment equili¬ 

brium processes (Swift et al., 1971). Between modern 

equilibrium sediments and disequilibrium relict sediments 

they propose the existence of "palimpsest" sediments. 

Palimpsest sediments "exhibit petrographic attributes of 

an earlier depositional environment and, in addition, 

petrographic attributes of a later environment." 

In studying the geology of continental shelves, it is 

critical to remember that approximately 70 percent of the 

continental shelf area of the world is in disequilibrium 

(Emery, 1968). This disequilibrium covers a continuum 

between truely relict morphological/textural elements and 

elements which are being reworked into lesser states of 

disequi1ibriurn. 

General Configuration of the Gulf of Mexico 

Continental Shelf. 

The continental shelf of the Gulf of Mexico extends 

from the Florida Platform to the east, around the coasts of 

the Florida panhandle, Alabama, Mississippi, Louisiana and 

Texas, down the Mexican coast to the Yucatan Peninsula and 
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Campeche Bank (Figure l-III). The North American coast forms 

a partial closure with Cuba at the southeastern extent of 

the Gulf. The width of the shelf varies from about 280 kilo¬ 

meters at Dry Tortugas on the Florida Platform to about 80 

km off the coast of Alabama and south of the Rio Grande. 

Offshore Louisiana and east Texas a width of approximately 

225 km probably corresponds genetically to the Mississippi 

embayment. The Gulf of Mexico continental shelf adjacent 

to the U.S. is the largest shelf area of the continental 

U.S. (not including Alaska), totalling some 340,000 square 

kilometers (Carsey, 1950). 

Several distinct sedimentary provinces dominate dif¬ 

ferent areas of the continental shelf. The Florida and 

Yucatan platforms are ancient to modern subtropical carbo¬ 

nate environments. Bisecting the carbonate platforms along 

the western (Mexican) and northern shelf regions sedimenta¬ 

tion has been dominated by terrigenous clastic deposition. 

The major source of terrigenous elastics is the Mississippi 

River which has deposited a thick package of sediments 

across the entire continental shelf and down onto the 

abyssal Mississippi Cone. The Brazos-Colorado and Rio 

Grande river systems have also contributed substantial 

amouns of detritus although smaller systems are locally 

dominant. Together these combined river systems drain 

approximately 60% of the North American continent (Berry- 

hill, personal communication). 



Figure l-III. Continental shelf of the Gulf of Mexico. 
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Pleistocene - Holocene History. 

Quaternary eustatic sea level fluctuations have played 

a dominant role in establishing the present geologic charac¬ 

ter of the Gulf of Mexico continental shelf. Ballard and 

Uchupi (1970) describe the relict morphology of the conti¬ 

nental shelf as the result of three major phases of the 

sea level fluctuation. 

The first phase is a low sea level stand that corres¬ 

ponds with either the early Wisconsin glacial epoch 40,000 

to 70,000 years before present (B.P.) or the late Wisconsin 

glacial maximum some 20,000 years B.P. (Ballard and Uchupi, 

1970). Relict features such as barrier-bar lagoonal com¬ 

plexes, buried stream valleys extending to the 160 meter 

bathymetric contour and coral reefs around 180 meters 

suggest that the paloestrand line was situated at approxi¬ 

mately the 160 meter contour. Evidence of beach and 

nerritic deposits from phase I are generally absent along 

the Texas shelf because the 160 meter contour is somewhat 

beyond the marked change in slope associated with the 

shelf break (about 120 m). Consequently, sediments dis¬ 

charged by river systems off the Texas coast were probably 

deposited directly on the upper slope without transport 

longshore and deposition in barrier bars, spits and other 

features typical of shoreline deposition. At this time 

the Mississippi apparently flowed across the shelf through 

the Mississippi trough, depositing its sediments on the 



125. 

continental slope, rise and abyssal floor of the Sigsbee 

Deep forming the Mississippi Cone. A widespread soil hori¬ 

zon, the Beaumont or Prarie formation (Curray, 1959; 

Anderson and Clark, 1977), on the Texas and Louisiana shelf 

marks the erosional surface associated with the regression 

and stillstand (Fisk and McFarlan, 1955). 

The eustatic transgression following the late Wisconsin 

glacial maximum, generally referred to as the Holocene trans 

gression, was interrupted by minor regressions and/or still- 

stands between approximately 18,000 and 8,000 years B.P. 

(Figure 2—111 ). This is the second phase of sea level 

fluctuation (Ballard and Uchupi, 1970) characterized by an 

overall rapid rise in sea level. 

Along the south Texas continental shelf (STOCS) 

Shideler (1977) observes primary and secondary morphological 

features which are probably associated with Phase II, the 

early part of the Holocene transgression. Primary relict 

features are the eastward trending salient near 26° 45' N. 

latitude, designated the "ancestral Rio Grande delta 

province," the southeast trending salient of the "ancestral 

Brazos-Colorado delta province" between Matagorda Bay and 

the edge of the continental shelf around 95° 45' W, 27° 45' 

N. These river systems, as well as the Mississippi and 

numerous smaller rivers probably retreated up the shelf 

during the initial transgressive pulse, filling their former 

erosional channels and depositing deltaic sediments across 

the continental shelf. Marine shoreline erosion 



Figure 2-III. Late Quaternary fluctuations of sea-level 
(after Curray, 1959). Probable fluctua¬ 
tions since 5,000 years B. P. not shown. 
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redistributed older Mississippi and Rio Grande sediments 

along the continental shelf to the west and north respec¬ 

tively in a pattern similar to modern littoral drift in the 

Gulf. 

At approximately 12,000 years B.P., a small glacial 

advance and change in climatic conditions resulted in a sea 

level drop from about 45 meters to 64 meters. A shift in 

wind patterns reversed earlier processes of longshore trans¬ 

port. Ballard and Uchupi (1970) identified two accretionary 

spits between 94° W and 94° 30' W near the 60 meter contour 

which have opposing directions. This suggests either a 

convergence of drift patterns at this point or substantiates 

the shift in longshore transport directions. Heavy mineral 

provenance analyses by vanAndel and Poole (1970) also indi¬ 

cate shifts in the predominant direction of nearshore 

sediment transport, probably related to major changes in 

meteorological patterns (Figure 3-111). 

Secondary morphological features noted by Shideler 

(1977) in the ST0CS area are a minor terrace near the 65 

meter contour and a major terrace between 38 and 50 meters 

depth. Terraces are developed by shoreline erosion and 

offshore deposition as the littoral zone reaches an equili¬ 

brium profile (Johnson, 1919). Although the small amplitude 

fluctuations in Curray's (1975) sea level curve (Figure 2-1II) 

are speculative, they may correspond with the terraces 

noted by Shideler (1977). The major terrace (50 - 38 m 

depth) may be associated with the transgressive phase which 



Figure 3-111. Distribution of heavy mineral assemblages 
from some of the river sources adjacent 
to the Gulf of Mexico (after vanAndel and 
Poole, 1960). 
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terminated around 12,000 years B.P. when sea level was 

between 40 - 46 m (Curray, 1959). The minor terrace near 

the 65 m contour may correspond to the following perturba¬ 

tion in the Holocene transgression around 11,000 years B.P. 

Another general warming trend (Curray, 1959) resulted 

in a eustatic transgression to roughly 18 m between 10,000 

and 9,000 years B.P. As usual, the warmer climate was 

accompanied by "normal" meteorological/oceanographic con¬ 

ditions with longshore transport to the west along the 

northern Gulf. A stillstand of the sealevel between 9000 

and 7000 years B.P., supposedly corresponding to a shift 

in climatic conditions and circulation patterns, resulted 

in the deposition of easterly accreting shoreline features 

and the erosion of stream entrenchments. 

During the final transgression (8,000 years B.P.) 

another stillstand occurred at around 18 meters. Strong 

westerly transport currents deposited Mississippi River 

sands along the inner shelf, forming the Sabine, Heald and 

Freeport banks (Figure 4). Again shoreline accretionary 

features left evidence for reversals in longshore sediment 

transport processes. 

Modern Features and Processes. 

Relict morphological features of the northern Gulf of 

Mexico continental shelf exert considerable influence over 

modern geologic processes. The entrenchment of streams and 
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development of complex subareal drainage patterns during 

low sea level stands left a network of relict channels 

trending normal to the coast on the outer shelf and sub¬ 

parallel to the coast on the central and inner portions of 

the shelf. Seaward of the present shoreline many of these 

channels have become buried 1) because of the lower hydro- 

dymanic conditions of topographically low areas, and 2) 

because of their often intimate relationship to modern river 

systems which are major sediment sources. In areas where 

they have not been filled in completely, they may expose 

relict, disequilibrium sediments and form centers for the 

formation and deposition of palimpsest sediments. 

Landward of the present shoreline these valleys of 

formerly entrenched rivers form the large estuarine bodies 

which perforate the Texas Gulf Coast. The influence of 

these estuaries upon sedimentation in the Gulf may be two¬ 

fold. First, these estuarine systems are sediment traps 

for the bulk of sand and silt sized material transported 

seaward by the fluvial systems. A type example of this is 

the Trinity delta in Galveston Bay at the mouth of the 

Trinity River. In the very recent past, the construction 

of reservoirs along these rivers has been the coup de grace 

with respect to sediment transport into the Gulf (Anderson 

and Clark, 1977). Secondly, it has been noted that 

estuaries may actually be receiving more sediments from 

the open sea than they are contributing (Guilcher, 1967). 

Sediments being transported longshore in the Gulf may be 
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washed into estuaries by the salt water incursion during 

flood tide and deposited there at slack tide. The San Luis 

Pass tidal delta, at the western extreme of Galveston's West 

Bay, is an example of inshore transport of coastal sediments. 

In some cases, net movement of detritus out of estuaries may 

occur only during periods of flooding or unusually high 

runoff (Guilcher, 1967). This process is undoubtedly more 

significant in areas with greater tidal ranges than the Gulf 

of Mexico, but it is a viable transport mechanism for conti¬ 

nental she!f/coastal zone sediments. 

Topographic salients (Figure 2) of relict delta systems 

discussed above also influence sedimentation. The sediment 

supply to these delta systems, especially sand and silt, 

has largely been cut off due to transgression of the shore¬ 

line and other processes discussed above. The result is a 

continental shelf profile in these areas which is in tex¬ 

tural and morphological disequilibrium. The salients, 

being shallower than a normal equilibrium profile, have 

sediment textures which may not show the normal trend of 

seaward fining. 

Topography is not the only feature influencing this 

sediment distribution pattern, however. Net transport of 

sediments by longshore currents across the northern shelf 

trends offshore south of Matagorda Bay. The convergence 

of current patterns in this province results in greater 

offshore sediment transport and subsequent deposition. 

Figure 12, adapted from Curray (1959), shows areas of 
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Holocene sediments greater than 20 feet thick. These areas 

correspond to modern sedimentation rates and show that the 

interdeltaic province, and what might be appropriately 

named the Mississippi province, are dominant areas of active 

sedimentation. 

It is clear from preceeding discussions that the 

provenance of many of the Gulf shelf sediments is an arti¬ 

fact of Pleistocene sedimentary processes. A study of the 

heavy mineral composition of sediments in the northern Gulf 

of Mexico (vanAndel and Poole, 1960) substantiates some of 

the ideas about relict and modern source areas. VanAndel 

and Poole group the shelf sediments of this portion of the 

Gulf into five heavy mineral provinces shown in figure 

4-III. Table l-III identifies the probable source areas and 

gives the average heavy mineral composition for these 

provinces. 

VanAndel and Poole (1960) attempted to identify the 

dominant source areas for heavy mineral assemblages in the 

Gulf. Figure 4-III shows that the Western Gulf province 

and the transition zone to the east are complex areas having 

multiple modern and relict source areas. This situation 

reflects the erratic conditions of the Holocene transgres¬ 

sion. Areas receiving more recent sediments, however, can 

be recognized by the ratios of stable to unstable heavy 

minerals (Figure 4-III). Comparison of figures 12 and 

4-111 shows that Western Gulf province encompasses the 

ancestral Brazos-Colorado delta and a large portion of the 



Figure 4-III. Heavy mineral provinces and average stable/ 
unstable ratios in sands of the northwest 
Gulf of Mexico (after vanAndel and Poole, 
1960). 
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TABLE 1-111. 

Average heavy mineral composition of associations characterizing 
Northern Gulf of Mexico provinces, in percent of total non-
opaque fraction. From vanAndel and Poole, 1960. 
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area of thin Holocene section off Galveston Bay. The 

stable/unstable (S/U) heavy mineral ratio for this region 

is 3.4, indicative of a mature, weathered mineral 

assemblage. 

In contrast, the interdeltaic region to the south and 

the area of the modern and ancestral Rio Grande deltas fall 

within the Rio Grande province, and the transition zone 

falls into the Western Gulf province (Figure 4-III). Lower 

S/U ratios for the Rio Grande province and the transition 

zone, respectively, reflect the immaturity of sediments 

being delivered to this area from the Rio Grande and being 

deposited largely in the interdeltaic region. Likewise, 

approaching the Mississippi delta from the Texas Gulf 

coast, S/U ratios drop from 3.4 to 0.2. This is indicative 

of the immaturity of sediments associated with major modern 

sources of terrigenous material. 

Clay mineral studies of sediments on the northern Gulf 

shelf have also been performed (Grim and Johns, 1954; 

Pinsack and Murray, 1960; Manheim et al., 1972). Extensive 

data from Pinsack and Murray (1960), indicate that, briefly, 

montmori11onite is the most abundant clay mineral present 

from the Mississippi delta west across the Texas continental 

shelf (3.5 - 5.0 parts in 10). Illite, the next most 

abundant mineral (2.0 - 2.5/10) is in fairly uniform 

abundance. Kaolinite (0.5 « 1.0/10) and chlorite (1.0 - 

1.5/10) show little variability but appear to be negatively 

correlated with eachother in terms of abundance. 
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Mixed layer clays are variable in abundance (1.0 - 3.5/10) 

with locally high concentrations associated with greater 

crystallinity. Also, their abundance appears to be inverse¬ 

ly correlated with the abundance of montmorillonite. 

Pinsack and Murray (1960) and Manheim and others (1972) 

contend that the dominant species of clay mineral being 

supplied to the northwestern Gulf from modern terrigenous 

sources is montmorillonite. The inverse relationship of 

montmorillonite and mixed layer clays is interpreted by 

Pinsack and Murray (1960) as the diagenetic alteration of 

montmorillonite in areas of slow or non-deposition, 

probably representative of relict sediments. 

Clay mineral trends for this area fit nicely with our 

previous conclusions about sediments and sedimentary pro¬ 

cesses. Montmorillonite, which is currently the most 

abundant clay mineral being delivered to the northwestern 

Gulf, occurs in high concentrations offshore of Galveston 

Bay and along the coast to the southwest. This area of high 

abundance apparently broadens in the interdeltaic province 

of the STOCS area. Correspondingly, the mixed-layer clay 

minerals have low abundances throughout the same area, with 

trends based on the same paucity of data. The implications 

of the trends according to Pinsack and Murray's hypothesis 

regarding clay diagenesis, are that this bulge is an area 

of immature surface sediments having a montmori11onite/mixed 

layer ratio of approximately 2.5. The area east of the 

interdeltaic province, including the ancestral 
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Brazos-Colorado Delta province, has a lower montmori11onite/ 

mixed layer ratio of about 1.0, suggesting that these 

sediments are somewhat older and have undergone greater 

diagenetic alteration. Abundances of the other three clay 

minerals between these areas are identical (Pinsack and 

Murray, 1960). 

Stratigraphy. 

The Pleistocene stratigraphy of the lower Mississippi 

Valley consists of a series of cyclic formations formed by 

a substratum of sandy sediments and a topstratum of silty 

and clayey sediments (Fisk, 1944). Each formation overlies 

an unconformable weathered soil zone at the top of the 

underlying cycle. This repetition of fining upward cycles 

terminated by an unconformity and weathered soil zone repre¬ 

sents the multiple transgressions and regressions associated 

with Pleistocene glaciation and eustatic sea level fluctua¬ 

tions. 

The uppermost unit of these cyclic deposits is the late 

Pleistocene Beaumont (Prarie in Louisiana) formation. This 

formation was originally described (Hayes and Kennedy, 1903) 

as "a series of yellow, gray, blue, brown and black clays 

with brown sands." These beds are sometimes thinly strati¬ 

fied with thin beds of blue and gray or grayish-white sand. 

More recent descriptions of the exposures at the Beaumont 

Brick Co. clay pit and other localities in Jefferson and 
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Orange counties (Davis, 1970) describe the coarser sedi¬ 

ments in the lower part of the formation and the fining 

upward character of the entire unit. Curray (1959) 

describes the upper Beaumont deposits on the continental 

shelf as stiff, cohesive, light greenish gray, reddish 

brown or yellowish brown clays. Thicknesses of the Beau¬ 

mont formation, determined from water well borings, vary 

considerably but average 75 feet with greater thicknesses 

corresponding to the ancestral Trinity and Sabine River 

Valleys (Davis, 1970). 

The Holocene series consists of part of a cycle, the 

transgressive phase, which overlies the weathered soil zone 

of the Pleistocene Beaumont formation (Curray, 1959). 

Curray identifies two primary Holocene facies within this 

series on the continental shelf. The basal facies, or 

substratum, consists of sandy basal marine shoreline and 

nearshore deposits. This facies is widely distributed on 

the shelf although in areas of greater deposition it is 

covered by the silt and clay shelf facies. In other areas 

the basal facies may be reworked and mixed with sediments 

of the shelf facies forming a composite, or locally removed 

by channelized erosion. The upper silty and clayey shelf 

facies occur mainly in the central Louisiana area, the 

Rio Grande area and the Western area which, as discussed 

above, are the dominant areas of recent terrigenous sediment 

supply and deposition. Figure 4—HI from Curray (1959) 

illustrates the distribution of these facies. 
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APPENDIX IV 

GEOCHEMISTRY OF TRACE METALS IN THE 

MARINE ENVIRONMENT 

Trace elements enter the marine environment via nume¬ 

rous pathways. Natural sources include the weathering of 

terrestrial rocks and soils, volcanic exhaust and errup- 

tions, hydrothermal fluids of various kinds, atmospheric 

and extraterrestrial fallout/rainout and surface and sub¬ 

surface waters. For most environments these sources might 

be lumped together in the analysis of trace elements in the 

environment as natural background. 

It is the numerous unnatural sources of trace elements 

which are of general concern, such as: 

1) routine discharge of coolants and effluents 

(industrial or municipal) containing dissolved, 

colloidal, or suspended contaminants; 

2) accidental discharge or spillage of contaminants; 

3) disposal of solid waste: garbage, landfill, 

dredge spoils, drilling mud, etc. 

4) corrosion of metallic structures; 

5) runoff from agricultural and municipal lands: 

pesticides, herbicides, fertilizers, highway salt, 

etc. ; 

6) aerosols and atmospheric rainout; mainly from 

fossil fuel combustion. 



140. 

The primary objective in the study of trace element 

contamination is to be able to distinguish between natural 

and unnatural abundances. This is contingent upon an 

understanding of physico-chemical processes which determine 

the state (i.e. dissolved, complexed, adsorbed) of the 

trace elements. It is also imperative to understand the 

nature of various physical processes which will influence 

the subsequent distribution of the trace elements, in 

various states, in the environment. Figure 1-IV is a flow 

chart which summarizes the various sources, intermediate 

pathways, and ultimate fate of trace element contaminants. 

The specific processes shall be discussed in detail below, 

but here a few examples will illustrate their significance. 

Sediment texture is commonly inversely related to 

trace element concentrations. The reasons for this are 

several. Finer sediments generally have higher organic 

content, clay content and specific surface area than 

coarser sediments. Ignorance of fundamental relationships 

could lead to erroneous conclusions regarding influxes of 

contaminants. Similarly, somewhat independant of clastic 

sediment textural properties, the autochthonous carbonate 

fraction of marine sediments is likely to be positively 

correlated with abundances of particularly the alkali 

metals. Turekian and Kulp (1956) show that the Sr content 
2 

of sedimentary rocks may vary from 10 ppm to greater than 

10 ppm, depending upon carbonate content and paleoenviron- 

mental conditions such as temperature and salinity. 



Figure 1-IV. Flow diagram showing sources, intermediate 
pathways and sinks of contaminants in an 
offshore oil/cjas production field. 
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Before discussing the concentrations of trace elements 

in sediments it is helpful to consider the physical, che¬ 

mical and biological processes antecedent to accumulation 

of the metals in the sediment. The following discussion 

deals with various processes qualitatively. Little attempt 

is made to assess the precise magnitude of each process, as 

this is critically controlled by small variations in condi¬ 

tions such as Eh, pH, turbidity, salinity, contaminant 

concentrations in the water, etc. 

Complexing. 

Probably the most immediate process involving metals 

in natural aqueous systems is complexing. Metals readily 

form complexes with both inorganic and organic agents, 

although the overall behavior of metals in natural waters 

is influenced most by the more abundant inorganic ligands 

(Lerman and Childs, 1973). 

Pitwell (1974) states that in natural waters virtually 

all metals in solution, with the exception of the alkali 

metals, are coordinated in solution. This complexation is 

dominated by inorganic ligands such as water (HgO), hydroxyl 

(OH ), sulfate (S04 ), carbonate (C03 ), bicarbonate 

(HCO-j"), chloride (Cl"), and fluoride (F"). The relative 

abundance of complexing by these various ligands with 

specific metals is determined by 1) physico-chemical 

conditions in the environment, 2) chemical properties of 



the specific metallic species, 3) abundances of ligands and 

the metal, 4) the abundance of competitive ligands, metals 

and other non-complexing pathways. 

Garrels and Christ (1965) and Elder (1975) demonstrate 

that Eh/pH conditions influence the stability of various 

complexes over broad ranges. Over the narrower ranges 

encountered in a shallow marine environment these variations 

will be proportionally smaller, yet still significant. In 

general, increasing pH will decrease complexation by ligands 

other than hydroxide and increase the extent of polynuclear 

complexation, especially in the presence of high metal 

concentrations. Likewise decreasing pH enhances complexing 

by non-hydroxyl ligands. 

In contrast to the abundance of inorganic complexing 

ligands, molar concentrations of dissolved organic matter 

in marine waters may be low ( lx 10 moles C/liter). The 

molar concentration of organic matter, however, still 

exceeds natural concentrations of trace metals (1 x 10’^ 
-8 to 5 x 10 moles/liter) according to Lerman and Childs 

(1973). 

This dissolved organic material may be of multiple 

origins. Marine organisms, particularly phytoplankton, 

contribure chlorophyl, amino acids and other compounds 

which are known to form organometallic complexes with Mg, 

first row transition elements (except Sc and Ti), and Zn. 

These elements are essential to aquatic biota and trace 

concentrations occur naturally in marine waters and biomass. 
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Uptake by Organisms. 

Uptake, storage, bioamplification, precipitation and 

excretion of trace elements by organisms is also important. 

Many organisms are capable of concentrating some metals 

several times, even orders of magnitude over levels found 

in the environment. 

There are three principal means of uptake of trace 

elements by aquatic organisms: 

1) absorption from solution through skin or body 

surface ; 

2) diffusion through gill structures or membrane; 

3) ingestion and absorption through the ailimentary 

canal. 

Of these three processes ingestion is generally the 

least significant (Joyner, 1961). 

Upon uptake metals may either be: 

1) secreted as glycoprotein, a mucous-like skin 

secretion ; 

2) excreted as fecal material; 

3) retained internally by tissues and organs; 

4) secreted in the form of a calcareous test or shell. 

Limited research has been conducted into the importance 

of fecal matter with respect to trace element concentrations. 

A study conducted by Booth and Knauer (1972) found that 

fecal material of the crab Puqettia producta (Randall) 

was enriched 2.3 to 14 times in various metals (As, Co, Zn, 
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Cu, Pb and Fe in increasing order) over the concentrations 

present in kelp, Macrocystis pyrifera (Linnaeus), on which 

they were fed. Chromium and cadmium were measured in 

slightly lower concentrations in the fecal material rela¬ 

tive to the kelp (0.8x and 0.9x respectively). This is 

further evidence for the importance of organic matter in 

determining the fate and distribution of trace metals, 

both in the water column and in sediments. 

The soft parts of organisms tend to accumulate domi¬ 

nantly the first row transition elements and the Group IIB 

elements. The tissues and organs of marine organisms 

usually will not be enriched in metals over the concentra¬ 

tion present in the water, unless the source of the metals 

is from food containing high levels of contaminants. 

Calcium carbonate hard parts in aquatic organisms are 

capable of incorporating relatively large quantities of 

metals, particularly the other alkali metals magnesium, 

strontium and barium. Iron is often fairly abundant and 

lesser quantities of Cr, Cd, Mn, Ni and Pb may also occur. 

The abundances of other alkali metals in calcium 

carbonate are controlled by several parameters. Their 

abundances relative to Ca in the sea water are important 

(Odum, 1951). Turekian (1955) expressed this relationship, 

a restatement of the Doerner-Hoskins logarithmic distribu¬ 

tion law for coprecipitation of a major and trace element, 

dx/dy - R |5y as : 



where x and y are the amounts of the two elements X and Y 

(eg. Ca and Sr) in the solid phase, a and b are the amounts 

present in the entire system and dx/dy is the ratio of X to 

Y which is precipitated in any given increment. The con¬ 

stant R is characteristic of the specific system. 

Secondly, composition is dependant upon the ratios of 

CaCOg polymorphs, calcite and aragonite, which are formed 

(Lowenstam, 1954). Calcite, the more densely structured 

polymorph, is more likely to have a higher Mg/Ca value 

while aragonite may accept larger ions more readily than 

calcite and is expected to have correspondingly higher 

Sr/Ca and Ba/Ca ratios. Cal cite/aragonite ratios in sedi¬ 

ments vary according to faunal populations, temperature and 

salinity. Lowenstam (1954) found for organisms which pre¬ 

cipitated composite (calcite-aragonite) shells that the 

calcite/aragonite ratio varied as a function of temperature 

warmer water favoring lower ratios and thus higher Sr and 

Ba concentrations. Turekian (1955) demonstrated that in 

assemblages of organisms (brachiopods and echinoderms) 

which precipitate calcite only, Sr/Ca ratios probably vary 

as a function of salinity. Why salinity affects Sr/Ca 

ratios, however, is not discussed. 

Interactions with sediments and suspended matter. 

Aside from the formation of complexes, organic inter¬ 

action, and incorporation into precipitated calcium 
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carbonate, the relationship between trace elements and 

suspended matter is critical to the ultimate fate and dis¬ 

tribution of these elements. Interactions between trace 

elements and sediments/suspended matter are the point of 

introduction of metals into the biogeocycle which forms the 

ultimate sink for the majority of such constituents 

(Figure 1-IV). 

Detrital sediments in the marine environment commonly 

range in size from sand (2 - 1/16 mm) through silt (1/16 - 

1/256 mm) to clay (< 1/256 mm). Mi neral ogi cal ly they may 

be even more variable. Common constituents are quartz, 

calcite, feldspar, clay minerals and heavy minerals of 

several types. Clay minerals common in the marine environ¬ 

ment are montmori11onite, illite, and chlorite. Kaolinite 

is fairly unstable. Any or all of the above constituents, 

and others, may occur in bottom or suspended sediments; 

depending upon source areas, energy regimes, etc. The 

detrital fraction of suspended sediments may actually be 

relatively low with the bulk of the composition being 

biological (dominantly bacteria, small algae and micro¬ 

plankton) as described by Neihof and Loeb (1972). More 

recent observations demonstrate that the nature of the 

suspended particulate matter may be strongly influenced by 

either regional or very local phenomena (Anderson and 

Schwarzer, 1978). 

Similar in many ways to suspended sediments is another 

type of suspended matter known as colloidal matter (colloids). 
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Colloids, like minute particles, essentially have the same 

properties of suspended sediments; they do not diffuse 

through a membrane, and have little effect on the freezing 

point, boiling point or osmotic pressure of a solution. 

Unlike normal suspensates, however, colloids will not 

settle gravitationally out of suspension, even under cen- 

trifugation. 

Bottom sediments, suspended sediments and colloids all 

interact with chemical constituents in natural waters. The 

type of interaction described below may apply to one or more 

types of matter. One type of matter may well interact 

several ways. There are five principal mechanisms by which 

trace elements interact with inorganic matter in the marine 

environment. They are aggregation, adsorption, chemisorp¬ 

tion, cation exchange and coprecipitation with hydrous Fe 

and Mn oxide grain coatings. 

Aggregation. 

Aggregation or coagulation, as the term implies, 

involves clustering of suspended matter to form particles 

capable of settling out of suspension. The suspended matter 

which forms the aggregates may be several different types, 

such as colloidal metal oxides, clays or organic debris. 

The precise mechanism by which this phenomenon takes place 

is unknown, although studies (Hahn and Stumm, 1970; Aston 

and Duursma, 1973) have postulated several possible causes. 
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With respect to colloids, the repulsion potential may be 

reduced due to compaction of the double layer by ionic 

loading in the aqueous system. Secondly, the repulsion 

potential can be reduced by compensation of the surface 

charge on the colloid, or particle through specific adsorp¬ 

tion of oppositely charged species. This flocculation 

process was suspected as the cause of substantial increases 

in sedimentation rates near industrial effluent discharges 

in a freshwater lake (Wheeler and Dunning, 1976). At low 

levels of suspended solids (<0.05 mg/ml) aggregation is 

probably of greater importance relative to the other inter¬ 

active processes (Aston and Duursma, 1973). 

Adsorption. 

Several studies have noted the capability of suspended 

particulates to remove dissolved metals from natural waters 

(Aston and Duursma, 1973; Eichholz et al., 1967; Hodgson 

et al., 1964). This is attributed mainly to the adsorption 

process for metals other than alkalis and alkaline earths. 

Adsorption, mentioned above as involved in aggregation, is 

an often ill-used term for various solid-solute interactions 

including true adsorption, cation exchange and aggregation. 

Admittedly there are similarities and intimate relationships 

which make distinction difficult. For this discussion, 

however, a definition taken from The Condensed Chemical 

Pictionary (1971) will be helpful. 
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"Adherence of the atoms, ions or molecules 
of a gas or liquid [or dissolved substance] 
to the surface of another substance (adsor¬ 
bent). The attractive force of adsorption 
is relatively small, of the order of van der 
Waal's forces. When molecules of two or 
more substances are present, those of one 
substance may be adsorbed more readily than 
those of the others [preferential adsorption]." 

Probing adsorption mechanisms Neihof and Loeb (1972) 

studied the surface charges of various types of natural and 

unnatural particles in seawater. Their electrophoretic 

experiments reveal that particles in samples of Atlantic, 

Chesapeak Bay, and Caribbean seawater all have negative 

mobilities and therefore carry negative charges. Comparison 

of the mobilities of several model particle types in real 

seawater and "7-ion seawater", a solution of major element 

composition similar to seawater, demonstrates an interesting 

phenomenon. Table 1 -1V shows that although the different 

particle types exhibit a range of mobilities in 7-ion sea¬ 

water (-1.49 to 1.19 (m/sec) (V/cm)"1), in real seawater 

all particles have negative mobilities and the range is 

narrowed considerably (-1.11 to -0.15). Also, positive 

ionogenic particles (glass) both exhibit negative mobilities 

in real seawater. This implies that at least partly non¬ 

electrostatic mechanisms are involved in adsorption. 
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Table 1 -1V. Electrophoretic mobilities of model 

particles in Atlantic seawater and in artificial 

7-ion seawater (from Neihof and Loeb, 1972). 

Electrophoretic Mobilities 

Model lonogenic  (m/sec) (V/cn)-1  
Particle Character 7-ion Atlantic  

Glass (-) -07.5 1 o
 

• 0
0
 C

M
 • 

o
 1 

Anion exchange resin ( + ) + 1.19 

0
0
 

CO • 
o
 1 1 • c

n
 

Bentonite -1.49 -1.11 + 0.38 

Calcium carbonate -1.19 -0.50 + 0.69 

Chlorinated wax (0) -1.13 

CO 
VO • 
o
 1 +0.45 

Polysaccharide 
(sephadex) 

(0) 0.0 -0.15 -0.15 

The interpretation given by Neihof and Loeb (1972) is 

that in natural waters organic compounds such as proteins 

and polar lipids coat the particles and dominate their 

electrokinetic properties. Various other dissolved sub¬ 

stances such as heavy metal ions, complexes, polymeric 

compounds and organically derived substances (humic acids, 

etc.) are also adsorbed although not in quantities great 

enough to influence the electrostatic behaviour of the 

particles. 

Since, as stated in the definition, adsorption is a 

surface phenomenon there is a positive relationship between 

surface area and the amount of material adsorbed. Assuming 

all sedimentary particles to be spherical in shape it is 

apparent that, gram for gram , finer grained sediments 
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are capable of adsorbing more material than coarse sedi¬ 

ments, Glenn and VanAtta (1973) showed that the logarithm 

of the concentration of a trace element is linearly related 

to the logarithm of the geometric mean particle diameter of 

the sediment. Since clay minerals are generally platy, as 

opposed to spherical, one might not expect this linear trend 

to hold in fine particle ranges with the occurrence of 

anomalously high trace element concentrations. 

Chemisorption. 

There is another surficial solid-solute interaction 

which is often, if inadequately, referred to as adsorption 

(Chester, 1965; Hodgson et al., 1964) or even as cation 

exchange (Carroll, 1959). This interaction, generally with 

clay minerals, involves an exchange reaction of hydroxyl 

ions either in the octahedral layer (Hofmann et al., 1933) 

or surface structural hydroxyl groups including SiOH, 

A10H and AIOH2 (Scrudato and Estes, 1975; Demumbrum and 

Jackson, 1956; Edelman and Favejee, 1940). Such a reaction 

may be represented by 

M2+ + HX -*• M+X + H+ 

where X is the adsorbing surface. Alternatively the same 

process may be explained by the reaction of a hydrolyzed 

metal ion with a negatively charged particle surface 

M2+ + H20 -*■ M0H+ + H+ 

M0H+ + X + XMOH 
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In either case it is clear that this process involves the 

formation of an actual chemical bond and may require the 

exchange of a structural element. This is neither adsorp¬ 

tion, as defined above, nor cation exchange, which will be 

subsequently discussed. Scrudato and Estes (1975) refer 

to this interaction as chemisorption. 

Both reaction mechanisms involve the formation of a 

free hydroxyl ion. Consequently, chemisorption is pH 

dependant, being subordinate to normal adsorption below 

a pH of 7. Also, following the law of mass action, as 

salinity increases the activity of competitive ions, e.g. 

Na+ and K+, also increases and sorption of metal ions or 

complexes is suppressed (Aston and Duursma, 1972). 

Cation Exchange. 

Cation exchange, the next interactive soil-solute 

process is probably best summarized by an exerpt from 

Scrudato and Estes (1975): 

"Crystal lattice substitution, particularly 
along cleavage planes." 

Dorothy Carroll (1959) gives a more general definition: 

"The exchange of an ion held by a negative 
charge near a mineral surface with another 
that is present in a solution in contact 
with the mineral" 

which could clearly encompass chemisorption, even adsorp¬ 

tion, and is therefore inadequate for this discussion. 
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More specifically, the mechanisms involved in cation 

exchange are 1) unbalanced charges caused by isomorphous 
+ 3 +4 substitution of cations - for example, A1 for Si , or 

2) substitution for interlayer cations which balance the 

aforementioned charge deficiency, and 3) accessibility of 

structural cations other than H+ which become exchangeable 

under certain conditions (Carroll, 1959). 

This process is mainly characteristic of clay minerals 

although silts may also undergo cation exchange to a limited 

extent. Therefore, the cation exchange capacity (CEC) of 

a particular sediment is again inversely related to particle 

size. Mineralogy is also particularly important; Table 10 

lists several common clay minerals and their cation exchange 

properties. For our purposes, however, it must be remem¬ 

bered that the mechanism of "unsatisfied valences on edges 

of structural units" was covered under adsorption and is 

only given here for comparison. 

Table 2-IV. Cation-Exchange Capacity of 

Clay Minerals (from Carroll, 1959) 

Exchange Capacity 

Mineral Structural Control m.e./100g @ pH 7 

Kaolinite Unsatisfied valences on 3-15 
edges of structural units. 

Montmori1lonite Substitutions in the octa- 
group hedral and tetrahedral units 

giving excess negative charge; 
unsatisfied valences on edges 
of units. 

70-100 
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Table 2-IV. (Continued) 

Il 1ites 
(hydrous 
mi cas ) 

As in montmorri11onite, plus 
deficiency of K+ between the 
layers. 

10-40 

Chiorite No data. Possibly deficiency 
of charge due to substitution 
in the brucite layer. 

10-40? 

Vermiculite Replacement of interlayer 
cations, substitution within 
the units, and unsatisfied 
valences on edges of units. 

100-150 

Kaolinite is a 1:1 clay mineral, having one tetrahedral 

and one octahedral layer per unit. There is no substitution 

firmly together by hydrogen bonding (Carroll, 1959). 

Kaolinite attracts cations only because of unsatisfied 

valences on terminal oxygen atoms associated with broken 

bonds at the edges of structural sheets. To this end, 

Carroll assigns kaolinite a nominal CEC of 3-15, really due 

to adsorptive properties. 

To the other extreme, montmori11onite, a 2:1 layer 

silicate, is capable of incorporating considerable amounts 

of water or other polar molecules between unit layers. 
+ 3 +4 Because of A1 -Si substitution and resultant charge 

deficits this interlayer position is readily capable of 

exchanging cations. Scrudato and Estes (1975) found 

montmori11onite very capable of removing lead from solution. 

This may be true for many of the multivalent cations. 

Montmori11onite, like kaolinite, also bears a negative 

surficial charge due to unsatisfied valences on terminal 

of Al+^ for Si+4 so the mineral sheets are neutral and held 
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bonds. The CEC for this mineral is 70 - 100, one of the 

highest (Table 2-IV). 

Intermediate to kaolinite and montmori11onite is 

illite, a 2:1 layer silicate with interlayer K+ ions hold¬ 

ing sheets together by balancing unsatisfied charges from 

Al+^ - Si+^ substitution. The illite structure is not 

expandable and consequently substitution appears to be 

limited largely to other alkaline cations. Aston and 

Duursma (1973) noted that Cs+ is readily exchangeable with 

K+ ions in illite while non-alkaline metals are apparently 

only adsorbed by the clay. Scrudato and Estes (1975) 

also noted that illite is relatively ineffective at 

removing Pb from an aqueous solution. Likewise the CEC 

for illite is only 10-40, considerably less than montmo¬ 

ri 1 Ionite. 

Garrells and Christ (1975) show that clay minerals 

relative to other exchange media exhibit a low selectivity 

between various monovalent cations. The explanation for 

this is the relatively low coulombic field strength (or 

large equivalent anion diameter) of the clay minerals which 

makes them fairly insensitive to differences in ionic 

strength (charge/ionic radius). From Table 3-IV it can 

be seen that relatively broad ranges in ionic radius 
O + 

(0.55 - 0.80 A) and thus in ionic potential (1.7 for Li to 

6.0 for A1 ) can be tolerated in the octahedral layer. 

This range is sufficiently broad to encompass all common 

ions of the first row transition elements and zinc. 
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Physically then, it would appear that most of the elements 

of concern in this study have at least limited ability to 

be exchanged for more abundant cations by the relatively 

unselective clay minerals. Although we have not considered 

the kinetics of such exchanges, one might speculate that 

abundances of various cations in the local environment 

might simply control their occurrence in clay minerals. 

Table 3-IV. Common cations involved in exchange 

reactions (adapted from Hendricks, 1945) 

Type of 
co-ordination 
position 

Number of 
Oxygen 

Neighbors 
Important 
Cation 

Ionic radius 
in A 

Ionic 
Potential 

Tetrahedral 4 Si+4, Al+3 0.46, 0.55 8.7, 5.5 

Octahedral 6 Al+3, Mg+2 0.50, 0.65 6.0, 3.1 

Fe+3, Fe+2, 0.64, 0.76, 4.7, 2.6 

1 • + Li 0.60 1.7 

Greater than 6 K+, Na+, 1.33, 0.95, 0.8, 1.1 

Octahedral Ca+2, Ba+2 0.99, 1.35 2.0, 1.5 

Coprecipitation. 

As discussed in an earlier section, dissolved metals 

rarely persist to any great extent in marine water as free, 

uncomplexed ionic species. Partitioning of metals between 

innumerable dissolved phases as well as insoluble colloidal 

phases is complex, poorly understood and often different 

for every metal. Several helpful phenomena are recognized, 
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however. The process of interest here is related to the 

low solubility of Fe (0.5 gm/liter) and Mn (0.7 - 1.0 gm/ 

liter) in comparison to their crustal abundances (Goldberg, 

1954) relative to other trace elements. 

Recent experimental work (Aston and Chester, 1973) has 

demonstrated that dissolved iron introduced into seawater 

rapidly undergoes hydrolysis to yield an insoluble hydrated 

hydroxide. This process can be represented by the Bronsted 

reaction : 

Fe(H20)g+ Fe(0H)(H20)g+ + H30+ Fe(0H)2(H20)^ + 2H30+ - 

- Fe(0H)3(H20)3(sol.d) + 3H30+ 

Jenne (1968) explains that as (Fe3+)(0H“)3 so-|in exceeds 

the solubility product, iron precipitates as Fe(0H)3, first 

as a coating on sediment particle surfaces and subsequently 

as discrete colloidal iron particles. A similar mechanism 
2+ is involved in the precipitation of Mn02 from Mn ions in 

solution. 

These precipitates are known chemically as "scavengers" 

(Goldberg, 1954), meaning that they are capable of removing 

considerable quantities of dissolved species from solution. 

The mechanism involved is adsorption, as discussed above, 

but in this case it concerns only adsorption onto the pre¬ 

cipitated phase. Coprecipitation, in this sense, is a 

misnomer but it is convenient for distinguishing between 

the two processes. 

Since precipitation first occurs on particle surfaces, 
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and since adsorption is a surface phenomenon, we are again 

concerned with the amount of surface area provided fay 

different sediment types. Electrical attraction between 

the scavenging agent and available ionic species is also 

important to this process. The hydrated oxides of manganese 

are negative sols and thus attract positively charged 

species out of solution. Goldberg (1954) demonstrated a 

positive correlation between manganese and nickel in man¬ 

ganese nodules and pelagic clay, indicating that most 

dissolved nickel occurs as an electropositive specie. On 

the other hand, ferric hydroxide sols in sea water were 

found to have an electropositive charge (Harvey, 1937) and 

would therefore tend to co-occur with elements which exist 

in solution dominantly as anionic species. Again in manga¬ 

nese nodules, Goldberg (1954) revealed a positive correla¬ 

tion between the occurrence of iron and titanium, zirconium 

and cobalt. The first two are known to occur as anions in 

seawater but the cobalt trend is anomalous, especially 

considering the similarity of Co and Ni chemistries. More 

recent studies of manganese oxides and ferric hydroxides 

(Jenne, 1968) indicate a good correlation between manganese 

and cobalt (0.87), as well as nickel and zinc. 

Clearly, through a spectrum of interactions, sediments 

and suspended/colloidal particulates are intimately related 

to the fate and distribution of trace elements in the marine 

environment. These processes, discussed in previous 

sections, are modes of occurrence of trace metals which, 
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in most cases, will result in the introduction of these 

constituents into the biogeochemical cycle shown in 

Figure 1-IV. Again, the relative importance of any and all 

processes in nature will vary considerably as a function of 

time, location, physicochemical conditions and the specific 

trace elements of interest. 



APPENDIX V 

GEOCHEMICAL DATA 



Table 1-V Geochemical data for sediment samples 

collected in the Buccaneer field area. 
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Table 2-V Geochemical data for sediment samples 

collected within 110 meters of the 

Buccaneer Platforms 
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Table 3-V Geochemical data for sediment samples from 

the BLM-STOCS study area. 
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Table 3:...V. Trace Metal Geochemistry o~ Sediments Collected by Piston Cores 
Station locations for the piston cores are given in figure 4. PC fullowed by a 1 or 2 digit 

number refers to piston core number and the numbers 1.n parentheses represent the depth (cm) in 
the core where the sample was taken. The concentration of carbonate and Fe is in%, all others in ppm. 

Sample Ba Cd Co Cr Cu Fe Hg Mn Ni Pb Sr zn: Carbonate 
Number Content 

PC2 (0-4) 49 o.o 7.0 7.0 1.12 156.0 2.5 10.0 11.0 40.0 4.3 
PC2 (57-60) 42 o.o 7.0 6.5 1.32 175.5 6.5 8.0 9.0 35.5 4.0 
PC2 (127-130) 42 o.o 6.0 6.0 1.32 179.0 5.0 7.0 9.0 36.5 5.5 

PC3 (0-3) 48 0.5 5.5 5.5 0.80 126.0 o.o ; 8.5 19.0 31.0 3.0. 
PC3 (55-58) 39 0.5 5.5 6.0 1.17 165.0 5.5 9.5 8.0 34.5 3.7 
PC3 (73-76) 40 0.5 5.5 6.0 1.14 159.0 3.5 8.5 8.5 32.5 3.1 

PC4 (0-4) 67 o.o 6.5 15.0 0.97 145.5 6.0 10.5 20.5 50.5 4.3 
PC4 (54-57) 41 o.o 7.0 9.0 1.42 169.0 10.0 12.0 8.0 51.5 3.7 

PCS (0-3) 31 0.5 5.5 6.0 0.76 0.15 126.0 2.5 6.5 8.5 35.5 3.2 
PCS (56-59) 30 0.5 6.0 4.5 1.05 148.5 7.0 9.0 9.5 35.0 3.6 
PCS (39-96) 38 o.o 5.5 11.5 1.07 167.0 2.5 8.0 25.5 33.0 4.5 

PC6 (0-3) 176 o.o 8.0 4.5 0.78 0.15 144.5 3.5 6.0 13.0 27.0 2.9 
PC6 (60-63) 26 o.o 7.0 5.5 0.99 148.0 3.5 7.0 6.5 26.5 2.6 
PC6 (120-123) 44 0.5 8.5 6.5 1.16 162.0 8.0 8.5 5.5 30.0 2.7 

PC12 (0-2) 105 o.o 1.5 6.0 1.25 230.5 5.0 12.0 107.0 31.0 10.4 
PC12 (92-95) 43 o.o 13.0 15.5 2.60 187.5 1.5 40.0 2.0 44.0 0.8 
PC12 (126-129) 55 o.o 17.0 8.5 2.12 375.0 4.5 18.0 10.5 33.5 2.9 
PC12 (153-156) 64 o.o 10.5 12.0 2.31 186.0 10.0 19.0 21.0 49.5 6.2 

PC14 (17-20) 31 o.o 10.5 22.0 2.64 152.5 22.5 17.5 6.5 71.0 2.7 
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TABLE 1-VI. 

Reagent Blanks. 

This table reports the average reagent blanks for 

each element analyzed and for the sediment digestion 

procedure, concentrations in ppm. 

Element 

Ba 

Cd 

Co 

Cr 

Cu 

Fe 

Mn 

Ni 

Pb 

Sr 

Zn 

Sediment Blank 

20ml, 50% HN03 

10ml, 50% H202 

diluted to 50ml 

0.00 

0.00 

0.00 

0.13 

0.00 

0.16 

0.00 

0.12 

0.09 

0.00 

0.09 
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TABLE 2-VI. 

Estimated Analytical Error for Sediment Samples 

This table reports the estimated analytical error 

(standard deviation in %) based on duplicate analysis of 

numerous sample solution. The number in parenthesis is 

the number of duplicate samples used to estimate the ana¬ 

lytical error of that particular element. 

Element Estimated Analytical Error 
  for Sediment Samples 

Ba 9% (15) 

Cd 15%* (10) 

Co 6% (15) 

Cr 13% (12) 

Cu 10% (15) 

Fe 10% (14) 

Mn 5% (14) 

Ni 11% (18) 

Pb 13% (14) 

Sr 5% (10) 

Zn 5% (17) 

* The large analytical error in Cd is due to the low 

concentration of this element in the samples. 



TABLE 3a-VI. 

Duplicated Trace Element Analysis of Sediment Samples 

This table presents the analysis of duplicated samples, i.e. two aliquots of the 

same homogenized sample were prepared and analyzed. Fe reported in%, all others in ppm. 

Sample 
Number Ba Cd Co Cr Cu Fe Mn Ni Pb Sr Zn 

691 84 0.5 7.5 20.0 4.5 1. 13 189.5 12.5 7.5 9.0 38.5 

692 70 0.5 7.5 26.0 4.0 1. 25 157.0 11. 0 8.0 27.0 34.0 

781 56 1.0 8.0 11. 0 4.0 1.00 145.5 9.5 6.5 10.0 25.5 

782 39 1.5 5.0 8.0 3.5 1.03 140.0 10.5 7.0 8.5 25.0 

871 109 0.5 9.0 11. 5 5.5 1.01 201 . 5 12.0 10.0 51.0 32.5 

872 182 0.5 5.0 14.0 3.0 .89 147.0 13.5 7.0 21.0 27.5 

.... 
-.J 
~ 
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TABLE 3b-VI. 

Duplicated Carbonate Analyses of Sediment Samples. 

Analyses of duplicate samples from two or more aliquots 

of the same homogenized sediment sample which were prepared 

and analyzed. 

Sample Number 

12 

12 

12 

12 

1 

2 

3 

4 

% CaC03 

6.4 

7.9 

9.3 

7.1 

39-j 4.4 

392 5.5 

6 2 -J 3.8 

622 5.7 

94-j 3.9 

942 3.7 

1001 7.6 

1002 7.6 
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TABLE 4-VI. 

Estimated Sampling Error for Sediment Samples 

This table presents the estimated sampling error 

(which includes the analytical error reported in Table 

2-VI) based on the duplicated analysis given in Table 3-VI. 

Element Estimated Sampling Error 

Ba 15% 

Cd 25%] 

Co 17% 

Cr 30% 

Cu 14% 

Fe 10% 

Mn 6% 

Ni 12% 

Pb 15% 

Sr 31%2 

Zn 11% 

CaCOg 6% 

1, The sampling error in Cd is estimated. An accurate 

sampling error cannot be calculated because most of 

the concentrations are at or below the detection limit. 

2. The large sampling error in Sr is due to the highly 

variable content of shell material within samples. 


