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1. INTRODUCTION 

This report summarizes the design of field injection experiments that 
constitute one task in the larger project described in the report 
"Experiments Using Natural Organics." In the experiments, we plan to 
inject a large volume of colloidal organic matter (COM) into a sandy, 
unconsolidated coastal aquifer and observe the migration of COM into the 
groundwater flow system. The report provides a brief overview of the 
research project, including hypotheses to be tested; describes the 
purpose of the field injection experiments; summarizes the site 
characterization preliminary to the experiments; and explains the design 
of the experiments. 

The first draft of this report was reviewed in detail by experts in 
hydrogeology, colloid sampling, and field injection experiments (see 
list, Appendix A ) .  After receiving written comments from reviewers, R 

small group of experts met with project personnel at the field site in 
South Carolina to discuss plans for the experiments in more detail. 
This revised plan reflects the recommendations and insights of these 
reviews, summarized in part in Appendix A .  

2. OVERVIEW OF RESEARCH PROJECT 

The mobility of a contaminant depends on the relative affir1jI.y of the 
chemical for binding to an immobile phase (aquifer material) or 
remaining in the mobile phase. 
binding to surfaces of aquifer material are therefore assumed to have 
limited mobility. However, aquifers may also contain organic and 
inorganic colloidal material that is transported through the aquifer in 
the mobile phase. This project seeks to understand the potential role 
of COM in the subsurface transport of organic contaminants. The 
research includes both laboratory characterization of colloid 
interactions and field injection experiments. In the field experiments, 
a slug of COM will be injected into a shallow aquifer, and plume 
development will be monitored. 

Chemicals with a high affinity f o r  

Although there is circumstantial evidence, based on observations of 
enhanced contaminant transport, that colloids are mobile in the 
subsurface environment, little data are available that demonstrate that 
rate o f  colloid transport on a field scale o r  that describe the chemical 
and hydrological factors controlling colloid mobility. Controlled 
studies in the field are needed to confirm that colloids are m o b i l e  and 
to provide understanding of the fundamental mechanisms controlling the 
mobilization and deposition of colloidal material. 

The surface characteristics of both colloids and aquifer material are a 
key factor in determining the nature and magnitude of chemical 
interactions that control the mobilization and deposition of colloidal 
particles. Natural COM is a heterogeneous mixture of organic 
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macroiiiolecules containing a diversity of functional groups and differing 
in size, charge, and hydrophobicity. Thus, different components of 
natural COM might be expected to display a range of chemical 
interactions with aquifer solids. Certain subcomponents of natural COM 
might be significantly mobile, while more reactive components will be 
retarded. An understanding of the selective retention, or chemical 
fractionation, of COM migrating through an aquifer can provide 
information t o  help predict how chemical heterogeneity affects 
iransport. In contrast to these chemical factors is the structural and 
textural heterogeneity of the subsurface environment, which may provide 
channels for colloid mobility. For example, fractures have a smaller 
surface area f o r  reaction than pores do and may obscure fractionation 
processes. Other hydrologic features that need to be considered include 
differences in flow rate, grain size, and permeability. Very little is 
understood about the role o f  hydrologic factors on colloid transport, 
especially in natural systems. 

2 . 1  HYPOTHESES 

Specific hypotheses to be tested in this project include the following: 

1. Colloid transport will be enhanced by increased groundwater flow 
rate and by large-scale physical, chemical., or mineralogic 
heterogeneities; transport will be attenuated by clay, ironoxides, 
and solid organic matter, where present. 

2. COM will be mobile in groundwater, both as discrete solutes and as 
organomineral complexes; COM will mobilize mineral particles by 
electrochemically stabilizing them in suspension in groundwater. 

3 .  Mobile allochthonous (injected) organic matter will be retarded 
due to binding to aquifer media, but some subcomponents of the COM 
will have a much greater potential for sorbing to aquifer 
material; there will be preferential l o s s  of the more 
electronegative and hydrophobic subcomponents of the allochthonous 
(injected) organic material in the mobile phase. 

4 .  Colloid transport through an aquifer will depend on the spatial 
distribution of controlling chemical, hydrologic, and mineralogic 
properties o f  the formation; transport can be predicted from a 
geostatistical description of the spatial dependency of these 
parameters. 

2 . 2  RELATED PROJECT RESEARCH 

The project includes an extensive laboratory study of the chemistry of 
the injected stream COM, sorption properties referenced to the site 
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a q u i f e r  material, and p o l l u t a n t  i n t e r a c t i o n s .  The l abora to ry  s t u d i e s  
provide a t h e o r e t i c a l  basis f o r  i n t e r p r e t i n g  f i e l d  d a t a ,  while t he  f i e l d  
s t u d i e s  w i l l  be a t e s t  of t h e  a b i l i t y  of l abora to ry  experiments t o  make 
p r e d i c t i o n s  on a f i e l d  s c a l e .  
used i n  computer models t o  test  whether c o l l o i d s  can be modeled as 
s o l u t e s  o r  whether new parameters o r  models are needed t o  desc r ibe  
c o l l o i d  t r a n s p o r t .  

Both l abora to ry  and f i e l d  d a t a  w i l l  be 

3. PURPOSE OF THE FIELD INJECTION EXPERIMENT 

The purpose of t h i s  f i e l d  i n j e c t i o n  experiment i s  t o  determine (1) 
whether COM t h a t  binds contaminants is  mobile i n  subsurface 
environments, ( 2 )  i t s  ra te  o f  mob i l i t y ,  and ( 3 )  whether i t s  mob i l i t y  can 
be p r e d i c t e d  based on s o r p t i o n  p r o p e r t i e s ,  hydrologic p r o p e r t i e s ,  and 
groundwater flow rates. I n  the s i m p l e s t  terms,  by i n j e c t i n g  a l a r g e  
volume of  w a t e r  from a stream containing a high concen t r a t ion  o f  organic 
ma t t e r ,  we w i l l  f i n d  ou t  i f  organic  c o l l o i d s  can be t r anspor t ed  through 
a sandy, porous a q u i f e r .  I n  the course of  t he  experiments,  w e  a l s o  
expect t o  f i n d  ou t  about t he  presence and mob i l i t y  of autochthonous 
( p r e e x i s t i n g  i n  the  groundwater) inorganic  and organic  c o l l o i d s .  
S p e c i f i c a l l y ,  t he  following quest ions w i l l  be addressed: W i l l  c o l l o i d s  
be mobile i n  a sandy a q u i f e r ?  What s o r p t i o n  p r o p e r t i e s  and flow r a t e s  
inf luence t h e  mob i l i t y  of c o l l o i d s ,  how w i l l  t he se  f a c t o r s  i n t e r a c t ,  and 
how w i l l  t he se  be manifested i n  a heterogeneous,  n a t u r a l  system? 

Thus, t h e  o b j e c t i v e s  of t h i s  f i e l d  i n j e c t i o n  experiment t a s k  a r e  t o  
demonstrate,  as a p r o o f - o f - p r i n c i p l e ,  t h a t  c o l l o i d s  a r e  mobile on a 
f i e l d  scale and t o  develop f i e l d  d a t a  t o  t e s t  and extend our 
l abora to ry -de r ived  understanding o f  fundamental chemical and hydrologic 
processes t h a t  c o n t r o l  c o l l o i d  t r a n s p o r t .  This f i e l d  experiment i s  
complemented by l abora to ry  research t o  determine t h e  r e l a t i v e  inf luence 
o f  phys i ca l  and chemical phenomena i n  the  mobil izat ion arid depos i t i on  o f  
c o l l o i d s .  This combination of l ab  and f i e l d  information can be used t o  
develop t h e  c a p a b i l i t y  t o  p r e d i c t  t he  e x t e n t  of mob i l i za t ion  o f  
c o l l o i d a l  p a r t i c l e s  and the  r o l e  of c o l l o i d s  on the  t r a n s p o r t  of 
groundwater contaminants.  

The mob i l i t y  of c o l l o i d s ,  no t  j u s t  t h e i r  presence,  must be determined. 
The f i e l d  i n j e c t i o n  experiment w i l l  provide a unique opportuni ty  t o  
c h a r a c t e r i z e  t h e  mobile f r a c t i o n  of c o l l o i d a l  matter ( a s  opposed t o  t h a t  
merely c o l l e c t e d  i n  s o l u t i o n )  by following a t r a c e r  plume along an 
observed flow pa th .  The composition o f  i n j e c t e d  water w i l l  be known, so  
t he  immobile f r a c t i o n  can a l s o  be determined. 

We p lan  t o  do a s e r i e s  of forced g rad ien t  i n j e c t i o n  experiments followed 
by a long-term n a t u r a l  g rad ien t  i n j e c t i o n  experiment. Thus, t he  f i e l d  
i n j e c t i o n  experiments are divided i n t o  two phases.  Phase I focuses on 
forced grad ien t  experiments,  while Phase I1 w i l l  in t roduce n a t u r a l  
g rad ien t  exper iinen t s . 
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The Lorced gradient experiments are an iriiportant first step in 
understanding the system and obtaining preliminary information about: 
colloid transport hypotheses, including the following considerations: 

1 .  Does the COM move, i.e., what is the soundness of mobility 
hypothesis? (Hypothesis 1) 

2 .  By varying the hydraulic gradient, what is the resultant influence 
of flow rate on transport of both native and injected colloids? 
(Hypothesi-s 1) 

3 .  What: i.s the influence of the chemical, mineralogic, and hydrologic 
character of the aquifer on mobility and retention under forced 
gradient? (Hypothesis 4 )  

In addition, information from the forced gradient experiment will aid 
design of a natural gradient experiment by enhancing our understxnding 
of factors such as the following: 

&, preliminary hydrologic parameters (dispersion coefficient, 
retardation, and retention) under forced gradients; 

e testing and optimization of sampling techniques; 

W inj ecti.on rates ; and 

8 detection limit for monitoring injected COM. 

The detection ability f o r  injected COM may be enhanced if the injection 
water can be chlorinated (discussed further in Sect. 5). The 
halogenated organic carbon (TOX) will provide lower detection limits and 
can be distingui shed from autochthonous (native) organic carbon. This 
procedure will be tested in the forced gradient experiments, if it is  
allowed under the state permit. 

A larger-scale natural gradient experiment is needed to obtain 
additional information concerning 

0 more reali.stic hydrologic conditions, 

e hydro1ogi.c param-eters under natural gradients (Hypothesis h ) ,  

0 "natiural" retention and mobilization processes (Hypotheses 1 and 
3 ) ,  and 

E influence of spatial variability of aquifer material (Hypothesis 
4 )  * 
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4 .  SITE DESCRIPTION 

The proposed injection site is an abandoned farm field on the western 
side of the Belle W. Baruch Forest Science Institute, Georgetown 
County, South Carolina. The Institute is a research station for 
Clemson University and the University of South Carolina. 

The injection water will be obtained from a forested stream on the 
site. The stream has 30 to 50 mg/L total organic carbon (TOG), such 
as natural humic and fulvic substances (Table 1). Pesticide use is 
restricted on the site, which eliminates anthropogenic sources of 
organic contaminants in the aquifer. 

A summary of background information on the site and available chemical 
data (Table 1) indicates the site is moderately well characterized and 
meets several criteria necessary for a large-scale field experiment: 

1. relatively high permeability and porosity; 

2. low background concentrations of organic matter on aquifer 
material and in groundwater; 

3 .  shallow water table; and 

4 .  easy accessibility for drilling and sampling equipment, but 
protection from intruders or disturbances. 

In addition to background information on the field station, 23 
piezometers have been installed on the 1-acre field that will be the 
site of the injection experiments (Fig. 1). The water level in these 
piezometers was monitored for 4 months (Fig. 2). Fifteen wells were 
drilled to 10 ft and show fairly steady horizontal gradients (Fig. 3 ,  
0.005 to 0 . 0 0 9 )  and recharge response (Fig. 2). Three well clusters 
were installed to look at vertical gradients with piezometers (labeled 
P in Fig. 1) at 5, 10, and 15 ft (Fig. 4 ) .  The upper two piezometers 
( P l ,  2) in the cluster in the southeast corner of the field (upper end 
of water table) show a downward gradient (0.05). The water level in 
third piezometer in this cluster was periodically depressed by 
sampling, which obscured the natural gradient, However, initially it 
appears that there is recharge (a downward gradient) in this area, 
with a laterally conductive zone in the central piezometer ( P 2 ) ,  which 
has a lower head than the bottom piezometer. The top and bottom 
piezometers ( P 4 ,  6 )  of  the center cluster (middle o f  water table) show 
no recharge or discharge. The water levels in the middle piezometer 
of this cluster have been obscured by sampling and eventually caved in 
because o f  overpumping. The northwest cluster (lower end of  the water 
table) shows discharge gradients (P7, 8), although the data are 
somewhat irregular due to sampling inconsistencies. Samples have been 
collected periodically to monitor TOG in the piezometers, and the 
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Table 1. Summary of Background Information 

______ .......... ............... . ___ 

Hydraulic 
conductivity 

Na t ural gradient 

Geology 

Depth to water 

Geography 

Topography 

Groundwater 
chemistry 

Stream colloidal. 
organic matter 

Retardation 
factors 

0.01 cm/s average of 40 permeameter 
tests on core, additional slug 
tests and permeameter measurements 
in progress 

0.006 elsewhere on the field 
station, 0.001 t o  0.009 Hobcaw 
field, natural gradient site 

25-ft-thick sand layer bounded by 
clay layer at the base (Fig. 1) ; 
iron-rich (red) and iron-poor 
(grey) zones have been identified; 
texture is sand-clay mixture with 
rough (not rounded) grains <1 mm 
in size 

1 to 5 ft 

7.5-acre field, monitoring 100- by 
/+OO-ft2 portion (1 acre) 

Less than 5 ft of relief from the 
center of t h e  field to stream:; on 
the edge 

Usua1l.y <3 ppin total. organic carbon 
groundwater, usually <10 ppm C 1  in 
groundwater 

70% hydrophobic (50% hydrophobic 
acid, 20% hydrophobic-neutral), 
30% hydrophilic, description 
determined by XAD-8  fractionations 

40 to 4 0 0 ,  approximated from 
linearized K,’ s from laboratory 
isotherms. between stream colloidal 
organic matter and Hobcaw field 
aquifer material 
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Fig. 1. Hobcaw Field: location of monitoring wells and cross 
section through centerline of wells. Numbers are well 
numbers; P ' s  are nested piezometer numbers. 
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Fig. 2 .  (a) Water levels and (b) precipi-tation data through 
time f o r  centerline of wells. Water 1-evels show 
response to precipitation events. 
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Fig. 4 .  (a) Water levels and (b) precipitation data through 
time for well cluster (piezometers 1-3). 
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concentrations were low ( 4 0  mg/L as carbon and generally <1 mg/L).  
The concentrations are not steady through time (e.g., 0 . 3  to 3 mg/L as 
carbon, Fig. 5), but no special care was taken to assure colloid 
stability during this sampling. 

Intact cores were collected at 20 locations in between each well in 
the field to provide spatial information on chemical, physical, and 
mineralogical properties of the medium. This information includes 
particle-size analysis, TOC content, total iron oxides, and hydraulic 
conductivity (Table 2). The cores have been segmented, so  that the 
data are collected in a three-dimensional pattern. The chemical data 
are from core segments of 30- to 60-cm length, three to four per core. 
The hydraulic conductivities were measured on 25-cm segments, 4 to 11 
per core. Data analyzed thus far show that the particulate organic 
carbon content is low (0.02 to O . l % ) ,  and the iron oxide content is 
variable (0.3 to 28 mg/g). The mean value of hydraulic conductivity 
from approximately 20-cm-long segments in three cores was 0.006 cm/s. 
The values range from 0.0005 to 0.02 cm/s, indicating some 
variability. Variabilicy was greater within the three cores than 
between them. 

5. PERMIT RESTRICTIONS 

The injection permit issued by the state of South Carolina contains 
the following restrictions of note. 

1. Injection water must meet state drinking water standards, and 
analyses of the injection water taken during the experiments 
must be submitted to the state. Drinking water restrictions 
include coliform bacteria counts less than or equal to one colony 
per 100 rnL. 

2. The injection water may contain up to 100 mg/L C 1  and 20 mg/L Br 

3 .  No more than 13 injection wells can be used. 

4 .  The injections will total 15,000 to 25,000 gal, and larger volumes 
should probably be reevaluated by state officials. 

5. The wells must be grouted at the surface and inspected by the 
state after drilling. 

The injection permit has'no expiration date. 
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Fig. 5. T o t a l  organic carbon (TOC) concentration in milligrams 
o f  carbon per  l i t e r  through time €or south line o f  
wells ( 1 - 5 ) .  
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Table 2. Summary of data from 21 Hobcaw F i e l d  Coresa 

VARIABLE RANGE OF VALUES 

Sand (%)  

Silt (%)  
Clay ( % I  

Organic carbon (%)  

Hydraulic 
conductivity (crn/s) 

83-95 
1.7-13.4 
0 . 3 - 5 . 6  

0 . 0 2 - 0 . 1  

0.3-28 

0.0005-0.02 

asmunary provided by P. M. J a r d i n e .  
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6. DESIGN OF INJECTION EXPERIMENT 

Except f o r  t he  arrangement of the we l l s  and the t i m e  frame, most 
desi-gn f e a t u r e s  a r e  common t o  both phases of the experiments: 
Phase I forced g rad ien t  experiments and the  Phase I1 n a t u r a l  g rad ien t  
experiment. These common f e a t u r e s  a r e  f i r s t  discussed,  while the 
f i n a l  s ec t ions  (Sec t s .  6 .8  and 6 . 9 )  address w e l l  a r r a y s  and i n j e c t i o n  
rates f o r  each phase. 

t he  

6.1 INJECTION SOLUTION 

The i n j e c t i o n  wat-er (from a f o r e s t  stream a t  the Baruch Forest  Science 
I n s t i - t u t e )  contains  30 t o  50 mg C/L TOC.  The groundwater 
concentrat ions a r e  -1 mg/L, b u t  some have been observed as high as 10 
mg/L. There i s  no method f o r  concentrat ing t h e  i n j e c t i o n  water 
without f r a c t i o n a t i n g  the COM. 

Witli t h i s  small  c o n t r a s t  between i n j e c t i o n  water and background wa te r ,  
de t ec t ion  may be R s e r i o u s  problem. We p lan  t o  use "continuous" 
( i . e . ,  long- term) i n j e c t i o n s  f o r  both the forced g rad ien t  and n a t u r a l  
g rad ien t  experiments t o  t r y  t o  overcome thc  concentrat ion l i m i t a t i o n .  
The s i t e  has been equipped with a 20,000-gal holding tank f o r  
i n j c c t i o n  water. The i n j e c t i o n  water w i l l  be monitored p e r i o d i c a l l y  
through the course of  the i n j e c t i o n s  t o  check f o r  s t a b i l i t y  of  TOC 
concen t r a t ion ,  number of E .  c o l i ,  and poss ib l e  changes i n  water 
chemistry.  

Additional considerat ions regarding the composition o f  the i n j e c t i o n  
water are as follows: 

1. The presence o f  E .  c o l i  f e c a l  coliform b a c t e r i a  i n  the stream 
water would v i o l a t e  our i n j e c t i o n  permi t , which s t i p u l a t e s  t h a t  
the i n j e c t i o n  s o l u t i o n  meet t he  s t a t e ' s  dr inking water s tandard o f  
one colony per  100 mL. Stream water sampled i n  Apr i l  1988 and 
January 1989 had coliform l e v e l s  t en fo ld  above t h i s  s t anda rd .  

2 .  The i n j e c t i o n  we l l s  could c log  due t o  growth of  subsurface 
microbial  colonies  t h a t  use the COM as a s u b s t r a t e .  

3 .  Valuable new information could be obtained on c o l l o i d  mobil izat ion 
and t r a n s p o r t  i f  autochthonous ( n a t i v e )  COM and allochthonous 
( i n j e c t e d )  COM a r e  d i f f e r e n t i a t e d .  

Each of these p o i n t s  could be addressed by c h l o r i n a t i n g  the i n j e c t i o n  
s o l u t i o n ,  a process which would k i l l  b a c t e r i a ,  and then l a b e l i n g  the  
i n j e c t e d  COM with ch lo r ine .  Preliminary d a t a  i n d i c a t e  no s ign i f i ca r l t  
d i f f e rence  between f r a c t i o n a t i o n  of the ch lo r ina t ed  and nonchlorinated 
COM, so the  i n j e c t i o n  s o l u t i o n  would s t i l l  con ta in  a mixture o f  

14 



hydrophilic and hydrophobic components (Table 3 ) .  Furthermore, no 
significant difference was observed between an isotherm describing 
interaction of COM and Hobcaw field aquifer material for chlorinated 
and nonchlorinated COM. By chlorinating the humic solutions at a low 
pH (approximately 4 )  and low ratios of NaOCl to carbon (2:l or lower), 
the production of volatile organics can be minimized. The chlorinated 
organic matter can be detected at far lower levels and in a wider 
range of concentrations than TOG, which would provide a better signal- 
to-noise ratio for detection of injected COM. The detection limit €or 
TOX is approximately 200 times below the concentration measured in 
chlorinated stream water (Table 3 ) .  Thus, the preliminary information 
indicates chlorination would be a useful, nondestructive method of 
addressing the problems previously outlined. 

In addition to COM, a conservative salt tracer ( K C L )  will be injected 
as a slug prior to the natural gradient experiment and in a separate 
forced gradient experiment. 

6.2 DRILLING METHOD 

A 3-in. opening will be created with a vibracore, using a lined we'll 
casing providing a 2-in. core. The vibracore is a relatively 
nondestructive (<0.3-m disturbance zone), fast-drilling technique. 
The core will be removed for inspection, and excess sand at the bottom 
of the hole will be augured out. The multiple-level piezometers 
(shown in Fig. 6 and described in the following discussion) can be 
inserted in the outer casing. That casing will then be removed, 
allowing the surrounding sand to cave in around the smaller piezometer 
pipes. A concrete pad will be poured around each pipe at the land 
surface, as required by the state of South Carolina. Since the pad 
will be above the water table, no intrusion o f  grout to the flow 
system during setup is expected, 

6.3 WELL CONSTRUCTION 

Pumping wells will be constructed of 2-in. PVC pipe. A l l  pumping 
wells (both injection and withdrawal wells) will be screened over the 
length of the aquifer ( 3  to 4 m), capped at the bottom, and equipped 
with a seal at the top to aid forced injections. 

Monitoring wells (shown in Fig. 6 )  will consist of  bundles of  1/4-in. 
polyethylene tubing, wrapped around a "clover" of  four 5/8 - in. PVC 
tubes. The polyethylene tubing (approximately 10 tubes per well) will 
be used for sampling and terminated with a Nytex screen at different 
depths in the borehole (approximately 20 cm apart). The PVC tubes are 
wider in diameter and are used for water level measurement during the 
injection. 

15 



Table 3 .  Comparison of fractionation of chlorinated 
and nonchlorinated colloidal organic mattera 

Nonchlorinated Chlorinated 
Repeat 1 Repeat 2 Repeat 1 Repeat 2 

'Total organic carbon 30.5 
(TOC 1 (%/I-.) 

Hydrophobic (S) 7 2  

Hydrophobic-acid ( 8 )  59 

Hydrophobic-neutral ( % )  14 

Hydrophilic ( 8 )  28 

Hal-ogena t ed organic 
carbon (TOX) (pg/L) : 
detection limit, 5 p g / L  

TOC/TOX~ for 
hydrophilic 

TOC/TOX for 
hydrophobic-acid 

TOC/TOX for 
hydrophobic-neutral 

30.0 2 7 . 9  

7 3  7 1  

59  5 4  

15 18 

27 29  

9 4 8  

2 7 . 7  

3 2 . 5  

4 2 . 7  

2 8 . 8  

7 4  

5 1  

23  

26 

8 5 8  

2 5 . 5  

4 8 . 4  

asmunary provided by Frank Dunnivant 

'Comparison of TOC/TOX ratio for each component does not indicate 
strong preferential reaction with any one fraction. 
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F i g .  6 .  
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-MULTILEVEL PIEZOMETERS 
FOR SAMPLING 
(-1 0, EVERY 15 crn) 

f-- BANDING 

MULTILEVEL PIEZOMETERS 
FOR WATER LEVELS (4) 

SCREE J AT OPEN INTER\ AL 

J 
Well cons t ruc t ion  diagram showing mul t i l eve l  
piezometer f o r  sampling and water l e v e l  measurement. 
Unconsolidated sand co l l apses  around samplers. 
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6 - 4  INJECTION AND WITHDRAWAL PUMP 

A 220-V c e n t r i f u g a l  pump with a si.de valve t o  c o n t r o l  sa tes  w i l l  be 
used Sor forced i n j e c t i o n s  ( t o  e s t a b l i s h  a g rad ien t  and t o  i n j e c t  
w a t e r  containing COM).  E l e c t r i c i t y  i s  a v a i l a b l e  a t  the  s i t e .  

A l l  o f  the  i n j e c t i o n  systems are suscep t ib l e  t o  c logging,  which may be 
caused by f l o c c u l a t i o n  of  col.loids and blockage o f  t he  w e l l  s c r eens .  
The forced g rad ien t  experiments w i l l  a l s o  provide a test  t o  see  i f  
clogging w i l l  be a problem. If it  i s ,  then l abora to ry  t e s t s  t o  f i n d  
ways t o  minimize clogging a r e  needed. 

6.5 HOLDING TANK 

A r e s e r v o i r  has  been constructed near the i n j e c t i o n  s i t e ,  made o f  
ea r then  embankments with two l a y e r s  of 5-mTA p l a s t i c  as a l i n e r .  I t  
w i l l  hold 20,000 g a l .  A roof i s  constructed over the r e s e r v o i r ,  and a 
sc reen  surrounds the  s i d e s  t o  prevent con tac t  by w i l d l i f e .  

6.5 FIELD SAMPLING FOR COLLOIDS AND OTHER GEOCHEMICAL PARAMETERS 

A p e r i s t a l t i c  pump a t  t he  land su r face  w i l l  be used t o  c o l l e c t  samples 
froin t he  piezometers ( a l l  depths <25 f t ) .  Col loid samples w i l l  be 
c o l l e c t e d  i n  a flow-through system t h a t  prevents exposure t o  
atmospheric oxygen during c o l l e c t i o n  (Fig.  7 ) .  For example, t he  
sample water e n t e r s  n i t r o g e n - f i l l e d  c o l l e c t i o n  b o t t l e s  through a 
syr inge cap r a t h e r  than a b o t t l e  open t o  t h e  atmosphere. 

After  the g rad ien t  f o r  each forced g rad ien t  experiment has come t o  
hydrologic equi l ibr ium, samples w i l l  be c o l l e c t e d  t o  measure 
autochthonous ( n a t i v e )  c o l l o i d s .  These analyses  can be used t o  t r y  t o  
f i n d  an induced g rad ien t  t h a t  w i l l  minimize t r a n s p o r t  and i n t e r f e r e n c e  
of n a t u r a l  c o l l o i d s  with i n j e c t e d  c o l l o i d s  o r  t o  determine the degree 
o f  i n t e r a c t i o n .  A sampling r a t e  of 100 mL/min has been suggested.  

Other c o n s t i t u e n t s  measured t o  desc r ibe  the  sample include pH, Eh, 
dissolved oxygen ( D O ) ,  redox couples, c a t i o n s ,  and anions (Table 4 ) .  
Cornpl-ete chemical screening w i l l  be done f o r  only a Sew samples. A 
glove bag w i l l  be used t o  check some redox spec ie s  i n  the  f i e l d  with 
the  use of ampules. 
parameters (pH, temperature,  D O ,  Eh). 

A flow-through c e l l  w i l l  be used Sou uns tab le  

These a d d i t i o n a l  geochemical parameters w i l l  be used t o  monitor 
s t a b i l i - t y  of the s o l u t i o n s  a s  the experiments progress and t o  suggest 
what chemical and microbiological r eac t ions  might need t o  be considered 
f u r t h e r  ( e . g . ,  microbiological  a c t i - v i t y ,  changing redox s t a t u s ) .  

18 
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.12 INCH I.D. 
PUMP TUBING 

STEP-DOWN 
TUBING SYRINGE 

1181 1 m / /NEEDLE 
1 0 1  TO SAMPLE 

f 
CLAMP FILTER 

114 INCH 0 0. 
PIEZOMETER 

QUICK 

TO FLOW- 

CONNECTOR 

RAMP DISCONNECT 

THRU CELL 
CLAMP SHUTS 

OFF FLOW) 

\ \  FIELD PROBES 

VENTING NEEDLE t 

l m  GLOVE BAG 

PLUG '-'&\SAMPLE TUBING 

\WATER 
DRAIN 

SAMPLE BOTTLE FLOW-MRU CELL 

OR LABORATORY 

Fig.  7 .  Sampling system f o r  c o l l e c t i o n  of  groundwater s a m p l e s  
w i t h o u t  atmospheric c o n t a c t .  
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Table 4 .  Proposed Sampling Summarya 

Ana l y  t e Location Field method 

Dissolved organic carbon (DOC) 

DOC fractions 

Salt tracer 

PH 

Dissolved oxygen 

Eh 

Temperature 

Conductivity 

Alkalinity 

Total inorganic carbon 

Redox couples 
( F e ,  s ,  N) 

Cations 

Anions 

Inorganic colloids 

F, G ,  and L 

L 

L 

L* 

S 

A 

a I, == l a b ,  F = field, C = flow-through cell, G .-= glove bag, L*= 
possible field measurement with Massachusetts Institute of Technology 
or  Argonne National Laboratory collaboration, P = probe, A = ampule 
(Chemet kit), S = spectrophotometer, and T = titration. 
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6.7 SAMPLING SCHEME 

The number of  samples and sampling i n t e r v a l  requi red  f o r  each 
experiment w i l l  be es t imated from a one-dimensional advect ion-  
d i spe r s ion  model. A prel iminary estimate of d i spe r s ion  from o the r  
f i e l d - s c a l e  experiments i n  sandy aqu i f e r s  i n d i c a t e s  2-h sample 
i n t e r v a l s  would be needed f o r  the  conservat ive t r a c e r  a t  a d i s t ance  o f  
2 m f rom the  i n j e c t i o n  w e l l  f o r  t he  forced gradien t  experiment with 
the  proposed g rad ien t  of 0 . 1  (F ig .  8 ) .  The number of samples i n  
subsequent experiments w i l l  depend on f i e l d  values  of d i spe r s ion  
determined during the  f i r s t  experiment. 

Longer i n t e r v a l s  w i l l  be needed f o r  the  nonconservative COM, and 
monitoring f o r  >20 d might be expected around core 4 ,  t he  f i r s t  
experiment s i t e  (Fig.  9 ) .  The length  of  time needed f o r  monitoring 
depends on the  r e t a r d a t i o n  f a c t o r  f o r  the  COM, which has  only been 
est imated i n  the  l abora to ry .  Retent ion could be s t ronge r  i n  the  f i e l d  
i f  i r o n  oxides provide more binding s i tes  than p red ic t ed ,  o r  
breakthrough could occur sooner i f  hydrologic f a c t o r s  ( e . g . ,  
p r e f e r e n t i a l  flow pa ths)  dominate t r a n s p o r t .  Thus, groundwater 
samples w i l l  be monitored f o r  COM a t  d i f f e r e n t  depths before  expected 
breakthrough. 

If no breakthrough of COM i s  de tec t ed ,  des t ruc t ive  sampling of  the 
i n j e c t i o n  s i t e  t o  measure COM sorbed on the aqu i f e r  ma te r i a l  w i l l  be 
used t o  t es t  hypotheses.  Cores  w i l l  be c o l l e c t e d  along the t r a n s e c t  
between the  i n j e c t i o n  and withdrawal w e l l ,  and the  aqu i f e r  mater ia l  
w i l l  be analyzed t o  determine the  quan t i ty  of TOC and TOX sorbed. 
From these  d a t a ,  the  ex ten t  o f  migrat ion of i n j e c t e d  COM can be 
determined, a s  w e l l  as a r e t e n t i o n  c o e f f i c i e n t .  

6 . 8  PHASE I: FORCED GRADIENT EXPERIMENT 

6.8.1 Well Array 

Thc wel l  a r r a y  f o r  t he  forced gradien t  experiments i s  r e f e r r e d  t o  as a 
doublet  t e s t ,  wi th  one i n j e c t i o n  wel l  and one withdrawal wel l  (F ig .  
10). The monitoring w e l l s  would be placed on a l i n e  between these  t w o  
w e l l s ,  where t r a c e r  concentrat ions should be maximized and f l o w  should 
be c l o s e s t  t o  one dimensional. The d i s t ance  between the withdrawal 
and i n j e c t i o n  wel l s  f o r  the  f i r s t  experiment is  5 m. The monitoring 
w e l l s  a r e  l oca t ed  1 . 5  m and 3 m from the  i n j e c t i o n  w e l l ,  where the  
g rad ien t s  are f a i r l y  uniform. A n  advantage of having two monitoring 
wel l s  is  t o  provide a repea t  experiment a t  a s l i g h t l y  l a te r  t i m e  
( f u r t h e r  d i s t a n c e ) ,  The w e l l  spacing w a s  designed t o  provide a t w o -  
order-of-magnitude increase  in  hydraul ic  grad ien t  (from 0.001 t o  O . l ) ,  
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A INJECTION WELL 
V WITHDRAWAL WELL 
EI MULTILEVEL MONITORING WELL 

F i g .  10 .  Forced gradien t  well a r r a y .  
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based on es t imated  hydraul ic  conduct iv i ty  a t  t he  s i t e  and the  s teady-  
s t a t e  Thiem equat ion (F ig .  11). 

6.8 .2  Injection Rate 

Over the  course of a s e r i e s  of forced g rad ien t  experiments,  d i f f e r e n t  
flow r a t e s  w i l l  be used t o  determine the  e f f e c t  of flow r a t e  on 
mobi l i ty  of e x i s t i n g  c o l l o i d s  and i n j e c t e d  c o l l o i d s .  
determined f o r  t he  f i r s t  experiment (based on the  Thiem equat ion a s  
discussed previous ly)  t o  produce a 0 . 1  hydraul ic  g rad ien t  is 300 mL/s 
(-5 gal/min).  
r a t e s ,  l i m i t e d  by dewatering o r  f looding of the  withdrawal and 
i n j e c t i o n  w e l l s ,  r e spec t ive ly .  The i n j e c t i o n  and withdrawal r a t e s  
w i l l  be equa l ,  and withdrawn water w i l l  be r e i n j e c t e d  i n  a continuous 
loop  when the  COM-rich stream water i s  not  being i n j e c t e d .  
l i m i t s  and ranges of flow r a t e s  t o  be t e s t e d  must awai t  the  f i rs t  
f i e l d  t e s t ,  when the  e f f e c t s  of the  a c t u a l  pe rmeab i l i t i e s  of the 
aqu i f e r  can be measured. 

The pumping r a t e  

This pumping r a t e  i s  toward the  upper end of flow 

The a c t u a l  

6 . 8 . 3  S e r i e s  of Forced Gradient Experiments 

The f i r s t  s t a g e  (C1- i n j e c t i o n )  was conducted i n  May 1989, and the 
r e s u l t s  a r e  summarized i n  Appendix B.  The forced gradien t  experiment 
w i l l  proceed i n  th ree  s t a g e s ,  with experiment condi t ions  and 
ob jec t ives  descr ibed  i n  Table 5 .  The f i r s t  experiment will be a s l u g  
i n j e c t i o n  of the  conservat ive C 1 -  t r a c e r .  A prel iminary conservat ive 
t r a c e r  experiment was s t rong ly  recommended by reviewers o f  the  f i r s t  
d r a f t  of t h i s  i n j e c t i o n  p lan .  The second experiment,  i n  the same s e t  
of w e l l s ,  w i l l  be a measure of autochthonous ( n a t i v e )  c o l l o i d s  
c o l l e c t e d  a t  d i f f e r e n t  flow r a t e s  induced by forced g r a d i e n t s .  The 
t h i r d  experiment w i l l  be a continuous i n j e c t i o n  of stream water 
conta in ing  COM ( i n  the same set of w e l l s ) .  
f u t u r e  experiments w i l l  depend on the  da t a  and outcome of  these  f i r s t  
t h ree  experiments.  

The design and l o c a t i o n  o f  

6.9 PHASE 11: NATURAL GRADIENT EXPERIMENT 

6 . 9 . 1  Well Array 

The design of t he  n a t u r a l  g rad ien t  experiment ( e . g . ,  wel l  spacing)  
w i l l  be modified based on the r e s u l t s  of  the  forced g rad ien t  
experiments.  The i n i t i a l  p lan  is  t o  use a 1.ine of f u l l y  pene t r a t ing  
i n j e c t i o n  w e l l s ,  s i x  wel l s  -1 m a p a r t .  Mul t i leve l  monitoring we l l s  
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Table 5. List of experiments for first injection well site 

Experiment 1: Chloride injection 

Conditions:  Pumping r a t e :  100-300 mL/s 
-2000-gal s l u g  of K C 1  s o l u t i o n  i n j e c t e d  
Sample a t  2 m and 3 .5  m from i n j e c t i o n  wel l  
Monitor f o r  C1 every 2 h 

Object ives:  Determine hydraul ic  c o n d u c t i v i t i e s ,  d i spe r s ion  
c o e f f i c i e n t s  a t  f i e l d  s i t e  

Test  equipment, sampling techniques,  l o g i s t i c a l  support  
Determine reasonable sampling r a t e  
Determine reasonable range of v e l o c i t i e s  €o r  

experiment 2 

Experiment 2: Autochthonous colloid mobility under 
different flow velocit ies  

Conditions:  Set  up t,.ree d i f f e r e n t  pumping r a t e s  t o  c r e a t e  
d i f f e r e n t  v e l o c i t y  f i e l d s  

Col lec t  samples to check f o r  autochthonous c o l l o i d s  

Object ives:  Test  e f f e c t  of  flow v e l o c i t i e s  on c o l l o i d  mobi l i ty  
Test cascade u l t r a f i l t e r s  ( i f  a v a i l a b l e  f r o m  Argonne 

National Laboratory) 
Analyze samples with scanning e l e c t r o n  microscope 
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Table 5 .  L i s t  of experiments f o r  f i r s t  i n j e c t i o n  
we l l  s i t e  ( con ' t )  

Experiment 3 :  Col lo ida l  organic mat ter  (COM) stream water 
i n  j e c t ion 

Conditions : Pumping r a t e :  300 mL/s o r  optimum r a t e  determined from 
experiments 1 and 2 

I n j e c t  s eve ra l  thousand ga l lons  of stream water 
containing COM (up t o  8 d of i n j e c t i o n )  

Monitor a t  2 and 3 . 5  m from i n j e c t i o n  we l l  
Co l l ec t  samples every few hour s ,  t o  be determined by 

d i s p e r s i v i t y  measurement (up t o  20 o r  30 d of 
monitoring expected) 

Objectives : Tes t  c o l l o i d  mobil i ty  hypothesis 
Determine v a r i a b l i t y  of  r e t e n t i o n  i n  d i f f e r e n t  1.ayers 

and o b t a i n  f i e l d  value f o r  r e t a r d a t i o n  
Determine which f r a c t i o n s  o f  COM a r e  mobile 
Determine whether background geochemical condi t ions 

( e . g . ,  d issolved oxygen, pH) a r e  s t a b l e  throughout 
i n j e c t i o n s  

I f  necessary,  d e s t s u c t i v e l y  sample a q u i f e r  ma te r i a l  t o  
b e t t e r  understand r e t e n t i o n  mechanisms 
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will be placed 1, 2, 4 ,  8, and 16 m down gradient from the injection 
line, with three to five wells in each line. 

6 . 9 . 2  Injection Rate 

The injection rate for the natural gradient experiment will be 
determined after the forced gradient experiments are complete. It 
will be necessary to consider several factors in determining the 
injection rate: (1) desired flow velocity, (2) effects on the water 
table, ( 3 )  effects on well clogging and mobilization of colloids, and 
( 4 )  dilution of the injected COM. 
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APPENDIX A :  SUMMARY OF INJECTION PLAN REVIEW 
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A.l AGENDA FOR MEETING WITH REVIEWERS 

AGENDA 

South Carolina Colloid Injection Experiment Review 

PURPOSE: 
a technical review of proposed plans for an intensely monitored field- 
scale colloid tracer injection experiment. 

The purpose of  this one-and-a-half-day meeting is to obtain 

T H U R S . ,  FEB. 23 

7:15 - 8:OO Breakfast on your own 

8 : O O  Leave for Baruch Institute (meet in hotel lobby) 

I. Presentation and discussion of research program: In this section 
we will present our research plan for studying colloid mobility. 
Although there are a number of semiformal presentations, we have 
allowed time for questions and discussion under each topic. The goal 
of this section is to present a clear set of  tasks for the research 
and to reach a consensus on the purpose and merit o f  these tasks. 

I . A .  Overview of colloid research: 
broad research plan and laboratory research in support of the 
injection experiment. 

We will begin by describing the 

9100 - 9 :05  Introduction 

9 : 0 5  - 9:45 Background on colloid research (McCarthy) 
Overview of research tasks 
Discussion of  hypotheses 

9 : 4 5  - 10:30 Laboratory research in support of  project (Jardine)-- 
preliminary findings & proposed experiments 

10:30 - 1 0 : 4 5  Break 

I.B. Discussion of injection site: We will discuss existing data to 
characterize the site and visit the location of the proposed injecti.on 
experiment. 

10:45 - 11:15 Review of existing field data (Toran & Williams) 

11:15 - 12:OO Discuss regulatory environment (Williams) 
Discuss proposed injection & monitoring schemes (Toran  
& Williams) 
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12:oo - 1:oo Lunch catered on site 

1:OO - 3:OO Visit field site (Williams) 
Review field equipment 

11. Revisions of the research plan: In this section, we will focus on 
critiques o f  the research plan. The goal is to come up with a 
specific set of revisions that will improve the injection experiment 
and the overall research. 

1I.A. Injection plan: We will begin by working on a consensus about 
the goals and techniques to be used in the field injection experiment. 
Particular emphasis will be placed on potential logistical, sampling, 
and characterization problems we may encounter and on suggestions from 
reviewers concerning how to avoid o r  deal wit-h tihese practical 
problems. The decisions made in this discussion w i l l  be used to write 
the final draft of the i-njection plan. 

3:OO - 3:30 Data aquisition, analysis, and expected results 
(Toran) 

3:30 - 5100 Crit:ique and discussion (group) 
Reach a consensus on decisions about injection design 

FRI., FEB. 24 (Meeting in conference room at Best Western, Myrtle 
Beach) 

1I.B. New research and modeling needs: We will discuss statistical 
approaches proposed for the research and discuss other possible 
research needs. We will reach a consensus about future directions of 
the research and whether the current plan will lead to these 
direc t:i.ons , 

8 ~ 3 0  - 9 . 1 5  Discuss geostatistical approaches to spatial and 
temporal variability (J ardine) 

9:15 - 1O:OO Reviewers' suggestions for modeling approaches (Toran, 
Sudicky, Killey) 

1O:OO - 10:45 Alternative field techniques (Killey, Sudicky) 

10:45 - 11130 Identification of additional research (group) 
Reach a consensus on future directions 

11:30 Adjourn for lunch and airplanes 
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A . 3  SUMMARY OF CHANGES SUGGESTED BY REVIEWERS 

1. 
t r a c e r  on our allochthonous ( i n j e c t e d )  c o l l o i d a l  organic  matter (COM), 
which would al-low us t o  d i s t i n g u i s h  it from autochthonous (na t ive )  COM 
i n  t h e  n a t i v e  a q u i f e r  ma te r i a l  and groundwater. The t r a c e r  suggested 
i s  c h l o r i n a t i o n  of  the i n j e c t i o n  water ,  which would l a b e l  t he  i n j e c t e d  
organic mat ter  with c h l o r i n e ,  as we l l  as k i l l  t he  b a c t e r i a  as r equ i r ed  
by the i n j e c t i o n  permit .  I n  a d d i t i o n ,  we might have b e t t e r  d e t e c t i o n  
l i m i t s .  The c h l o r i n a t i o n  takes  p l ace  i n  extreme a l k a l i n e  cond i t ions ,  
s o  t he  ch lo r ide  i n j e c t e d  i n  the  experiment w i l l  n o t  c h l o r i n a t e  any 
n a t u r a l  COM. A l abo ra to ry  study has begun t o  f i n d  ou t  what t h e  
chemical e f f e c t s  of c h l o r i n a t i o n  would be ( i . e . ,  how much our 
i n j e c t i o n  COM w i l l  be a l t e r e d ) .  

The reviewers suggested t h a t  we would b e n e f i t  g r e a t l y  from a 

2 .  A few simple l abora to ry  column experiments with a q u i f e r  ma te r i a l  
and i n j e c t i o n  COM were recommended t o  he lp  design the  conf igu ra t ion  o f  
the i n j e c t i o n ,  sampling, and withdrawal w e l l s .  These experiments w i l l  
a l s o  provide s i t e - s p e c i f i c  d a t a  f o r  prel iminary modeling. 

3 .  Our f i r s t  i n j e c t i o n  experiment should be a s i n g l e  i n j e c t i o n -  
withdrawal p a i r ,  us ing a conservat ive t r a c e r  a lone.  An i n j e c t i o n  r a t e  
of 1 t o  7 gal/min has  been suggested,  b u t  a d d i t i o n a l  c a l c u l a t i o n s  
(using Thiem equation) were recommended as hydrau l i c  conduc t iv i ty  d a t a  
become a v a i l a b l e .  

4 .  Ilydraulic conduct ivi ty  should be cha rac t e r i zed  as ex tens ive ly  a s  
p o s s i b l e .  We have obtained a d d i t i o n a l  cores  ( 1 2 )  from the f i e l d  s i t e  
t o  do K measurements, as wel l  as chemical c h a r a c t e r i z a t i o n  of the 
a q u i f e r  ma te r i a l  on an extensive spa t i a l .  s c a l e .  

5 .  We could sample CO, gas before  and during the  i n j e c t i o n  experiments 
t o  study poss ib l e  b a c t e r i a l  a c t i v i t y .  Dissolved oxygen measurements 
and t o t a l  inorganic  carbon can provide an i n i t i a l  s c reen  f o r  t h e  
p o s s i b i l i t y  of microbial  a c t i v i t y  during i n j e c t i o n .  

6 .  The i n j e c t i o n  water needs t o  be sampled pe r iod i - ca l ly  during the  
experiment. 

7 .  Options f o r  t h e  monitoring system and coring were discussed.  
Rundle piezometers and v ib raco re  were recommended. 

8 .  
curves determined i n  t h e  f i e l d .  

Linearized K d ' s  should not  be used i n  modeling the  COM breakthrough 

36 



APPENDIX B: RESULTS OF CHLORIDE TRACER TEST 
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B.1 FIRST STAGE 

The first stage of the forced gradient experiment, the chloride tracer 
test, was conducted May 18-22, 1989, in the southwest portion of 
Hobcaw Field (Fig. B - 1 ) .  Two multilevel monitoring wells were 
installed (15 em apart) with 11 different sampling depths between 1.05 
and 2.55 in. The tubes were bundled around two 1/2-in. PVC pipes and 
one 2-in. pipe. These three pipes were used for water Level 
measurements (Fig. B - 2 )  at 2.7 rn, 2.2 m, and the water table 
(approximately 0 . 6  to 0.9 m). 
17, 1989, with a 1 gal/min injection/withdrawal rate. The next day 
800 gal of a 100-ppm KCl solution was injected. 
sample port was analyzed for the breakthrough of chlorine tracer with 
samples collected approximately every 2 - 4  h (longer at the end of  the 
experiment) for 4 d. 
analyzed in the field. 
as dissolved oxygen, conductivity, pH, and Eh were checked three times 
during the experiment. 

The flow gradient was initiated on May 

Each monitoring 

About 600 samples total were collected and 
Several groundwater chemical parameters such 

The results of this experiment indicated the following: 

1. 

2. 

3 .  

Hydrologic gradients were constant and stabilized quickly (within 
1 d) in response to the forced gradient imposed by pumping the 
withdrawal well and injecting at the same rate into the injecti-on 
well. 

Three distinct velocity zones were observed with depth. The 
velocity of the fastest and slowest zones differed by almost 
fivefold (Table B - 1 ) .  

Chloride breakthroughs were observed sequentially at the 
monitoring wells located 1.5 m and 3 m from the injection well, 
with peak effluent concentrations between 208 and 100% of the 
influent concentrations (Fig. B - 3 ) .  Modeling o f  the breakthrough 
curves with the classical advection-dispersion equation revealed 
large heterogeneities in solute dispersion (Table B-1). 

These results are important in planning and anticipating results of  
future experiments. First, we demonstrated that the forced gradient 
can be induced and gained valuable logistical experience. Secondly, 
we determined that future samplings can concentrate on three horizons 
with markedly different flow rates. Sampling and analysis can be 
concentrated on more intensive characterization of these three 
horizons, with minimal investment of  effort on intermediate zones. 
Finally, it was apparent that the "fast" horizon was also 
characterized by high levels of suspended solids in the groundwater, 
suggesting a correlation between high flow velocities and colloid 
mobilization. Eased on these observations, we anticipate that strong 
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contrasts will be observed when the colloidal organic matter (COM) 
solution is injected. We anticipate that chemical interactions of COM 
with aquifer material will control transport in the "slow" horizon 
because the slow transport will permit equilibration of the COM with 
the aquifer material. In contrast, we anticipate that hydrology will 
dominate COM transport in the "fast" horizon. In this case, we expect 
COM to be rapidly transported by the rapid groundwater flow and have 
less time to interact with sorptive surfaces. Furthermore, we expect 
the COM to break through rapidly as an organomineral complex due to 
sorption of the COM on mobile clay mineral and iron-oxide particles 
observed at this horizon. 
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ORNL-PHOTO 3902-89 

Fig. B-1, Field site for forced gradient experiment. 
the right; ‘the withdrawal well, on the left. 
also shown (for water recirculation). 
wells are inside the tent. 

The injection well is oh 
The return piping is 

The two multilevel monitoring 



ORNL-PHOTO 3898-89 

'1 
'k 

Fig. B - 2 .  Water level measurement in multilevel monitoring well. 
Small tubes for water sampling are connected to 
peristalitic pump. 

42 



Table B-1. Dispersion and velocity calculation from 
CXTFIT, a least-squares curve-fitting model 

Modeled Modeled 
velocity dispersion Dispersivity 

(v, c m / h )  (D, cm2/h) 

1.5-1.2 
-2.1 
- 2 . 4  

3 - 1 . 2  
- 2 . 4  

6 . 5  
3 . 4  
3 .7  

3 
3 . 3  

143 
19 5 
349 

16 
69 

22 
57 
25 

5 
21 

'ID number is distance from injection well in meters followed by a 
dash and depth of injection well in meters. 
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F i g .  R - 3 .  Measured and modeled breakthrough curves f o r  C 1  i n j e c t i o n s  
f o r  IDS (a) 1 . 5 - 1 . 2 ,  (b) 1 . 5 - 2 . 1 ,  ( c )  1 . 5 - 2 . 4 ,  (d )  3 - 1 . 2 ,  
and ( e )  3 - 2 . 4 .  I D  number i s  d i s t ance  from i n j e c t i o n  we l l  
i n  meters followed by a dash and depth of inject i -on wel l  
i n  meters.  
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B . 2  NEXT STAGES 

The next two components of our forced gradient injection plan, the 
velocity variation and COM injection, were planned for October 1, 
1989. Arrangements had been made to have collaborators from Argonne 
National Lab (ANL) and the U . S .  Environmental Protection Agency 
(EPA-Athens) present during the experiments to analyze groundwater 
samples by a cascading hollow-fiber filtration apparatus designed by 
ANL and to characterize mobile particles with respect to abundance, 
size, and surface charge using photon correlation spectroscopy and 
particle electrophoresis (using EPA's Zetasizer 11). Unfortunately, 
1 week before the start of  the experiment, Hurricane Hugo devastated 
the South Carolina coast. The Marine Laboratory at the Baruch 
Institute was destroyed, the brown-water stream used as a source of 
COM injection solution was flooded tinder several feet of  saltwater, 
and Hobcaw Field was submerged by 9 in. of rainwater (but no saltwater 
intrusion occurred). Furthermore, 30% of the trees in the Baruch 
Forest Science Institute were blown down, creating logistical problems 
of site access and power hookups. In addition, the winds appeared to 
have damaged the reservoir holding the 20,000 gal of injections 
solution, which leaked from the reservoir. The reservoir is being 
repaired, and the plastic liner may need to be replaced. 

In addition to destroying our source of injection water, the 
groundwater chemistry of the injection site was affected by the 
hurricane. The groundwater was anoxic when access to the site was 
reestablished several weeks after the hurricane. Rotitine sampling o f  
groundwater chemistry was established to monitor recovery of the site. 
The reason for the depleted dissolved oxygen concentrations arid 
decreased Eh is not known, but these changes may have been caused by 
increased biological oxygen demand due to flushing o f  organic matter 
or inorganic nutrients from the surface during the flooding. 
Bacterial activity in the groundwater before Hugo appeared to be l o w ;  
groundwater from the site did not support growth (increased biomass) 
of any of  three species of bacteria, including a strain isolated from 
the Hobcaw Field site. Bacterial growth was stimulated if the 
groundwater was supplemented with inorganic nutrients, especially 
phosphorus (A. V. Palunbo, OWL, personal communication to J .  F. 
McCarthy, OWL, January 1990). Since the dissolved organic carbon 
(DOC) concentration of the groundwater did not increase substantially 
after the flooding from the hurricane, it is perhaps more likely t h a t  
the flooding mobilized inorganic nutrients, which enhanced growth of  
endogenous bacteria in the aquifer. The forced-gradient DOC injection 
will have to be delayed until groundwater chemistry is stabilized. 
Furthermore, it may be necessary to identify another source of COM 
injection solution since the watershed feeding the stream we had been 
using has been severely affected by the saltwater. Unless the stream 
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chemistry recovers soon, this change may require extensive trucking of 
large quantities of water, possibly from a well-characterized site in 
North Carolina. 
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