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INTRODUCTION 

Basement core collected over a forty year 
campaign at the Savannah River Site and 
surrounding environs affords an unparalleled 
opportunity to observe Appalachian basement 
rock and its alteration during Mesozoic rifting 
and subsequent Tertiary tectonism. The 
structures that are preserved would surely not 
survive long at the earth's surface, and have 
the potential to change how we think about the 
history of Piedmont rock exposures we use for 
detailed bedrock geologic mapping.  
Remarkably no less than 5000m of core 
sample fault zones that have been 
intermittently active throughout the 
Phanerozoic. These fault zones acted as 
conduits for fluids throughout the Mesozoic 
and Cenozoic. Additionally, evidence 
presented here and elsewhere in this volume 
indicates that syn- and post-depositional 
faulting of the Tertiary section is 
fundamentally controlled by long-lived 
Appalachian structures.  

The following short paper draws on our in 
press or submitted manuscripts for Geological 
Society of America Bulletin, American 
Journal of Science, and Geological Society of 
London treating the geochemistry and 
petrology of metamorphosed Neoproterozoic 
arc rocks underlying SRS, the Paleozoic 
structure of those rocks, and evidence for 
Mesozoic and younger fluid flow and 
pseudotachylyte generation. This work was 
supported by South Carolina Universities 
Research and Education Foundation contract 
170.  

We are grateful to Randy Cumbest, Sharon 
Lewis, Van Price, Doug Wyatt (all at Site 
Geotechnical Services for all or some fraction 
of the time this work was done), Tom Temples

(at DOE during the time this work was done) 
for their assistance and support during the 
study. Josh Mauldin, Hampton Uzzelle, 
Lynda Bolton, John Harper, and Tom Creech 
assisted in this work.  

Lithology 

Greenschist to granulite facies 
metamorphosed volcanic arc rocks that 
underlie the Savannah River Site are divided, 
from northwest to southeast, by metamorphic 
grade, into the Crackerneck Metavolcanic 
Complex, Deep Rock Metaigneous 
Complex, and Pen Branch Metaigneous 
Complex (Fig. 1; Dennis and others, 2000, 
Shervais and others, 2000). The Crackerneck 
Metavolcanic Complex are the lowest grade 
rocks and comprise very weakly 
metamorphosed mafic and felsic tuffs, with 
relict lapilli. These are best observed in wells 
P30 and P6R (Fig. 2). Deep Rock 
Metaigneous Complex is made up of the Deep 
Rock Metavolcanic Suite and the DRB 
Metaplutonic Suite. Rocks of the Deep Rock 
Metavolcanic Suite are generally dark grey
green mafic metavolcanic rocks, "well
exposed" in DRB wells 2-7 at depths from ca.  
1100' to ca. 1900'. These metavolcanic rocks 
are locally garnet-bearing, indicating 
amphibolite facies conditions. These rocks 
are cut by metamorphosed mafic and felsic 
dikes that locally preserve good primary 
textures. The DRB Metaplutonic Suite 
comprises metadiorite and (locally mylonitic) 
quartz diorite gneiss. In the DRB-1 where this 
rock is observed, a serrated contact between 
the diorite and well-foliated mafic 
metavolcanic rock is observed. Furthermore, 
deformation in the diorite is very 
heterogeneous and may be best described as 
thin, late stage anastomosing shear zones.  
The Pen Branch Metaignous Complex is
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likewise made up of The Pen Branch 
Metavolcanic Suite and PBF Metaplutonic 
Suite. The Pen Branch Metavolcanic Suite is 
made up of distinctive layered (transposed) 
intermediate to mafic orthogneisses. These 
rocks are observed in PBF-7 between 2500
3500 where they are screens within the PBF 
Metaplutonic Suite, and between 3600-3648' 
(TD) in that well. Pen Branch Metavolcanic 
Suite is also observed in the Seismic 
Attenuation (SA) Core in spot cores between 
1959' and 4002'. The PBF Metaplutonic 
Suite is best observed in PBF-7 and is a 
garnet-bearing granodiorite to granodiorite 
gneiss, locally with hornblende megacrysts.  
In that well it is heterogeneously deformed, 
with a locally intense K-metasomatic 
overprint. The variety of deformation and 
metamorphic textures in this unit, as well as 
the variability of the metasomatic overprint is 
displayed in PBF-7 2550'-3600'.  

A schematic interpretation of the temporal or 
stratigraphic relations between these units is 
presented in Figure 3.  

Dennis and others (1997) report U-Pb zircon 
ages and Sr and Nd isotopic data for the DRB 
Metaplutonic Suite and PBF Metaplutonic 
Suite. Dennis and others (1997) report U-Pb 
zircon crystallization ages of 625.1+ 1.4 Ma 
(weighted mean 20 7Pb/ 2 06Pb dates of four 
size fractions) and 619.2 ± 3.4 Ma (average of 
20 7Pb/2 06Pb dates from only two size 
fractions analyzed) for the PBF-7 granodiorite 
and DRB-1 diorite respectively. Neither 
sample showed evidence of inheritance. INd 
values for PBF-7 and DRB-1 rocks are 2.0 and 
3.5 respectively (Dennis and others, 1997).  
DRB-1 tonalite yields a 8 7 Sr/86Sr ratio of 
0.701939. Sr isotopic systematics of PBF-7 
granodiorite are significantly complicated by 
the addition of Rb during the pinking event 
discussed below, but a primary initial ratio of 
0.703 may be estimated.  

Based on the differences between Nd isotopes 
in PBF Metaplutonic Suite and DRB 
metaplutonic suite and similarities in REE 
chemistry (unpublished data, Dennis and 
others, 2000, Shervais and others, 2000)

between Pen Branch Metaigneous Complex, 
Deep Rock Metavolcanic Suite and differences 
in REE patterns between those two "units" 
and DRB Metaplutonic Suite we interpret that 
The DRB Metaplutonic Suite may be faulted 
into a Pen Branch Metaigneous Complex
Deep Rock Metavolcanic Suite intrusive
extrusive complex. We interpret that this 
faulting may have occurred in Neoproterozoic 
time, and may have served to initially localize 
the Tinker Creek nappe.  

Alleghanian (Pennsylvanian) Structure 

A body of evidence supports a faulted 
overturned nappe limb as the likely contact 
between the Pen Branch Metaigneous 
Complex and Deep Rock Metaigneous 
Complex. The overturned nappe limb is called 
the Tinker Creek nappe, and the shear zone 
that "decapitates" the Tinker Creek nappe is 
called the Four Mile Branch fault. The name 
Four Mile Branch fault has been used 
previously in the SRS region to describe 
offsets of Tertiary strata by Wyatt and others 
(1996) and Harris and others (1997). We 
interpret the Tinker Creek nappe and Four 
Mile Branch fault to be Carboniferous in age 
based on the similarity of structural style with 
that observed in the exposed eastern Piedmont 
of South Carolina (e.g., Maher , 1987, Secor 
and others, 1986), supplemented by a single 
4 0 Ar/3 9 Ar age (305±5 Ma) of a hornblende 

neoblast from these rocks reported by Roden 
and others (1996).  

The evidence supporting the interpretation 
that the structure underlying the DRB (1-7) 
well array is an overturned nappe limb 
includes parasitic folds, chloritic slip surfaces 
and shear bands, and evidence of extensive 
transposition (Fig. 4). These data have been 
supplemented by P-T calculations based on 
garnet-biotite thermometry that support 
inferences based on map-scale petrology, and 
the seismic reflection processing of 
Domoracki (1995). These structures (Tinker 
Creek nappe - Four Mile Branch fault) 
controlled the location of the Triassic 
Dunbarton basin border fault. An
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Andersonian (1951) analysis supports this 
interpretation. Tinker Creek nappe 
mesoscopic structures such as the chloritic 
slip surfaces were later reactivated as conduits 
for fluid flow (pinking event), gouge zones, 
and ultimately pseudotachylyte.  

Mesoscopic structures that indicate nappe 
emplacement from southeast to northwest are 
abundant in DRB formation and include 
parasitic folds, chloritic slip surfaces and 
shear bands (Fig. 5). These structures are best 
represented in DRB well series, particularly in 
DRB-6. Mesoscopic folds interpreted to be 
parasitic have a down dip vergence that 
indicates an overturned limb geometry. The 
trailing limb of these mesoscopic folds has a 
dip of 50-60' typically (assuming that the core 
is vertical), and an overturned limb that is 
nearly horizontal. Interlimb angles are usually 
in the range of 30-60'. It can be shown that 
the axes of these folds are nearly horizontal.  
Most foliation dips are in the range of 40-60' 
in DRB formation; rarely are dips 
subhorizontal. There are also "floating" 
isoclinal fold hinges, intact isoclinal folds, and 
evidence for transposition within the DRB 
formation. Probably most of this isoclinal
transposed fabric records nappe deformation 
but some may record a Late Precambrian 
orogenic event.  

Chloritic slip surfaces cross-cut parasitic, 
mesoscopic folds and transposed layering, and 
show hanging wall up offset. Chloritic slip 
surfaces have the same strike as foliation and 
almost always dip in the direction of foliation, 
but with a shallower dip, ca. 30-50' (Fig. 5g).  
A small fraction have the opposite dip. The 
surfaces range in thickness from less than 1 
mm thick to 4 mm thick. Sense of offset 
across these features is consistently 
hangingwall up. The amount of offset can be 
up to several cm. Chloritic slip surfaces are 
separated by 2-10 cm. In DRB-6 are 
spectacular examples of down-dip vergent 
(overturned limb) parasitic folds cross cut by 
hangingwall up chloritic slip surfaces. The 
precise origins of the geometry of these 
surfaces and the chlorite along them are 
unclear, but are of considerable interest.

Mesocopic shear bands are present in both 
vertical and horizontal sections of core, and 
indicate hangingwall up, and dextral motion 
respectively. Horizontal sections of a few 
samples showed sinistral shear sense. It was 
not possible to discern overprinting relations 
of dip-slip and strike-slip shear bands. It may 
be simplest to intepret these structures as 
having formed during dextral tranpression that 
has not been partitioned spatially as it seems 
to be the case of the Irmo shear zone and 
Augusta fault (Secor and others, 1986; Maher 
and others, 1991).  

Norian (Late Triassic) Metasomatism 
"The Big Pink" 

The Dunbarton Triassic basin (Marine, 1974; 
Marine and Siple, 1974) is one of a well 
studied array of basins described by Olsen and 
others (1991) related to opening of the present 
day Atlantic. The border fault rocks and 
fanglomerates of the northwestern margin of 
the basin are well exposed in coreholes PBF-7 
and 8. Mesozoic and younger veining and 
alteration paragenesis are generally best 
expressed in these wells.  

Pinking Event 

The effects of a hydrothermal alteration 
("pinking") event are widespread and 
heterogeneous in Pen Branch Metaigneous 
Complex and Deep Rock Metaigneous 
Complex. Hot waters with abundant 
dissolved silica, K and Al were responsible 
for metasomatic alteration along fracture 
surfaces and foliation planes. Hydrolysis of 
groundmass biotite in the PBF-7 granodiorite 

is interpreted to be the source of K+; this 
phase is consistently altered to chlorite in the 
unpinked granodiorite. In DRB rocks, pinking 
is observed as zones typically less than 1 cm 
thick that reactivate chloritic fractures or 
quartz veining.  

Pinking of the PBF granodiorite occurs as 
limited alteration proceeding along foliation 
planes with grain size reduction and 
nucleation of quartz and potassium feldspar
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grains along the faces of potassium feldspar 
megacrysts parallel and adjacent to foliation 
planes. It is also observed as veins of 
alteration cross-cutting foliation. In pinked 
rocks, sericitization of plagioclase feldspars is 
observed, and these crystals appear to have a 
dusty coating in thin section. Microprobe 
analysis indicates that the An content of 
plagioclase is <An5.  

Pinking may occur along fractures in as a 
band less than 5mm thick, or as broad zones 
that affect ten's of meters of core (Fig. 6).  
The most spectacular location that this effect 
may be observed covers the range 3496' (box 
167) - 3602' (box 173) in PBF-7, over which 
the rocks are completely pinked with less than 
5% mafic minerals. The presence of garnet 
and altered hornblende megacrysts (altered to 
magnetite and pyroxene) in a felsic gneiss 
affirms that the protolith of these rocks was 
the PBF-7 granodiorite. These rocks are very 
hard and recrystallized as befits the 
silicification accompanying their alteration.  
Few later fractures crosscut this zone. Below 
this zone, there is no evidence of pinking, and 
the rock is a garnet amphibolite. Biotite and 
amphibole have not been chloritized.  

An isocon diagram (Fig. 7; O'Hara, 1988, 
1990; O'Hara and Blackburn, 1989; Grant, 
1986, after Gresens, 1964) was prepared for 
the PBF-7 granodiorite. The construction of 
this diagram requires the ratio of major and 
trace element analyses for altered rock 
(pinked) and protolith (unpinked) be 
calculated, and scaled such that all ratios may 
be observed on a single plot. If a 
metamorphic or hydrothermal event is 
isochemical the ratios of analysed elements or 
oxides in the altered rock and protolith will 
equal I and lie along a line with a slope of 1.  
Deviations from a slope of 1 may suggest 
relative enrichment (>1) or leaching (<1).  
However if certain trace elements are 
immobile (e.g., Ni, Sc, Zr, Cr, Ti, V), then the 
line that passes through those elements' ratios 
on the isocon diagram may demark the 
boundary between leaching and enrichment in 
other elements. Using this logic, it is 
concluded that MnO, MgO, and to a lesser

extent CaO are relatively depleted in the 
pinked rocks and K20, Na20, SiO 2 , Rb, and 
to a lesser extent A1203 are enriched in the 
pinked rocks.  

Pinking is observed to cross-cut different 
deformation-metamorphic facies of the PBF 
Metaplutonic Suite granodiorite and thus must 
postdate the event responsible for fabric 
differences. Kish (1992) reports a 2 point Rb
Sr isochron of 220±5 Ma (Norian) for a 
granite recovered from the C-10 borehole.  
Petrography and chemistry of this sample 
confirm that it has been pinked, and that it is 
similar to the PBF-7 granodiorite. The 
isochron is interpreted to date the pinking 
event in this area. That the pinking is most 
intensive in the PBF-7 well, and that the 

biotite (interpreted to be source of the K+) is 
ubiquitously altered to chlorite in the PBF-7 
granodiorite suggests that the Dunbarton 
Basin border fault was the conduit for the 
pinking event hydrothermal fluids. It is 
estimated that the temperature of the waters 
was low enough to allow chlorite and 
oligoclase to form.  

Greening Event 

A "greening" event postdates the pinking 
event. In crystalline rocks (particularly of the 
PBF-7 core) this event is recognized by 
epidote (and rare pyrite) veining that may 
cause local brecciation as the vein is injected.  
Epidote veins are generally 1 mm- 1 cm thick 
and fine-grained. The veins typically have the 
same strike as foliation, and dip steeply in the 
same direction (concordant), or in the opposite 
direction (discordant). The effects of the 
greening are, however, most spectacularly 
developed in Triassic fanglomerates of PBF-7 
(Fig. 8; boxes 10-21, footage 1150-1330).  
The matrix of these conglomerates is no 
longer brick red but instead is a pale green, 
and an irregular white and grey rind (5mm to 
1 cm thick) appears on oxidized gneiss clasts 
greater than 2-3 cm in diameter (Fig. 8). The 
alternating white and grey bands correspond 
to gneissosity in the oxidized clast, and 
interpreted to represent partially resorbed 
edges and the penetration of reducing fluids
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along gneissosity. In box 10 it is apparent that 
shallowly dipping fractures (< 250 dip) control 
greening, and greening extends 1-10 cm away 
from these fractures. In boxes 13-18 this 
greening of conglomerate matrix is complete.  
Microprobe analyses of fibrous intergranular 
material (cement?) in the (PBF-7-16) matrix 
indicate that this is green muscovite. Locally 
this material contains fine disseminated pyrite.  

Similar relations are observed in GCB-2-648' 
(Fig. 8). Here saprolitized Triassic 
fanglomerate is observed. The matrix 
comprises coarser grained white to creamy 
green material, while the clasts are finer 
grained (clayey) and brick red. The margins 
of these clasts are discernible as reduced 
ghosts in the matrix, while the clasts' reddish 
interiors have very highly irregular shaped 
that are again interpreted as the delimiting the 
extent of penetration of reducing fluids along 
foliation. In poorly sorted Cretaceous (?) 
sediments 30' above (GCB-2-615') the reduced 
fanglomerate, a clot of euhedral chalcopyrite 
grains 2.5 cm x 5 cm (long axis) parallel to 
bedding plane is recognized. It is unlikely that 

this (> 10 cm 3) euhedral sulfide clot is a 
detrital clast (in sand), and it is interpreted to 
record the greening event in Coastal Plain 
rocks.  

The "greening" event indicates a flushing of 
reducing waters along Triassic basin border 
faults, that may be related to migration of 
hydrocarbons derived from Triassic 
sedimentary rocks (e.g., D. Richers, pers.  
comm.) The presence of chalcopyrite in rocks 
tentatively identified as Cape Fear, 
approximately 10 m above reduced clasts and 
matrix of a thin zone of preserved Triassic 
fanglomerate in GCB-2-648, suggests that this 
event postdates Cape Fear deposition 
(Coniacian). Differences in oxidation state 
between Cape Fear rocks and overlying red 
and yellow Middendorf Formation (?) sands 
indicate that the greening event occurred prior 
to Middendorf deposition in the Santonian 
(86.6-83.0 Ma). Furthermore the presence of 
reduced fanglomerate in GCB-2 suggests that 
a border fault of another Triassic sub-basin 
may lie in the the vicinity of the GCB-2 well.

Quartz Veining and Vuggy Quartz 

Quartz veining, locally quite vuggy, cuts 
epidote veins in PBF-7 core. These veins are 
subparallel to epidote veins when crosscutting 
relations are observed. The veins generally 
have the same strike as foliation, and usually 
dip parallel to foliation or less commonly in 
the opposite direction. The veins can be 
irregular and not simple planar features. They 
are typically not more than 2 cm thick, but 
thick veins may present open vugs up to 7 mm 
lined with well terminated crystals. These 
vuggy veins are most notable below PBF-7
(box) 111-2662, and occur with irregular 
increasing frequency through box 163-3452', 
and then less frequently in completely pinked 
mylonite through 173-3602'. Thick veins may 
also contain cm-scale clasts of the variably 
pinked granodiorite gneiss they cut. Both 
these observations strongly suggest high fluid 
pressures in the vicinity of the Dunbarton 
Basin border fault during Late Mesozoic 
through Paleogene time.  

Zeolite + calcite 

Zeolite ± calcite, locally euhedral, veins cut 
and locally fill vuggy quartz veins throughout 
DRB and PBF formations. These veins are 
subparallel to foliation as the epidote and 
quartz veining events, but may crosscut 
foliation. The zeolite is typically pinkish 
orange or less commonly white. Very 
commonly it forms radiating sprays, less than 
2 cm in diameter, of euhedral crystals, less 
than 1 cm in length, on the fracture surface.  
Calcite is typically colorless and rarely forms 
euhedral blocky crystals.  

Strike normal zeolite 

Nearly vertical (75-90'), nearly "strike
normal" zeolite-filled fractures are very 
common in DRB and PBF formation rocks.  
Map view of individual core segments 
indicates that often the strike of veins is 15
20' clockwise of foliation dip direction rather 
than precisely strike-normal. The veins are 
typically less than 1 cm thick, and are filled 
with pinkish orange to white crystals. Some

E-5

WSRC-MS-2000-00606



Carolina Geological Society, 2000 Annual Field Trip Guidebook

veins show evidence of (considerable) 
indeterminate amounts of offset, but this 
offset must predate filling of fractures by large 
well-formed crystals.  

Approximately strike-normal joint sets have 
been recognized in the eastern Piedmont of 
South Carolina during the course of detailed 
bedrock mapping by the authors (unpublished 
data; Bartholomew and others, 1997, Brodie 
and Bartholomew, 1997, Heath and 
Bartholomew, 1997). Assuming a regional 
strike of 065 it is estimated that the orientation 
of the "strike-normal" zeolite filled fracture 
set is 350-355', and probably indicates an 
episode of approximately E-W extension, 
accompanied by minor strike-slip motion.  

Understanding the timing of this motion is 
important for an understanding of Teritary 
regional kinematics; Dennis and others (2000) 
report an attempt was made to date these 
mineralized veins. These efforts were 
encouraged by the report of Secor et al. (1982, 
p. 6952) of the successful K-Ar dating of a 
strike-parallel (060) set of zeolites in the 
Carboniferous Winnsboro (SC) granite near 
the Virgil Summer nuclear station. The age 
reported is 45±5 Ma (South Carolina Electric 
& Gas Company 1977). This set is post-dated 
by a second zeolite array oriented 332 
(approximately "strike normal" to regional 
strike, Secor et al. 1982, their fig 5c.) that 
shows several cm of oblique slip. Both sets 
are reported to be steeply dipping. Based on 
microprobe analysis, PBF-7 strike-normal 
zeolite crystals are laumontite-chabazite and 
have K in the range of 0.2 weight percent. A 
single 3 gram sample (PBF-7-139-3089) of 
handpicked (2mmx7mm) zeolite grains 
yielded a conventional K-Ar age of 22.9±1.5 
Ma. This is considered to be a minimum age, 
because radiogenic Ar may have been lost 
from the system continuously or episodically 
since the crystals formed. Other strike normal 
zeolites from the SRS basement should be 
dated in an effort to push this minimum age 
back.

Pseudotachylyte 

Over two dozen pseudotachylytes have been 
recognized in core (Fig. 9). The common 
characterstics of these features are 1) 
formation in a fine-grained intermediate to 
mafic protolith; 2) nucleation along pre
existing, thin chloritic slip surfaces; 3) 
evidence that suggests K-metasomatism along 
chloritic slip surfaces influenced 
pseudotachlyte generation, perhaps by 
reducing the melting temperature of chloritic 
gouge; 4) evidence for multiple events within 
a single pseudotachylyte vein; different events 
are recognized based on discrete banding of 
hydrated or devitrified vs. glassy or simply 
aphanitic matrix; 5) preservation of angular 
clasts at all scales; 6) mm scale teepee or 
injection structures that may penetrate the 
adjacent rock from 3 mm to 2 cm. It has 
generally not been possible to recognize the 
magnitude or sense of offset across the 
pseudotachylytes. Locally it has been 
recognized that presence of felsic layering 
within several cm of the chloritic slip surfaces 
may influence pseudotachylyte development; 
perhaps through a very local increase in 
differential shear stress.  

Pen Branch fault 

The Pen Branch fault has been described by 
Snipes and others (1993) and Stieve and 
Stephenson (1995, based on Domoracki, 
1995). These authors recognized the Pen 
Branch fault as a surface across which the 
basement-coastal plain unconformity has been 
offset as much as 50 m (southeast side up) 
with offset of middle Eocene units decreasing 
to as little as 3-4 meters. The extent of control 
of the Pen Branch fault on outcrop patterns of 
the Upland unit, or surface drainages and the 
relative importance of strike slip motion along 
this fault system is a matter of some 
controversy (R.J. Cumbest, T.J. Temples, 
pers. comms.). Domoracki (his fig. 23, 1995) 
plots two recent hypocenters (6/1985 and 
8/1988) on SRS line 1 on the basement fault 
above the Tinker Creek nappe, in the vicinity 
of the Pen Branch fault, at depths of .96 and 
2.86 km respectively.
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In our observations the Pen Branch fault cuts 
crystalline basement in PBF-7 between boxes 
25 (1375') and 78 (2183'). Over this interval 
at least two intrusive units of granodioritic 
composition are hydrated and retrogressed so 
that they appear as chlorite schists.  
Deformation is highly heterogeneous, and 
several less completely retrogressed slices or 
lenses are preserved. The largest slice occurs 
between boxes 38-48, with a much smaller 
example at about 2078'. None of the 
previously described vein sets appear to 
crosscut the sheared, hydrated schists, while at 
least some are observed in the protolith.  
Evidence of the orthogneiss protolith is 
demonstrated by preservation of pink granitic 
vein arrays that maintain orientation in the 
retrogressed rock, and the presence of relict 
feldspar grains (porphyroclasts), up to 1 cm 
long. within the chloritic matrix. Gouge, 
breccia zones and chloritic fractures typically 
occur with 15-20' dips, parallel to foliation 
(ca. 450) and steeply dipping (ca. 750).  
Breccia zones, up to 10's of cm thick, and 
gouge zones, up to 2 cm thick, appear to 
nucleate on chloritic fractures Within 15 m of 
the fault zone, chloritic fracture surfaces are 
oxidized to a black hematite. At some 
locations these oxidized coatings are striated.  

Pseudotachylyte and the Pen Branch fault are 
both interpreted to largely postdate strike
normal zeolite though both may extend back 
through the Mesozoic. That pseudotachylyte 
postdates the pinking event (220+4 Ma, Kish, 
1990; Norian) is evinced by the observation of 
pseudotachylyte crosscutting rocks that have 
been visibly pinked. Microprobe analyses of 
pseudotachylyte glass and devitrified 
glass/chlorite grains show that in DRB 
formation mafic metavolcanic rocks with a 
bulk composition that is typically well below 
4 weight % K20 (Shervais and others, 2000), 
glass and devitrified glass compositions are 
typically in the range 8-12 weight % K20.  
This indicates the likelihood of pinking fluids 
altering chloritic vein material and adjacent 
mafic metavolcanic and subsequent 
reactivation of these chloritic slip surfaces as 
sites of pseudotachylyte generation.

In over two dozen observations there are only 
a couple instances of any crosscutting 
mineralized veins cutting pseudotachylyte. In 
one very thin (<1 mm) calcite vein cuts 
pseudotachylyte at an oblique angle (DRB-7
9-1419). In the second, it is clear that 
pseudotachylyte predates at least one zeolite 
mineralized fracture event. The 
pseudotachlyte (Fig. 9; PBF-7-89-3089) is an 
irregular brick red, oxidized, devitrified zone, 
greater than 1 cm thick that is subparallel to 
and crosscuts epidote and calcite + zeolite 
veins and includes clasts of mineralized veins 
within it. These clasts are less than 1 cm and 
and are visible at all microscope scales. The 
brick red, cherty appearance of the feature 
strongly suggests oxidizing fluids passed 
through a cryptocrystalline or glassy material.  
The relative timing of this event can only be 
said to be post-zeolite + calcite veining. The 
oxidizing fluids appear to predate the cross
cutting zeolite-filled fracture that is 
subparallel to the margin of the 
pseudotachylyte and "decapitates" (oxidized) 
teepees.  

In the case of basement expression of the Pen 
Branch fault (250 m (800') over PBF-7- 25 
through 78) it can be shown that this feature 
cross-cuts all mineralized veins including 
strike-normal zeolite. Intact mineralized 
fractures are not preserved in the interval 
PBF-7-25 through 78. Given the relative 
decrease in offset of Tertiary units in the 
Atlantic Coastal Plain cover (Snipes and 
others, 1993) above the expression of Pen 
Branch fault motion in the crystalline rocks, 
the retrogression of fault rock protolith and 
disruption of mineralized fractures and veins 
in bedrock is interpreted to have occurred 
from the Late Cretaceous through the 
Neogene.  

CONCLUSIONS 

Repeated episodic Phanerozoic reactivations 
of basement fault zones are documented in 
more than 5000m of basement core recovered 
from beneath the updip coastal underlying the 
US Department of Energy Savannah River
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Site, near Aiken, South Carolina.  
Neoproterozoic (ca. 619 and 624 Ma) 
metadiorite and metagranodiorite rocks 
contain a heterogeneously developed, 
anastomosing mylonitic fabric and intrude 
foliated mafic metavolcanic rocks. At 
approximately 305 Ma, granulite facies 
orthogneisses were thrust over amphibolite 
facies metaigneous rocks on (northwest
vergent? and dextral) structures called the 
Tinker Creek nappe and Four Mile Branch 
fault. The overturned limb of the Tinker 
Creek nappe and Four Mile Branch fault 
control the location the border fault of the 
Dunbarton Triassic basin. The Dunbarton 
basin border fault region acted as a conduit for 
fluids in Mesozoic and Cenozoic time. Ca.  
220±5 Ma, a potash and silica metasomatic 
event ("pinking" event) affected crystalline 
rocks throughout the SRS basement region. A 
"greening" event flushed highly reducing 
fluids through crystalline rocks, Triassic 
fanglomerates and affected rocks interpreted 
to be as young as Santonian (Cape Fear Fm.).  
Based on the occurrence of saprolite of 
fanglomerates affected by greening in core, 
the remains of a subbasin of the Dunbarton 
basin were identified in the northwest part of 
the site (GCB-2 well). A consistent vein 
paragenesis interpreted to to be Cretaceous 
and younger overprints the previous events 
and includes 1) locally vuggy quartz veins 
with the same strike as foliation, 2) zeolite + 
calcite with the same strike as foliation, and 3) 
a near vertical strike-normal zeolite set. A 
conventional K-Ar age of a separate of 
euhedral, 2mm x 7mm zeolite grains from the 
last set yields an age of 22.9 ± 1.5 Ma, 
interpreted to be a minimium age. More than 
30 pseudotachylytes are found throughout the 
metavolcanic terrane and are preferentially 
localized along Alleghanian age chloritic 
fractures dipping less steeply than foliation 
that have been "pinked." In virtually every 
case, pseudotachylyte can be shown to post
date mineralized fractures. Thus, 
pseudotachylytes beneath SRS are likely no 
older than Mesozoic, and many are probably 
Tertiary in age. The Pen Branch fault is 
"exposed" in approximately 250 m of 
basement core between PBF-7-(box) 25-

(footage) 1375 and PBF-7-78-2168. Most 
recent motion on this fault must postdate 
strike-normal zeolites, because the zone cross
cuts all mineralized fractures.  
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Figure 1. Eastern Piedmont of Georg-olina. Compiled from our work and interpreted from 

Petty et al. 1965, Daniels 1974, Speer 1982, Cumbest et al. 1992, and Snipes, pers. comm. Off
site C-wells and SAL-10 located on this map.
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Figure 2. Index map showing location of cores used in this study, as well as location of 
Domoracki's (1995) seismic lines 3, 4, 7, and epicenters (a, 6/9/1985; b, 8/4/1988) plotted by 
Domoracki (his p. 23). Locations where other seismic lines cross Lines 3, 4, 7 are indicated: 1, 
21, 8 cross line 7; 5 crosses line 4; and 6 and 8 cross line 3).
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Post-620 ? 
Crackrnec Met i CPersimmon Fork-Uwharrie equivalent? Crackerneck M-etavo-Icainic Complex 

original nature of this contact unclear: 
- - fault or unconformity? 

PBF-7 extrusive equivalent? 

-Deep Rock Metavolcanic Suite Deep Rock Metaigneous Complex 

-/ 619±3.4 Ma (U-Pb z) 

Four Mile Branch fault 
•v~i.-_T • • iv.-•r- - j,, - •pre .626 Ma volcanic pile 

--Pen Branch Metavolcanic Suite p Mi 
Pen Branch Metaigneous Complex 

PBF-7 Metaplutonic .626.1 + 4.4 Ma (U-Pb z) 
Suite 6. ± 4 

Figure 3. Schematic column of Appalachian litho-"stratigraphic" units beneath the US DOE 
Savannah River Site.
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Structural association observed in core.

coherent fold 
phase with 

hangingwall do%

<- schematic of inferred crustal

scale structure

V ' 
\\x

zones of schematic of initial geometry 
transpositionlimb attenuation 

with hanging 
wall up offset

Figure 4. Overturned limb structure of the Tinker Creek nappe from structural analysis of 
over 3000m of basement core in the DRB well cluster.
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Kiokee belt - Savannah River terrane of Maher and others (1991) 
interpreted to be more extensively Alleghanian remobilized 

ca. 620 Ma basement

Figure 5. Schematic cross-section of Appalachian structure underlying the middle third of the 
Savannah River Site.
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Figure 6. Comparison of the relative amounts of pinking or K-metasomatic alteration of PBF 
Metaplutonic Suite observed in PBF-7. Second and third numbers refer to box # and footage 
(depth from surface). XRF analysis of whole rock powders from this set was used to construct 
the isocon diagram (Fig 8).
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durina vinkina

enriched
pinking

0. Na20Q 

ZrL 
.r Bl Fe 2O isochemical ? 

• i.• nO _ dl IIIS" TiO 

S' 2Ca M0 MlO--_ elements/oxides 
SUnpi ; ked (protolith) leached/removed during pinking 

Figure 7. Isocon diagram showing changes in ratios of major and trace elements as a result of 
pinking in PBF-7 gneisses of PBF Metaplutonic Suite. Discussed in text. Standard deviations 
are shown. Slope of "1" represents isochemical conditions in theory; ratio of elements/major 
oxides before/after pinking equals 1. Perhaps a line that drives through Ni, Zr, Sc, V, TiO 2 
supposedly immobile elements really represents isochemical conditions - ratios that have not 
been changed by metasomatism. Elements/major oxides that appear below this line have been 
leached or depleted during the pinking event, elements/major oxides that appear above the line 
represent increasing additions of certain elements during pinking, in particular K20, Y, Rb, 
SiO 2 , Na 20 and (to a somewhat lesser extent ) A120 3. 15 unpinked protolith (boxes 103, 107, 
108, 139, 143, 145, 149, 157, 159, 161, 165, 171, 173, 175, 177) and 8 pinked (101, 115, l15t, 167, 
171, 171-3568, 175, 176-3541) samples. Compare Figure 6.
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Figure 8. PBF-7-16-1249' (and PBF-7-13) and GCB-2-648' illustrate the "greening" event. A 
brick-red arkose (DRB-11-2741') from within the Dunbarton basin is included to compare 
color. The matrix of the PBF-7 sample on a wet surface is grayish yellow green (5GY 7/2) on 
the Munsell rock color chart. Microprobe analyses of a fibrous mineral that defines the matrix 
indicates that it is muscovite. Irregular margins of oxidized fanglomerate clasts have been 
reduced and now appear cream colored. Reducing fluids penetrated along gneissosity. The 
GCB-2 sample is saprolite, but shows a very similar texture. Coarser grained matrix is 
completely reduced. The ragged irregular margins of (brick-red) fine-grained clayey clasts 
show incomplete penetration of reducing fluids parallel to foliation.
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Figure 9. Pseudotachylyte hand specimens: a) DRB 3-13-1038, b) DRB 7-6-1394, c) DRB-7
1419'. Inspection of pseudotachylyte samples commonly shows that these features reactivate 
thin chlorite shear surfaces that dip less steeply than foliation, and show hangingwall up sense 
of displacement. It can be shown that most pseudotachylytes must post-date Alleghanian time 
because the rock they cut has been pinked, and pinking is a Triassic event. Some 
pseudotachylytes seem to form near felsic mafic contacts, and may reflect local shear stress 
accumulations at these sites. PBF-7-89-2344: pseudotachylyte clearly postdates pinking, the 
"greening" as observed in crystalline rocks , and zeolite +calcite veining (pale pinkish orange).  
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Significance of Soft Zone Sediments at the Savannah River Site 

R. K. Aadland, Westinghouse Savannah River Co., Aiken, SC 29808 
W. H. Parker, Science Applications International Corp., Augusta, GA 30901 
R. J. Cumbest, Westinghouse Savannah River Co., Aiken, SC 29808

ABSTRACT 

Rod drops and lost circulation during drilling, 
commonly occur in the middle Eocene marine 
carbonates and clastics of the Santee 
Formation, the Clinchfield Formation and to a 
lesser extent the Dry Branch Formation.  
Historically the rod drop (including low blow 
counts in SPT borings) was assumed to 
indicate the presence of "soft zones." Until 
recently, sediment from soft zones as defined 
by SPT N-values, rod drops and lost 
circulation was never recovered. Conventional 
coring methods was unable to recover 
sediment from the intervals. Therefore, soft 
zone sediment, and certainly the precursor 
sediment to the final soft zone sediment was 
unknown. Nearby sediments to the soft zones, 
whether they are carbonate-bearing to 
carbonate-rich clastics or limestones have 
been observed to have undergone minor to 
extensive carbonate dissolution. Silicification 
was commonly noted where the precipitation 
of silica was minor to extensive, replacing and 
cementing much of the original sediment. It 
has generally been assumed that the carbonate 
in the sediment in the soft zones has 
undergone extensive if not complete carbonate 
dissolution leaving behind vugular, moldy 
clastic debris. Thus a soft zone occurs in the 
"end member" sediment where the carbonate 

dissolution noted in varying degrees in the 
nearby non-soft zone sediments was complete.  

Core recovered from a soft zone in the 
Santee/Clinchfield section in F-Area (GSA) 
using CPT technology, indicates that the 
sediment had not undergone extensive 
carbonate dissolution. Instead, the precursor 
carbonate sediment underwent extensive opal
CT (amorphous silica) replacement much like

the silica replacement/cementation that 
commonly occurs in overlying and nearby 
competent sediments.The silica was 
precipitated as 2-5 [m opal-CT lepispheres 
that replaced carbonate mud (micrite) matrix, 
and precipitated as linings within molds and 
vugs and in micropores in the lime mud 
matrix. Thus, opal-CT replacement of the 
original carbonate sediment in the soft zone 
interval, is the crucial event in the formation 
of the soft zone. Where carbonate has been 
replaced by silica the soil properties of the 
resulting sediment is such that it has neither 
cohesion nor very much compressive strength.  
Here the tip resistance to the CPT push would 
be low, rod drops would be encountered 
during conventional drilling and the 
surrounding relatively unaltered carbonate 
sediment supports the overburden.  

The extent and distribution of soft zones in the 
GSA was mapped. Soft zones are generally 
thicker and more concentrated where 
carbonate is thickest and most concentrated 
(has the highest average percentages).  

'Information developed under Contract DE
AC09-89SR19015 with the U.S. Dept. of 
Energy 

INTRODUCTION 

The purpose of this paper is to provide 
information on the origin and extent of "soft 
zones" encountered in the carbonate bearing 
strata at the Savannah River Site (SRS). (see 
Figure 1, in Aadland and others, 2000, this 
volume). Near the center of the SRS, middle 
Eocene marine carbonates and clastics of the 
McBean member of the Santee Formation, the 
Utley limestone member of the Clinchfield
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Formation and to a lesser extent the Griffins 
Landing member of the Dry Branch Formation 
(Fallaw and Price, 1995 and Aadland and 
others, 1995), occur at depths between 100 
and 250 feet below the ground surface (see 
Figure 2, in Aadland and others, 2000, this 
volume). Often found within the carbonate 
rich to carbonate bearing sediments, 
particularly in the upper third of this section, 
are "weak zones" interspersed in stronger 
matrix materials. These weak zones, which 
vary in apparent thickness and lateral extent, 
have been variously termed "soft zones," "the 
critical layer," "underconsolidated zones," 
"bad ground," and "void." The preferred term 
used here is "soft zones".  

Rod drops, during drilling, commonly occur in 
the carbonate-rich sediments in the 
Santee/Clinchfield and Dry Branch section 
(see Figures 2 and 4, in Aadland and others, 
2000, this volume). Historically the rod drop 
(including low blow counts in SPT borings) 
was assumed to indicate the presence of a 
"soft zone." Due to the depth at which soft 
zones occur (typically greater than 100 ft 
below the ground surface) there has been no 
opportunity for direct visual observations of 
their nature and geometry. Conclusions that 
have been drawn on soft zone size are based 
on the limited penetrations of 
geotechnical/geophysical borings and Cone 
Penetrometer Tests (CPT).  

The prevailing assumption of the causal 
mechanism for the rod drops in the soft zones 
has been dissolution of the carbonate-rich 
sediments in the zone, resulting in vugular 
porosity where the drill rod meets little or no 
resistance to penetration. An alternative 
hypothesis for this phenomenon is that the 
drill rod was pushed into uncemented sands 
where the overburden is supported by dense or 
semi-cemented beds that overly the 
uncemented sands. A third alternative 
hypothesis from data accumulated in this 
study (Parker, 1999 and 2000) is that soft 
zones form where carbonate has been largely

replaced by opal-CT (amorphous silica). The 
uncertainty of the origin and extent of soft 
zones has lead to very conservative 
engineering analyses of this subsurface 
condition.  

Historically, it was assumed the soft zones 
observed in neighboring borings were 
interconnected to varying degrees, thus they 
were grouted as an expedient way of resolving 
any potential foundation stability issues 
(Corps of Engineers, 1952). This method 
continued through the restart of the K-reactor 
(see Figure 1, in Aadland and others, 2000, 
this volume), where the project chose to grout 
"soft zones" in the Santee/Clinchfield 

carbonate interval beneath the cooling water 
lines to resolve potential foundation stability 
issues (WSRC, 1992a, b; Geotechnical 
Engineers Inc., 1991). The results of that 
effort were carefully studied and it was found 
that the grout was not having the desired 
effect on the subsurface soft zones as was 
previously thought. The results showed that 
soft zones in adjacent wells were poorly 
interconnected. The grout traveled in thin 
sheets along preferential pathways often 
bypassing "soft zones" in adjacent wells. Soft 
zones that existed prior to grouting still 
existed after grouting was completed. The 
grouting provided only limited benefit in 
reducing the potential settlement from the soft 
zones.  

A grout assessment study was conducted at 
the In Tank Precipitation Facility (ITP) in H 
Area (Aadland and others, 1994; Syms, 1995 
and WSRC, 1995) (see Figure 1, in Aadland 
and others, 2000, this volume). CPT and SPT 
borings identified locations and intervals in 
the Santee/Clinchfield section where soft 
zones were identified. Grout was injected into 
the soft zone intervals. Wells were drilled and 
cored at distances from 5 to 40 feet from the 
grout injection wells and the sediment 
analyzed to determine where the grout 
traveled. It was observed that the grout resided 
in and mixed with the clastic sediments of the
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overlying Dry Branch Formation. Indeed the 
grout not only did not reside in nearby 
interconnected soft zones, it did not even 
remain within the Santee/Clinchfield interval.  

Soft Zone Identification Criteria 

I. SPT N-values of 5 and less (including 
weight of rods and weight of hammer) are 
considered to be primary indicators of soft 
zones. Also, when these criteria are met 
during SPT sampling, continuous SPT 

sampling is required until the soft zone 
interval is passed.  

2. The CPT has none of the limitations 
associated with sampler mass or fluid 
injection into the formation. Because of 
its high data sampling frequency and array 
of test parameters and reliability of the 
measurements, it is the primary tool for 
detecting and locating soft zone intervals.  
The primary criterion is a tip resistance of 
15 tsf or less over a continuous 2 feet 
thick interval. Further, the sleeve 
resistance, pore pressure and shear wave 
velocity measurements should be acquired 
and evaluated.  

3. The loss of drilling fluids is not a 
reasonable indicator that soft materials 
have been intercepted by the borehole.  
Also, it is not a reliable indicator of soft 
zone size or extent. Fluid losses are a 
routine occurrence in sediments below 
100 feet depth, and likely indicate 
hydrofracturing has occurred. In addition, 
identifying the location of leakage into the 
formation is notoriously difficult.  
Typically the only definitive information 
that can be obtained from fluid loss is the 
depth to its first occurrence and the depth 
of any marked increases in loss (or total 
loss of circulation).  

4. During grouting programs it has been 
found that while significant quantities of 
grout were injected into the sediments, a

substantial quantity of the grout resides 
probably in thin seams. Thus, the volume 
of grout-take in a boring is not a reliable 
indicator of the location or extent of a soft 
zone.  

5. Rod drops recorded from historical 
drilling accounts require some knowledge 
of the drilling rig, type of bit and pump 
pressure. Therefore, rod drops during 
drilling operations are not considered 
primary indicators of soft zones 

6. Depending on the type of investigation, 
field conditions and other circumstances, 
other techniques including cross-hole 
seismic tomography or other geophysical 
techniques may be used. These 
techniques must, however, be calibrated to 
more standard soft zone identification 
criteria such as the CPT and SPT 
measurements.  

Origin and Delineation of Soft Zones 

Until recently, sediment from soft zones as 
defined by SPT N-values, rod drops and lost 
circulation was never recovered. Conventional 
coring methods were unable to recover 
sediment from the intervals. Therefore, soft 
zone sediment, and certainly the precursor 
sediment to the final soft zone sediment was 
unknown.  

Nearby sediments (often fossiliferous) to the 
soft zones, whether they are carbonate-bearing 
to carbonate-rich clastics or limestones have 
been observed to have undergone minor to 
extensive carbonate dissolution (see Figure 
12, in Aadland and others, 2000, this volume) 
(Thayer and others, 1994; Rine and 
Engelhardt, 1999). Silicification was 
commonly noted where the precipitation of 
silica was minor to extensive (replacing and 
cementing much of the original sediment) (see 
Figures 11, 15, 16 and 17, in Aadland and 
others, 2000, this volume), (Thayer and 
others, 1994; Rine and Engelhardt, 1999 and
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Parker, 1999 and 2000). Only minor carbonate 
cementation has been noted in near-by 
sediments (see Figure 14, in Aadland and 
others, 2000, this volume). It has generally 
been assumed that the carbonate in the 
sediment in the soft zones has undergone 
extensive if not complete carbonate 
dissolution leaving behind vugular, moldy 
clastic debris. Thus a soft zone occurs in the 
"end member" sediment where the carbonate 
dissolution noted in varying degrees in the 
nearby non-soft zone sediments was complete.  

Soft Zone Study at APSF 

Evidence from the soft zone study at the 
APSF suggests that the sediment in the rod 
drop/no recovery zone had not undergone 
extensive carbonate dissolution. Instead, the 
precursor carbonate sediment underwent 
extensive opal-CT (amorphous silica) 
replacement much like the silica 
replacement/cementation that commonly 
occurs in overlying and nearby competent 
sediments (Figure 1; see Figure 11, in 
Aadland and others, 2000, this volume).  

A series of closely spaced CPT's were pushed 
at the APSF Site (Figure 2) (WSRC, 1998) in 
the northern portion of F Area (see Figure 1, 
in Aadland and others, 2000, this volume).  
One purpose of the investigation program was 
to aid in establishing the stratigraphic and 
lateral distribution of soft zones in the area.  
Using the defining criteria of tip stress values 
less than 15 tsf to define the presence of soft 
zones, it was determined that soft zones vs.  
non-soft zones occurred at comparable 
stratigraphic horizons in CPT pushes spaced 
less than 10 feet apart (Figure 2). An 8 feet 
thick soft zone occurred in the 
Santee/Clinchfield section immediately 
beneath the Santee unconformity. The soft 
zone was not observed in the surrounding 
CPT's that were pushed only a few feet away.  
The soft zone was continuously cored (using 
the newly available CPT coring tool) and

three lithologies were delineated (Parker, 
1999); sandy, biomoldic chert (see Figures 11 
and 15, in Aadland and others, 2000, this 
volume); siliceous sandy mud (see Figure 16, 
in Aadland and others, 2000, this volume) and 
terrigenous sand (Figure 17, in Aadland and 
others, 2000, this volume).  

The sandy, biomoldic chert and the siliceous, 
sandy mudstone were originally sandy lime 
mud (micrite) supported fossiliferous 
wackestone and sandy, lime mudstones 
(Parker, 1999). The carbonate mud was 
replaced molecule for molecule with 
authigenic opal-CT lepispheres and 
chalcedony without any loss in sediment 
volume (Figure 1; see Figure 11, in Aadland 
and others, 2000, this volume). The original 
sandy fossiliferous wackestone suggests 
deposition in clear, open-marine water of 
normal salinity on the inner to middle shelf 
(Parker, 1999). The opal-CT matrix was 
originally lime mud (micrite) matrix, and its 
abundance indicates deposition in quiet water 
below normal marine wave base. In short the 
precursor soft zone sediment was typical of 
the Santee/Clinchfield carbonate sediment 
deposited in the GSA.  

The sediment in the soft zone is not a distinct 
microfacies separate and distinct from the 
sediments that comprise the surrounding 
carbonate, but is diagenetically altered where 
the initial carbonate matrix was completely 
replaced with opal-CT (Figures 1 and 3; see 
Figure 11, in Aadland and others, 2000, this 
volume). The silica was precipitated as 2-5 
gim opal-CT lepispheres that replaced 
carbonate mud (micrite) matrix, and 
precipitated as linings within molds and vugs 
and in micropores in the lime mud matrix. The 
opal-CT formation postdates solution of the 
fossil shells because the opal-CT and 
chalcedony line the interiors of some molds.  

Since the original carbonate sediment in the 
soft zone interval underwent complete opal
CT replacement, the working hypothesis is
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that opal-CT silica replacement of carbonate 
sediments, not carbonate dissolution is the 
crucial event in the formation of the soft 
zones. Where carbonate has been replaced by 
silica the soil properties of the resulting 
diagenetically altered sediment is such that it 
has neither cohesion nor very much 
compressive strength. Here the tip resistance 
to the CPT push would be low (less than 15 
tsf), rod drops would be encountered during 
conventional drilling and the surrounding 
relatively unaltered carbonate sediment 
supports the overburden.  

Soft Zone Study R Area 

Sediment from a 6 foot thick soft zone 
encountered in the Santee/Clinchfield section 
in R Area (see Figure 1, in Aadland and 
others, 2000, this volume) was continuously 
sampled using CPT technology and 
petrographically analyzed to corroborate the 
findings at the APSF site in the GSA, (Parker, 
2000). The lithologies described were sandy, 
biomoldic chert and siliceous sandy mud very 
similar to the silica replaced sediments noted 
at the APSF site. Here, as at the APSF site, 
precursor calcareous wackestone and 
mudstone (micrite) was replaced by opal-CT, 
and supports the assertion that opal-CT 
replacement of carbonate is the primary 
mechanism for soft zone development.  

If replacement of carbonate by amorphous 
silica is the controlling factor in the 
development of soft zones, then the 
controlling mechanisms for soft zone 
development would include (Folk and Pitman, 
1971; Meliva and Siever, 1988): 

Adequate supply of amorphous silica 
in the form of sponge spicules and 
diatoms for the continued 
precipitation of the opal-CT.  

Adequate permeability to flush the 

sediment with the volumes of silica 
saturated pore waters needed to

maintain the precipitation of the 
silica.  
Chemistry and mineralogy of the host 
sediment.  

* Bulk pore-water ph.  
* Presence of organic matter.  
* Concentration of silica and certain 

other ions, such as sulfate.  

Assuming the above mentioned controls are 
available for silica replacement/cementation 
to occur; the spatial geometry of the silicified 
"areas" would be very irregular (Figure 2).  
The silicification of the enclosing sediment 
would follow and spread along bedding 
planes, along microfractures of varied 
orientations, along corridors of locally 
enhanced permeability etc. The resulting "soft 
zone" could be in the form of irregular 
isolated pods, extended thin ribbons or 
stacked thin ribbons separated by intervening 
unsilicified parent sediment. Soft zones 
encountered in one CPT could be absent in the 
neighboring CPT only a few feet away. Only 
where silicification has spread far enough 
away from the bedding planes and/or fractures 
along which the silica replacement has taken 
place, where all the intervening sediment is 
replaced, would the soft zones be large 
enough and coherent enough to pose a 
question for the siting of new facilities. In all 
likelihood this would be a most uncommon 
event.  

Delineation of the Extent of Carbonate 
Zones/Soft Zones 

CPT logs were the primary data source 
queried to determine the presence, geographic 
distribution and stratigraphic position of the 
soft zones in the GSA. Where the tip stress 
was less than 15 tsf, a soft zone was defined.  
In addition, a search of the data from the field 
logs from the SPT boring reports was 
conducted for indications of "soft zones" 
encountered during drilling in the GSA. These 
data included blow count N values, where N 
values less than 5 are considered evidence of
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soft zones. In addition, rod drop intervals, lost 
circulation zones were considered to further 
delineate the areal extent of the soft zones.  
These last two, rod drop intervals and lost 
circulation zones proved of little value in 
delineating soft zones and were not included 
in the final data base queries. The blow count 
data from the SPT boring logs were queried as 
backup to the primary data source, namely the 
tip stress measurements from the CPT pushes.  

Three D profiles were created in EARTH 
VISION to illustrate the extent (stratigraphic 
and geographic distribution) of soft zones and 
carbonate zones in the GSA. The geographic 
distribution, and concentration of carbonate 
sediment in the Santee/Clinchfield section the 
GSA was analyzed by querying the footage of 
carbonate greater than or equal to 5% found in 
the cored wells and borings (see Figure 20, in 
Aadland and others, 2000, in this volume).  
Three areas stand out where several cored 
wells indicated appreciable thickness of 
carbonate. From east to west they include the 
ITP area (#I on Figure 1, in Aadland and 
others, 2000, in this volume), the "H" Basin 
area (#2 on Figure 1, in Aadland and others, 
2000, in this volume) and the Burial Grounds 
area (#3 on Figure 1, in Aadland and others, 
2000, in this volume). Variable density and 
uneven distribution of the core and CPT 
boring data precludes defining these locations 
as the only areas of carbonate concentration in 
the GSA since the areal extent of each area is 
not well constrained nor are other areas where 
data is sparse. The areas outlined are however, 
considered typical of the carbonate-rich 
terrain in the GSA.  

Query Results 

Three D profiles were generated at the H Area 
Seepage Basin (Figures 4 and 5) and the 
Burial Grounds (Figures 6 and 7) illustrating 
the thickness and percentage of carbonate, and 
the thickness and distribution of soft zones. In 
general where the carbonate is thickest, the

average carbonate percentage is greatest.  
Comparing the extent and lateral distribution 
of the soft zone "hits" with the distribution of 
carbonate indicates that soft zones are 
generally thicker and more concentrated 
where carbonate is thickest and most 
concentrated (highest average percentages).  
Indeed, throughout the GSA it is observed that 
the carbonate thickness and concentration is 
directly related to the isopach thickness of the 
Santee/Clinchfield interval. Where the 
Santee/Clinchfield interval is thick, carbonate 
is more concentrated, however, where the 
interval is thin, carbonate thickness and 
concentration is reduced. Since the thickness 
and distribution of soft zones is closely linked 
to the thickness and distribution of carbonate; 
those areas where the Santee/Clinchfield 
section is thin and where a great deal of 
carbonate has been removed would be areas 
where soft zones are less likely to be present.
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Original sediment, sandy mudstone 
(micrite) with sponge spicules
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Figure 1. Diagrammatic representation of the interpreted diagenetic history of the siliceous 
sandy mudstone microfacies.
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Quartz Grain\
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I 
Amorphous Sifica

Figure 2. Photomicrograph of siliceous sandy mud microfacies, Santee/Clinchfield section 
from Core CPT-157S3 @ 108.35 ft. below land surface, APSF Site, F Area, General 
Separations Area, Savannah River Site. Plane-polarized light. Amorphous (Opal-CT) silica 
replaced calcite micrite (mud) matrix.
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CPT CPT CPT CPT CPT

microfracture 
Ssystems 

bedding 
planes 

areas of 
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precipitation

6L-66~50 1

Figure 3. This diagram is illustrating the stratigraphic and lateral distribution of soft zones 
due to silica replacement of carbonate in the GSA. Replacement/precipitation of silica occurs 
along bedding planes, microfracture systems, and zones of enhanced permeability resulting in 
highly irregular pods, stringers and sheets of silica replaced carbonate (i.e., soft zones).
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Carbonate Sediments in the General Separations Area, Savannah River Site, 
South Carolina 
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P. A. Thayer, University of North Carolina at Wilmington, Wilmington, NC 28403-3297 

W. H. Parker, Science Applications International Corp., Augusta, GA 30901 
J. M. Rine, Earth Sciences and Resources Institute, University of South Carolina, Columbia, SC 29208 

D. W. Engelhardt, Earth Sciences and Resources Institute, University of South Carolina, Columbia, SC 29208 
R. J. Cumbest, Westinghouse Savannah River Co., Aiken, S.C. 29808

ABSTRACT 

Carbonates and carbonate-rich clastics in the 
General Separations Area (GSA) are restricted 
to the middle Eocene Warley Hill Formation, 
Santee and Clinchfield Formations and Griffins 
Landing member of the Dry Branch Formation.  
The preponderance of carbonate occurs in the 
Santee/Clinchfield section. The calcareous 
sediment consists of calcareous sand, calcareous 
mud, limestone, sandy limestone, muddy 
limestone, and sandy muddy limestone. They 
were deposited in shallow generally subtidal 
marine environments with the exception of the 
Dry Branch oyster beds that were deposited in a 
back barrier marsh/lagoonal environment.  

The carbonates and limey sands of the 
Santee/Clinchfield sequence underwent a 
complex combination of deposition of diverse 
lithologies, post-depositional dissolution
precipitation-replacement of calcite, silica and 
other minerals. The result is sediment often far 
removed from its initial depositional fabric and 
mineralogy. Local dissolution is sometimes so 
pervasive that the precursor sediment is no 
longer identifiable.  

The thickness and concentration of carbonate in 
the GSA is directly related to the overall 
thickness of the Santee/Clinchfield interval. In 
general where the Santee/Clinchfield interval is 
thickest the footage of carbonate is greatest and 
the average carbonate content (percentage) in 
the cores is greatest. Where the interval is thin 
the thickness and percentage of carbonate in the 
core is reduced.

Where the Santee/Clinchfield section is thick 
and where carbonate is concentrated, the 
overlying "upland unit" and the Tobacco 
Road/Dry Branch section is generally 
structurally high. Where the section is thin and 
the carbonate content is reduced or absent, the 
overlying "upland unit" and Tobacco Road/Dry 
Branch section is structurally low. Since the Dry 
Branch/Tobacco Road/"upland unit" section is 
relatively uniform in thickness over both the 
structurally high and low areas and not draped 
over the features, the removal of carbonate and 
the thinning (collapse) of the Santee/Clinchfield 
interval occurred in post Tobacco Road/"upland 
unit" time.  

'Information developed under Contract DE
AC09-89SR19015 with the U.S. Dept. of 
Energy 

Geologic Setting 

Sediment underlying the Savannah River Site 
(SRS) (Figure 1) forms a wedge of strata that 
thickens from about 700 ft in the northwest to 
almost 1400 ft at the southeastern boundary of 
the site (see Figure 2, in Introduction to this 
volume, Wyatt, ed.). measuring on average 900 
ft in thickness in the GSA (Figure 2). Regional 
dip is to the southeast and decreases upward 
from about 48 ft/mi at the base of the 
Cretaceous-aged strata to about 15 ft/mi at the 
top of middle Eocene-aged strata.  

Late Cretaceous sediments of possible 
Coniacian/Turonian (?) to Santonian through 
Maastrichtian age (91 to 66 Ma) (Fallow and 
Price, 1995; Aadland and others, 1995) average
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550 feet in thickness in the GSA (Figure 2). The 
sequence consists of quartz sand; pebbly sand 
and sandy clay generally deposited in lower to 
upper delta plain environments (Figure 3).  
Following a period of erosion of the Cretaceous 
section, Tertiary sediments were deposited when 
seas transgressed onto the Cretaceous-Tertiary 
unconformity surface. Tertiary sediments 
average about 350 feet in thickness in the GSA 
(Figure 2), range in age from Early Paleocene to 
Miocene (?)/Oligocene (?) and were deposited 
in fluvial to marine shelf environments (Figure 
3).  

Four regionally significant unconformities are 
defined in the Tertiary section (Figure 4). From 
base upward, they include the "Cretaceous
Tertiary" unconformity, the "Lang 
Syne/Sawdust Landing" unconformity, the 
"Santee" unconformity, and the "Upland" 
unconformity). Four sequence stratigraphic units 
(labeled Sequence I, II, III and IV) that are 
bounded by the unconformities have been 
delineated (Figures 2 and 4).  

The "calcareous zone" in the GSA includes 
calcareous strata belonging to the Warley Hill 
Formation, Santee and Clinchfield Formations 
and Griffins Landing member of the Dry Branch 
Formation (Figure 4). The preponderance of 
carbonate occurs in the Santee/Clinchfield 
section (Thayer and others, 1994), and consists 
of calcareous sand, calcareous mud, limestone, 
sandy limestone, muddy limestone, and sandy 
muddy limestone.  

Chronology of Tertiary Geologic Events in the 
GSA 

The chronology of events and the depositional 
setting that characterized deposition of the 
Tertiary sequence in the GSA is presented here.  

Oldest 

The Snapp Formation (Figures 2 and 4) 
and older Paleocene sediments 
(Sequence Stratigraphic unit I) were

deposited in shallow clastic shelf and 
delta plain environments (Figure 3).  
Shallow shelf (platform) carbonate 
deposition was restricted to coastal 
areas of South Carolina at this time.  
Sequence I deposition was followed by 
erosion of the section (Lang 
Syne/Sawdust Landing unconformity) 
(Figure 4).  
A rise in sea level initiated deposition of 
the Congaree/Fourmile sands (Sequence 
Stratigraphic unit II) in shoreline to 
shallow shelf depositional environments 
(Figure 3). Shallow shelf (platform) 
carbonate deposition rapidly expanded 
landward and reached the southern 
boundary of SRS, but remained to the 
south and east of the GSA (see Figure 2, 
in Introduction to this volume, Wyatt 
ed.).  
Sea level continued to rise resulting in 
deposition of the Warley Hill clays 
(Sequence Stratigraphic unit II) in 
deeper shelf depositional environments 
(Figures 3 and 4).  
A lowering of sea level and/or an 
increased rate of sediment supply 
resulted in deposition of the Santee and 
Clinchfield carbonates and clastics in 
shallow shelf depositional environments 
in the GSA (Figure 5). This completed 
deposition of the Sequence Stratigraphic 
unit II sedimentary package (Figures 2 
and 4).  
A retreat of the sea resulted in 
substantial erosion of the 
Santee/Clinchfield (Sequence II) 
sediments (Santee unconformity).  
Deposition of the Dry Branch 
Formation (Sequence III), including the 
Griffins Landing limestone member, 
was deposited over the 
Santee/Clinchfield section in shoreline 
to lagoonal/marsh depositional 
environments (Figure 5). The shoreline 
retreated from its position in the 
northern part of SRS, where it was 
located during Santee/Clinchfield time,
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to the central part of SRS in Dry Branch 
time. Progradation of the shoreline 
environments to the south resulted in 
the sands and muddy sands and locally 
the oyster banks of the Griffins Landing 
member of the Dry Branch being 
deposited over the shelf carbonates and 
clastics of the Santee/Clinchfield 
sequence (Figure 5). The shallow shelf 
(platform) carbonates that had reached 
their most northwesterly updip position 
in Santee/Clinchfield time, reaching the 
GSA, retreated far to the south and east 
of SRS in Dry Branch time (see Figure 
2, in Introduction to this volume, Wyatt 
ed.).  
Deposition of the Dry Branch clastics 
was followed by deposition of the 
Tobacco Road Formation (Sequence III) 
probably in moderate to high-energy 
lagoonal/open bay environments 
(Figures 4 and 5).  
A dramatic increase in sediment supply 
and a retreat of the shoreline towards 
the southeast, resulted in deposition of 
the "upland unit" sand and gravel 
(Sequence IV) in fluvial to upper delta 
plain environments (Figure 3).  

Youngest 

In conclusion, the deposition of shallow shelf 
carbonates generally remained to the south and 
east of the Savannah River Site during the 
Tertiary (see Figure 2, in Introduction to this 
volume, Wyatt ed.). Only during middle Eocene 
Santee/Clinchfield time did deposition of the 
carbonates extended as far inland as the GSA 
(Figures 4 and 5).  

Stratigraphy of the Carbonate Sediments in 
the GSA 

The carbonates and carbonate-rich clastics are 
essentially restricted to two intervals in the 
Tertiary section in the GSA; the Dry Branch 
Formation and the underlying Santee and 
Clinchfield formations. The upper most interval

includes the carbonates of the Griffins Landing 
member of the Dry Branch Formation found 
below the "tan clay" beds that occur near the 
middle of the Dry Branch (Figures 2 and 4). The 
isolated carbonate patches of the Griffins 
Landing are the oyster banks that typically form 
in the back barrier marsh zone behind a barrier 
island system (Figures 4 and 5). Underlying the 
Dry Branch, directly below the regionally 
significant Santee unconformity, is the Utley 
Limestone member of the Clinchfield 
Formation. Without the benefit of detailed 
petrographic and paleontological analysis, the 
Utley carbonates cannot be systematically 
distinguished from the carbonates of the 
McBean member of the underlying Santee 
Formation. Thus the carbonate-rich sediments 
deposited in shallow shelf environments found 
between the Santee unconformity (Figure 4), 
and the Warley Hill Formation are referred to as 
the Santee/Clinchfield sequence in this report.  
The preponderance of the carbonate observed in 
the GSA occurs in the Santee/Clinchfield 
interval. Upon occasion carbonate mud and 
wackestone deposited in deeper shelf 
environments is observed in the underlying 
Warley Hill Formation (Figure 4).  

Distribution and Depositional Environments 
of Carbonates at SRS 

The regional distribution of the 
Santee/Clinchfield carbonate-rich sequence is 
illustrated in Figure 6. Carbonate content in the 
sequence is minimal in northwestern SRS and 
predominates near the southeast boundary of the 
site. The GSA is in that part of the mixed 
clastics/carbonate zone where the clastic 
sediments generally constitute a greater 
percentage of the section than the carbonates. In 
northern SRS the depositional equivalent of the 
Santee/Clinchfield sediments are mostly sands 
and muddy sands deposited in shoreline to lesser 
lagoonal and tidal marsh environments (Figure 
5). The sands and muddy sands constitute the 
Tinker Formation (Fallaw and Price, 1995). In 
the central SRS the mixed carbonates and
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clastics of the McBean member of the Santee 
Formation and the Utley member of the 
Clinchfield Formation (Figure 2) were deposited 
in middle marine shelf environments. The result 
is a varied mix of lithologies ranging from 
carbonate-rich sands and mud to sandy and 
muddy limestone (mostly micrites and 
wackestones, and to a lesser extent packstones 
and grainstones) (Thayer and others, 1994) 
(Figure 7). In southern SRS the Blue Bluff 
member of the Santee/Clinchfield sequence was 
deposited further offshore, further removed 
from riverine elastic input into the shelf 
environment resulting in deposition of carbonate 
mud (micrite) (Figure 5).  

Approximately 40-50% of the wells that drilled 
through the Santee/Clinchfield interval in the 
GSA penetrated quantities of carbonate ranging 
from 5-78% of the sediment sampled. Thayer 
and others, 1994, conducted a binocular 
microscope and thin-section examination of core 
samples from the Santee/Clinchfield section and 
delineated five carbonate, two terrigenous, and 
one siliceous microfacies. The eight microfacies 
include: 1) lime mud (micrite); 2) skeletal 
wackestone; 3) skeletal packstone 4) skeletal 
grainstone; 5) microsparite; 6) terrigenous mud; 
7) terrigenous sand and sandstone; and 8) 
siliceous mudstone. Skeletal wackestone is the 
dominant microfacies in the stratigraphic 
interval, and is found throughout the "calcareous 
zone" beneath the GSA, forming 55 percent of 
the sampled population. The carbonate-rich 
clastics and limestone in the Santee/Clinchfield
Dry Branch stratigraphic interval vary widely in 
thickness. Calcareous sands range from 2 feet to 
33 feet in thickness, the sandy and muddy 
limestones range in thickness from 3 feet to 30 
feet. This complex sedimentary package 
underlies most of the facilities in the GSA 
including the burial grounds, the tank farms, and 
the seepage basins (Figure 1).  

The presence of glauconite along with a normal 
marine fauna including foraminifers, molluscs, 
bryozoans, and echinoderms, indicates that the 
Santee/Clinchfield limestones and limy

sandstones were deposited in clear, open-marine 
water of normal salinity on the inner to middle 
shelf (Figures 3 and 5) (Thayer and others, 
1994; Parker, 1999 and 2000). The abundance 
of carbonate mud (micrite) in the limestones 
suggests deposition in quiet water below normal 
marine wave base. The presence of abraded and 
well-worn skeletal grains indicates that bottom 
transport by currents or storm-generated waves 
alternated with quiet-water conditions in which 
the sediments accumulated.  

The presence of varying percentages of fine, 
subangular quartz sand and terrigenous mud in 
the carbonate lithologies indicates the varying 
but ever presence proximity of the carbonates to 
riverine input (Figures 3 and 4). Viewing the 
Santee/Clinchfield sedimentary package parallel 
to the shoreline (Figure 5), the carbonate-rich 
sediments would be concentrated in the areas 
furthest removed from the tidal inlets at the 
shoreface where clastic sediments supplied by 
riverine input is concentrated. The clastic-rich 
sediments on the other hand would concentrate 
opposite the tidal inlet areas where elastic 
sediment is more readily available. The lateral 
facies transition of the sediments in the subtidal 
shelf environment from carbonate-rich to 
elastic-rich lithologies is therefore gradual and 
measures in the thousands of feet. Shifting 
locations of the tidal inlets at the shoreline has 
resulted in a complex sedimentary package 
(Figure 7) where facies gradually transition 
from one lithology to another both laterally and 
vertically. Therefore both vertical and lateral 
lithologic variability in the Santee/Clinchfield 
sequence is the result.  

The Dry Branch Formation (Sequence III), 
including the Griffins Landing limestone 
member and the Tobacco Road Formation, were 
deposited over the Santee/Clinchfield section in 
shoreline to lagoonal/marsh depositional 
environments (Figure 5). The Dry 
Branch/Tobacco road sedimentary package in 
the GSA is interpreted to be upward fining low 
sinuosity distributary channel and over bank 
deposits that retain there depositional fabric and
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thickness over several miles as the distributary 
channels swept across the lagoonal/marsh 
environment. Thus the primary depositional 
fabric (several upward fining sequences from 
coarse channel sand to overbank silty mud) and 
the uniformity in the thickness of the sequence 
can be traced for miles in the central part of the 
SRS.  

Locally however, the contact between carbonate 
sediments and laterally comparable clastic 
sediments is sharply drawn, occurring over 
distances of only a few feet. Here the carbonate 
is interpreted to be the remains of more 
continuously deposited beds (Thayer and others, 
1994: Parra and others, 1998) where post 
depositional dissolution and removal of 
carbonate left isolated remnants over time. The 
overlying Dry Branch/Tobacco Road ("Upland" 
unit ?) clastics being uniform in depositional 
fabric and thickness over extensive lateral 
distances, are interpreted to have slumped 
downward compensating for the removal of the 
carbonate (Figure 8). The slumping into the lows 
left by the removal of the Santee/Clinchfield 
carbonate did not result in the draping and 
thinning of the overlying Dry Branch/Tobacco 
Road sediments over the carbonate rich structural 
highs. That would have occurred if the 
dissolution and differential collapse of the 
Santee/Clinchfield section predated Dry 
Branch/Tobacco Road deposition. On the 
contrary, the Dry Branch/Tobacco Road section 
is uniform in thickness over both the underlying 
structural highs and lows. Thus the consolidation 
(collapse) of the Santee/Clinchfield section due 
to the removal of the carbonate, post-dates 
deposition of the Dry Branch and Tobacco Road 
sands and possibly the "upland unit" sands and 
gravel as well.  

Diagenesis of the Carbonate Sediments and 
Formation of Soft Zones 

The carbonate-bearing and carbonate-rich 
Santee/Clinchfield sediments underwent 
extensive diagenesis due to dissolution and/or 
precipitation of calcite, silica and other

minerals. Post-depositional events affecting the 
limestones and limey sandstones occurred in 
both the marine and freshwater phreatic 
(saturated) environments.  

The Santee/Clinchfield sediments were 
deposited in the subtidal "normal" marine 
environment where marine phreatic waters 
bathed the newly deposited sediment.  
Diagenetic events occurring in the marine 
phreatic environment included: 1) boring and 
micritization of skeletal grains to form micrite 
envelopes (Figures 9 and 10), mainly 
pelecypods, and 2) precipitation of subsea 
cements, including pyrite and glauconite.  
Glauconite precipitates under slightly reducing 
conditions in water depths greater than 10 m; its 
presence indicates slow sedimentation rates 
(Nystrom and others, 1989, 1991) in marine 
shelf environments. The pervasive presence of 
glauconite in the Santee/Clinchfield sediments 
corroborates the interpretation that the 
sediments were deposited in subtidal marine 
shelf environments based on fossil content and 
sediment fabric analysis. Pyrite precipitates and 
is associated with organic matter within the 
carbonate mud (micrite) matrix of the 
limestones indicating that it formed under 
localized reducing conditions in areas 
containing putrifying tissue where sulfate
reducing bacteria were abundant (Scoffin, 
1987).  

The limestones commonly underwent minor 
post-depositional compaction within the first 
few hundred feet of burial as shown by the 
presence of broken pelecypod and other shells 
(Figure 11).  

The Santee/Clinchfield sediments underwent at 
least two episodes of fresh water flushing. The 
initial episode of dissolution/erosion of the 
middle Eocene Santee/Clinchfield sediments 
occurred soon after burial following the drop in 
sea level at the Santee unconformity (Figure 4).  
The diagenetic changes that occurred that 
materially effected the mineralogy and/or the
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engineering properties of the sediments include 
the following: 

Skeletal grains, mostly pelecypods, 
dissolved to create molds (Figures 9, 10 
and 11). The molds underwent solution
enlargement to form vugs (Choquette and 
Pray, 1970) and channels (Figure 12).  
This was an important porosity-creating 
process in the limestones and limey 
sandstones because pelecypods formed up 
to 20 percent of the original 
unconsolidated sediment (Thayer and 
others, 1994). Locally the molds and vugs 
collapsed due to compaction following the 
dissolution of the fossil debris (Figure 
13).  

"* Some of the carbonate derived from 
dissolution of the fossil shell debris 
described above was precipitated nearby 
as pore-reducing or pore-filling calcite 
cement (Figure 14). Rine and Engelhardt, 
1999, noted that at least two generations 
of spar cements appear to be present in the 
carbonates from core at the ITP site in H 
Area (Figure 1), both related to separate 
episodes of dissolution. Carbonate 
precipitation however was a minor 
process in the limestones and limey 
sandstones. Most of the carbonate 
material released from dissolution of 
fossil shells was exported out of the 
system as indicated by the small number 
of pores that are lined or filled with sparry 
calcite cement. Where it occurred 
however, the carbonate was often lithified 
(cemented) into hard limestone.  

"* Biogenic opal-A in the form of sponge 
spicules and diatom valves dissolved to 
create silica-rich pore water. Some of the 
silica was precipitated as 2-5 jim sized 
opal-CT lepispheres that replace 
carbonate mud (micrite) matrix (Figure 
11), precipitated within molds and vugs 
and in micropores in the lime mud matrix.  
Opal-CT formation generally postdates 
solution of skeletal grains because the 
silica lines the interiors of some molds.

The amount and selectivity of the Opal-CT and 
chalcedony precipitation and replacement of 
carbonate is variable in the Santee/Clinchfield 
sediments (Parker, 1999). Precipitation of the 
opal-CT silica varies from rare to pervasive 
where the entire precursor carbonate sediment 
was 100 percent replaced by silica (Figures 15 
and 16). The main limiting factor for silica 
precipitation and replacement of carbonate 
depends on the quantity and availability of 
amorphous biogenic opal-A (sponge spicules 
and diatom valves) that dissolved to create 
silica-rich pore water for mobilization and 
precipitation of the silica into the nearby 
sediment (Maliva and Seiver, 1988). The 
silicification process ceased when the silica 
supply (diatom and sponge-spicule biogenic 
opal-A) was exhausted.  

Fibrous chalcedony precipitates locally as rim 
cements on detrital quartz grains (Figures 15 
and 17). Cement stratigraphy indicates that 
chalcedony formed after precipitation of opal
CT.  

Following the episode of fresh water flushing 
and exposure of the Santee/Clinchfield 
sediments at the Santee unconformity, Tobacco 
Road and Dry Branch sediments were deposited 
in shoreline environments in the GSA. Now the 
underlying Santee/Clinchfield section would be 
alternately flushed by the meteoric phreatic zone 
(fresh water)/marine phreatic zone (salt water) 
mixing zone (Figure 18). Here further 
dissolution of the Santee/Clinchfield carbonates 
occurred albeit at a reduced rate, and siliceous 
replacement and cementation of the clastics and 
carbonates progressed until the supply of silica 
was exhausted. Eventually, as Dry Branch and 
especially Tobacco Road sedimentation 
continued, the Santee/Clinchfield sediments 
were buried more deeply and the mixing zone 
waters could no longer reach the section (Figure 
18). Here the sequence remained in the marine 
phreatic environment for extended lengths of 
time and diagenetic alteration of the sediments 
was reduced to a minimum or essentially ceased.
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A dramatic increase in sediment supply and a 
retreat of the shoreline seaward to the southeast, 
resulted in deposition of the "upland unit" sand 
and gravel (Sequence IV) in fluvial to upper 
delta plain environments (Figure 3). This is the 
time frame of the further dissolution and 
removable of the Santee/Clinchfield carbonate 
due to renewed fresh water flushing of the 
sequence. Here the overlying Dry 
Branch/Tobacco Road ("Upland" unit ?) clastics 
are interpreted to have slumped downward 
compensating for the removal of the carbonate 
(Figure 8). Slumping into the lows left by the 
removal of the Santee/Clinchfield carbonate 
corroborates the assertion that the consolidation 
of the interval post-dates deposition of the Dry 
Branch and Tobacco Road sands and possibly 
the "upland unit" sand and gravel.  

Rine and Engelhardt, 1999, noted vugs filled 
with sand and silt sized limestone fragments and 
quartz grains present in thin sections from the 
ITP site in H Area (Figures 1 and 19) and 
concluded that the detritus was probably derived 
from leaching and collapse of rock adjoining the 
vug. The voids not containing the detritus are 
probably molds of single shells and are not 
connected to other large pores. These limestone 
and quartz debris filled vugular limestones 
formed during the "collapse" and consolidation 
of the Santee/Clinchfield carbonates in "upland 
and/or post upland unit" time.  

In conclusion, two episodes of freshwater 
flushing of the Santee/Clinchfield section 
resulting in two (or more) stages of fossil shell 
dissolution are hypothesized based on the 
multiple episodes of erosion/dissolution of the 
section. The first occurred at the time of the 
Santee unconformity, the second at the time of 
deposition of the "upland unit" following the 
Upland unconformity. During the interim period 
between the two primary episodes of fresh water 
flushing of the Santee/Clinchfield section, 
dissolution of carbonate and precipitation and 
replacement of carbonate by silica continued 
albeit at a slower rate during deposition of the 
Dry Branch and Tobacco Road sands.

The carbonates and limey sands of the 
Santee/Clinchfield sequence underwent a 
complex combination of deposition of diverse 
lithologies, post-depositional 
dissolution/precipitation/replacement of calcite, 
silica and other minerals. The result is sediment 
often far removed from its initial depositional 
fabric and mineralogy. Local dissolution is so 
pervasive that the precursor sediment is no 
longer identifiable.  

Extent of Carbonate Zones 

A database was established that cataloged all 
data retrieved from core, geophysical logs, CPT 
logs and geotechnical (SPT) borings related to 
the stratigraphy and the presence of carbonates 
in the Dry Branch-Santee/Clinchfield interval.  
The primary sources of data for mapping the 
extent (stratigraphic and geographic distribution 
and "concentration") of the carbonate zones 
were binocular and petrographic examination of 
core retrieved from wells drilled in the GSA, 
SPT boring logs and borehole geophysical logs.  
The percentage of carbonate was recorded on a 
foot by foot basis from core described in the 
core lab. The thickness, distribution and 
percentage of carbonate were mapped from the 
core data. Mapping the stratigraphic and lateral 
extent of the carbonate was augmented with 
lithologic data interpreted from the geophysical 
and SPT boring logs.  

A file was assembled with stratigraphic 
information from core and geophysical log data 
that includes picks for the top of the Dry Branch 
Formation, top of the Santee/Clinchfield section 
(i.e., top surface of the Santee unconformity) 
and top of the Warley Hill Formation for the 
GSA area. The top surfaces were mapped and 
used to constrain the data query for the presence 
of calcareous sediments to the stratigraphic 
interval between the top of the Santee 
unconformity and the top of the Warley Hill 
Formation where the zones are located.
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RESULTS 

The geographic distribution, and concentration 
of carbonate sediment in the Santee/Clinchfield 
section in the GSA was analyzed by querying 
the footage of carbonate greater than or equal to 
5% found in the cored wells and SPT borings.  
Figure 20 is a 3D profile illustrating the relative 
thickness and percentage of carbonate from core 
and SPT borings throughout the area.  

Three areas stand out where several cored wells 
indicated an appreciable thickness of carbonate.  
From east to west they include the H Area ITP 
site ( #1 on Figure 1), the H Area Seepage Basin 
(#2) and the Burial Grounds area (#3). In "F" 
Area at the APSF site (#4) and the F Basin area 
(#5) extensive SPT boring data is available 
indicating concentrations of carbonate. Neither 
area has concentrated core data that is needed to 
verify the SPT findings. In other areas carbonate 
is encountered in isolated cored wells. Here the 
extent of the carbonate is indeterminate. These 
large areas of sparse data precludes making the 
assumption, as was done in the past (Aadland 
and others, 1991; Richardson 1994; Thayer and 
others, 1994 and Aadland and others, 1994), that 
the carbonate is concentrated only in the areas 
indicated on the profile.  

The average percentage of carbonate in each 
core was mapped. In general where the 
carbonate is thickest, the average carbonate 
percentage is greatest. The thickness of the 
Santee/Clinchfield section (interval between the 
Santee unconformity and the Warley Hill 
Formation) was mapped in the GSA. Carbonate 
thickness and concentration is directly related to 
the isopach thickness of the Santee/Clinchfield 
interval. Where the Santee/Clinchfield interval 
is thick carbonate is more concentrated, where 
the interval is thin carbonate thickness and 
concentration is reduced. It is further observed 
that where carbonate is concentrated in the 
Santee/Clinchfield section the overlying "upland 
unit", Tobacco Road/Dry Branch section is 
generally structurally high, and where the 
carbonate content is reduced or absent the

overlying "upland unit", Tobacco Road/Dry 
Branch section is generally structurally low.  
This fact, and the uniformity in thickness of the 
Dry Branch/Tobacco Road section in the area 
mapped, indicates that the removal of carbonate 
and the thinning of the Santee/Clinchfield 
interval occurred in post Tobacco Road 
("upland unit") time.  

Significant Findings and Observations 

The carbonates and limey sands of the 
Santee/Clinchfield sequence underwent 
a complex combination of deposition of 
diverse lithologies, post-depositional 
dissolution/precipitation/replacement of 
calcite, silica and other minerals. The 
result is sediment often far removed 
from its initial depositional fabric and 
mineralogy. Local dissolution is 
sometimes so pervasive that the 
precursor sediment is no longer 
identifiable.  
The thickness of the Santee/Clinchfield 
interval in the GSA is variable. The 
thickness and concentration of 
carbonate is directly related to the 
thickness of the Santee/Clinchfield 
interval. In general where the 
Santee/Clinchfield interval is thickest 
the footage of carbonate is greatest and 
the average carbonate content 
(percentage) in the cores is greatest.  
Where the interval is thin the thickness 
and percentage of carbonate in the core 
is reduced.  
It is further observed that where the 
Sante/Clinchfield section in thick and 
where carbonate is concentrated, the 
overlying "upland unit" and Tobacco 
Road/Dry Branch section is generally 
structurally high (Figure 8). Where the 
section is thin and the carbonate content 
is reduced or absent, the overlying 
"upland unit" and Tobacco Road/Dry 
Branch section is structurally low but 
uniform in thickness with the section in 
the structurally high areas. This

G-8

WSRC-MS-2000-00606



Carolina Geological Society, 2000 Annual Field Trip Guidebook

indicates that the removal of carbonate 
and the thinning of the 
Santee/Clinchfield interval occurred in 
post Tobacco Road/"upland unit" time.  

"* All degrees of carbonate dissolution 
from minor to complete are observed in 
the Santee/Clinchfield sediments.  

"* Two primary episodes of freshwater 
flushing of the Santee/Clinchfield 
section resulting in two (or more) stages 
of fossil shell dissolution are 
hypothesized based on the multiple 
episodes of erosion/dissolution of the 
section. The first occurred at the time of 
the Santee unconformity, the second at 
the time of deposition of the "upland 
unit" following the upland 
unconformity. During the interim period 
between the two primary episodes of 
fresh water flushing of the 
Santee/Clinchfield section, dissolution 
of carbonate and precipitation and 
replacement of carbonate by silica 
continued albeit at a slower rate during 
deposition of the Dry Branch and 
Tobacco Road sands.  

"* The second episode of fresh water 
flushing in "upland unit" time resulted 
in the further dissolution and removable 
of the Santee/Clinchfield carbonate.  
Here the overlying Dry Branch/Tobacco 
Road ("Upland unit" ?) clastics are 
interpreted to have slumped downward 
compensating for the removal of the 
carbonate (Figure 8). Slumping into the 
lows left by the removal of the 
Santee/Clinchfield carbonate 
corroborates the assertion that the 
consolidation of the interval post-dates 
deposition of the Dry Branch and 
Tobacco Road sands and possibly the 
"upland unit" sand and gravel.
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Figure 1. Location map of the General Separations area (GSA) at the Savannah River Site. The 
Burial Grounds, H Area Seepage Basin and the H Area ITP Site used in the Carbonate and soft 
zone query are outlined in red.
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Lithostratigraphic Units 
(Fallaw and Price, 1995)
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2. Lithostratigraphic and Sequence Stratigraphic Units, at the Savannah River Site.

G-12

-t -I- - F0

100

200-

300

400

500

600-

0 

tý CD 

CD 

CD

700-

800-

900 

Figure

i I

-------- i-

WSRC-MS-2000-00606



Carolina Geological Society, 2000 Annual Field Trip Guidebook

Mesotidal ( Barrier Island ) Shoreline

-.0 Broad Flood Plain ---

Tidal Marsh and Channels 

7L agoo n!B~avy Lagoon / Bay 
FlIood Tidal Delta 

v Islands Barrier Is ad; 
-(C Tidal nlae s freachs rVC

Shallow Clastic / Carbonate Shelf

Shallow Shelf Below Storm Wave

"Ebb Tidal Delta

Base

Deep Clastic Shelf

Carbonate Platform

FYSGG486G 

Figure 3. Spatial relationships of depositional environments typical of the Tertiary sediments at 
SRS.
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(modified Irom Kerr. 1977)

Figure 5. Spatial relationships of depositional environments typical of the Dry Branch and 
Santee/Clinchfield sediments at SRS. Progradation seaward puts the younger tidal 
flat/marsh/shoreline (inner shelf) sediments of the Dry Branch Formation over the older middle 
shelf sediments of the Santee/Clinchfield Formations in the General separations Area at SRS.
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Figure 6. Regional distribution of carbonate in the Dry Branch-Santee/Clinchfield sequence at 
SRS.
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Schematic Diagram of the Santee / Clinchfield Sediments 
Deposited Parallel to the Shoreline

Thousands of Feet TTop of 
Dry Branch

Santee Unconformity 

Sandy Carbonate jyIIZŽ_ Limey Sand--my 
jLimey :San~d 

Approx. Sandy Carbonate Sandy Carbonate 
60 ft. ___ __ 

6 0m S- -Top 
of 

Lime Sand Limey Sand Warley Hill 

Figure 7. Shifting locations of tidal inlets at the shore face would result in shifting positions of the 
clastic-rich/carbonate-rich sediments deposited out on the subtidal shelf. The result is a complex 
mixture of sediment types that gradually transition from one lithology to another.
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Figure 8. Slump faulting at the H Area ITP Site. Dissolution of carbonate in the Santee/Clinchfield 
sediments especially the Clinchfield, resulted in slumping and collapse of the section with Dry 
Branch, Tobacco Road and 'upland unit" sediments slumping into the resulting low areas.
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Figure 9. Diagrammatic summary showing steps in solution and precipitation of calcium 
carbonate by fresh water.
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Ouartz Grains /\

Mictre Envelope
Shell Fragment

Figure 10. Photomicrograph of quartz-rich skeletal packstone from the Burial Grounds, GSA, 
SRS that has been diagenetically altered to sandy, molluscan-mold microsparite. From the 
Santee/Clinchfield section in Well BGO-14A, 122 ft. Crossed nicols. Blue area is void space filled 
with blue epoxy glue.
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Vugular 
Porosity

/
- Micrite 

Envelopes 

Quartz 
Grain

Figure 12. Extensive dissolution of fossil fragments in a skeletal grainstone (?) resulting in vugular 
porosity. Only micrite envelopes of the shell fragments remain. From the Santee/Clinchfield 
section, Well HBOR-50 @ 165 ft. H-Area ITP Site, General Separations Area, Savannah River 
Site. Void space filled with blue epoxy glue.
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3PG84E3 
Figure 13. Collapsed and fractured shell fragments in a skeletal Grainstone (?). Well HBOR-50 @ 
179 ft. in the Santee/Clinchfield section. Crossed Nicols. H-Area ITP Site, General Separations 
Area, Savannah River Site. Void space filled with blue epoxy glue.  
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Figure 14. Sandy, pelecypod, pellet packstone. Santee/Clinchfield section, Burial Grounds, 
General Separations Area, Savannah River Site. Crossed nicols. Void space filled with blue epoxy 
glue.
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Aiorphous 
Silica

-Shell Mold

Figure 15. Photomicrographs of sandy biomoldic chert, Santee/Clinchfield section, Core CPT
157S3 @ 109.85 ft. F-Area APSF Site, General Separations Area, Savannah River Site. Bottom 
picture plane-polarized light. Amorphous silica (Opal-CT) replacement of calcite micrite (mud) 
matrix.
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Amorphous silica replaced calcite mud 

I

WSRC-MS-2000-00606 

Quartz grain

Figure 16. Photomicrograph of sandy siliceous mudstone, Santee/Clinchfield section, Burial 
Grounds, General Separations Area, Savannah River Site. Well BGX-2B, @ 151.2 ft. Crossed 
nicols. Calcite micrite (mud) matrix was replaced by amorphous (Opal-CT) silica.
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Chalcedony Silica Cement
Quartz (hain 
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Figure 17. Chalcedony-cemented, quartz arenite, Terrigenous sand and sandstone microfacies.  
Santee/Clinchfield section, H Area, General Separations Area, Savannah river Site. Well YSC02A 
( 109 ft. Crossed nicols.
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Figure 18a. Model for development of facies and soft zones in the General Separation Area, 
Savannah River Site.

Figure 18b. Model for development of facies and soft zones in the General Separation Area, 
Savannah River Site.
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Figure 19. Quartz-rich, skeletal grainstone, with carbonate/quartz detritus present in vuggy pores.  
Skeletal Grainstone Microfacies, Santee/Clinchfield section, H Area ITP Site, General Separations 
Area, Savannah river Site. Well HBOR-50 @ 166 ft. Crossed nicols. Void space filled with blue 
epoxy glue.
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The Savannah River Site E-Area Vadose Zone Monitoring System 

Heather Holmes Burns, Bechtel Savannah River Company, Aiken, SC 29808 
Doug Wyatt, Tom Butcher, Jim Cook, Brian Looney, Joe Rossabi, WSRC, Aiken, SC 29808 
Michael Young, Georgia Institute of Technology, Atlanta, GA 30332

ABSTRACT 

Shallow disposal trenches located in the 
Savannah River Site's E-Area contain low
level radioactive waste. To help protect the 
groundwater below these trenches, a 
comprehensive vadose zone monitoring 
system was developed and deployed. A 
vadose zone-based monitoring approach was 
utilized since groundwater contamination from 
nearby facilities would limit the sensitivity 
and increase the cost of a traditional 
groundwater-based monitoring system. The E
Area Vadose Zone Monitoring System 
(VZMS) monitors the three soil parameters 
(i.e., water content, water potential or tension, 
and contaminant concentration) that determine 
how fast and in what concentration 
contaminants are traveling to the groundwater.  
Forty instruments were installed in three 
vertical boreholes and four angled boreholes 
drilled underneath the centerline of the trench.  
The various monitoring instruments were 
mounted on assemblies that were installed in 
each borehole. The equipment at each depth 
typically included: 1) a porous-cup vacuum 
lysimeter (i.e., solution sampler) for collecting 
water from the vadose zone for analysis, 2) an 
advanced tensiometer (AT) for measuring soil
water tension, and 3) a water content 
reflectometer (WCR) for measuring soil-water 
content. The electronic instruments were 
connected to data loggers with cellular 
telephone links to allow direct downloading of 
data and calibration information to both onsite 
and offsite computers. Thin-walled stainless 
steel tubes were installed near the instrument 
holes to allow more detailed water content 
logging using neutron probes. The initial data 
indicate that many of the instruments have 
equilibrated with the moisture in the 
surrounding backfill and environment. The 
data are being closely monitored to track the

wetting fronts and analyze the potential 
movement of contaminants.  

Several innovative methods for 
characterization, drilling and installation were 
utilized during implementation of the EMOP
Phase IA. Extensive characterization of the 
geology using a combination of cone 
penetrometer lithology data and conventional 
drilled soil core data from around the trenches 
enabled development of 3-D models of the 
lithology allowing for precise instrument 
placement. An innovative approach for 
installing the WCRs was developed to ensure 
instrument contact with "undisturbed" soils.  
The team also developed a new method for 
installation of the angled lysimeters that would 
allow removal and replacement, when 
required.  

The number of vadose zone wells installed this 
fiscal year was deliberately limited to allow 
system evaluation. By evaluating the 
strengths and weaknesses of the system, future 
deployment of vadose zone monitoring 
systems could be improved. The strengths 
and weaknesses of the system are described in 
this document with respect to installation, 
maintenance, and operation. The results are 
also discussed. Preliminary results indicate 
that the VZMS will provide cost effective, 
high quality performance monitoring and a 
sensitive early warning of any releases from 
the shallow disposal trench operation.  

INTRODUCTION 

E-Area, located in the central portion of SRS, 
is the principal disposal facility for low-level 
radioactive wastes. Some of these wastes are 
disposed of in unlined trenches. Vaults are 
also used for disposal if additional isolation is 
required due to higher radionuclide content.
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The trenches vary in length and width but are 
typically constructed within the upper eight 
meters of the local sediments. The vadose 
zone underlying the E-Area study extends to a 
depth of approximately 21 meters. Water 
from the surface must pass through the vadose 
zone to reach the saturated water table, and 
therefore, potential contaminants from the 
trenches must also pass through the vadose 
zone.  

The approach prior to VZMS installation 
primarily relied on groundwater monitoring.  
This monitoring program could not meet DOE 
requirements because of the several tritium 
plumes that emanate from the Burial Ground 
Complex (BGC) disposal facilities located 
upgradient of the shallow trenches and vaults.  
Because of the proximity of these facilities to 
the E-Area Disposal Facility (EADF) units, 
the previous tritium contamination masks any 
potential contributions from the EADF.  
Therefore, monitoring the vadose zone was the 
best alternative to demonstrate compliance 
with DOE Order 435.1 which requires both 1) 
a comprehensive monitoring program that 
validates the performance assessment (PA) 
and 2) an assessment of impacts to 
groundwater. At SRS, this has been 
interpreted to mean that concentrations of 
radionuclides in groundwater not exceed 
drinking water standards (DWS).  

The significant accomplishments of this 
program are summarized in Table 1.0. The 
data supplied by the monitoring program 
provides information about the integrity of the 
disposal unit, and whether or not elements of 
the disposal site are functioning as intended 
and predicted. Initial data obtained from both 
vadose zone characterization and monitoring 
demonstrates that the E-Area disposal trenches 
are meeting the requirements established in 
DOE Order 435.1. The E-Area VZMS is 
designed to detect and quantify the rate and 
volume of both water and contaminant 
movement released from the trenches to the 
undisturbed environment. The VZMS will be 
used to show that facilities are operating safely 
during waste emplacement, and also, serve as 
an early-warning indication of the magnitude

of any releases from the shallow disposal 
trench operation. The early-warning measure 
will allow corrective actions to be conducted 
to prevent further degradation of the 
groundwater resources.  

Brief Description of Monitoring Strategy 

Instruments were selected that had been 
demonstrated in industry or by research and 
development efforts ready for deployment.  
An array of VZMS instruments installed 
around the perimeter of the E-Area disposal 
trenches was selected to provide data for 
determining the quantity, rate, and direction of 
soil-water and contaminants in the vadose 
zone. Three types of vadose zone monitoring 
devices were selected to comprise the core 
technology for this system: 

" Advanced Tensiometers measure soil
water tension or potential. This parameter 
relates to how well the soil retains 
moisture.  

"* Water Content Reflectometers sense the 
dielectric constant of the soil to determine 
moisture content.  

" Porous-cup lysimeters or solution 
samplers collect soil-water samples that 
will be analyzed for tritium and other 
contaminants.  

Tritium was the contaminant of interest since 
the PA predicts tritium to be the contaminant 
first reaching the groundwater. The VZMS 
was to define tritium transport in two ways to 
meet the two primary objectives stated in this 
section. The first was to provide soil-water 
samples from the vadose zone using porous
cup lysimeters for determining the 
concentration of tritium. The second was to 
provide the flux velocity of tritium carried to 
the groundwater using data from the AT and 
WCR.  

The instruments are installed in boreholes 
traditionally used for monitoring contaminants 
at depth. Data collection using tensiometers 
and WCRs is automated, so that site personnel
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are not needed for data collection. Other 
monitoring points will be taken with a neutron 
probe which is designed to provide a 
continuous water content profile for the entire 
thickness of the vadose zone. Probes are 
lowered into the borehole, readings are taken, 
and the probe is removed. The neutron probe 
access tubes are located adjacent to each 
borehole containing the WCRs to allow 
redundant measurements of water content.  

Brief Description of Installation Strategy 

The installation strategy was dictated by the 
monitoring strategy as described below: 

"* Lysimeters were placed under the center
line of the trench using angled boreholes 
to monitor vertical contaminant transport.  

" Instruments were placed in vertical wells 
at the north end of the trench to monitor 
the greatest tritium activity and to monitor 
lateral contaminant transport.  

" Vadose zone monitoring wells were 
installed in a triangular pattern to provide 
data that could be used to better determine 
the flow direction or gradient.  

The E-Area VZMS was installed on two 
adjacent sides of the outermost completed 
disposal trench. Seven boreholes were 
installed, including three vertical boreholes 
and four angled boreholes. The angled 
boreholes were cased with PVC pipe. Vertical 
boreholes were not cased but backfilled with 
alternating layers of silica flour and native 
backfill. The vertical boreholes contained 
each of the three instruments (i.e., ATs, 
WCRs, and solution samplers) emplaced at 
four depths, whereas, the angled boreholes 
contain one solution sampler that is retrievable 
if failure occurs.  

CHARACTERIZATION OF THE SRS 
VADOSE ZONE 

Field characterization to support the VZMS 
deployment was completed in January 1999.  
The vadose zone in E-Area was characterized

by three methods: 1) split spoon sampling, 2) 
Shelby Tube samples and subsequent 
laboratory analysis on sediment samples, and 
3) PiezoCone Penetrometer Testing (CPTU) to 
determine soil characteristics or the 
sand/silt/clay horizons and dielectric constant 
and pore pressure to determine moisture 
content. Geological models were developed 
from the characterization data. The 3-D 
models were utilized in determining the 
optimum depths for locating the instruments in 
the subsurface strata with the highest moisture 
content. Laboratory analysis of field samples 
collected during characterization allowed 
comparison of actual field data to the 
hydraulic parameters and the determination of 
coefficients required as input to the models 
used in the E-Area RPA. Soil hydraulic 
property data was also used to calculate the 
soil-water flux through the vadose zone that 
could be compared to PA mathematical model 
output.  

The 3-D models of the vadose zone were 
correlated with data obtained from the Shelby 
Tube soil samples. The models depicted the 
sand/silt/clay horizons (See Figure 1.0) and 
soil moisture. The 3-D model indicates there 
are three major horizons underneath the E
Area disposal trenches that differ in ways that 
are important for placement of vadose zone 
instruments. The A-horizon dominates the 
upper 7 meters of the vadose zone and is a 
predominantly clay layer. The B-horizon 
begins at about the 7 meter depth and extends 
to 18 meters and is characterized by higher 
sand content than the A or C horizons. The C
horizon is at the 20 meters depth and includes 
the water table overlaying a clay-confining 
zone. Within the area of the localized model, 
there are apparent channels interspersed in 
these horizons that cause variations in the clay 
and sand content underlying the trenches.  
Because of this, there are lateral variations in 
the overall soil moisture throughout the 
vadose zone.  

The approximate depths selected for 
placement of instruments is presented in 
Figure 2.0. The uppermost tensiometer was 
placed just below the clay surface. The
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second tensiometer was placed above the clay 
interbedded in the sandy zone at about 14 
meters depth. The next two tensiometers were 
installed slightly above and in the capillary 
fringe zone.  

DEPLOYMENT OF THE SRS VADOSE 
ZONE MONITORING SYSTEM 

The goal of deploying a vadose zone 
monitoring system in E-Area was to 
instrument the disposal trenches with a system 
that would meet the two primary objectives: 1) 
validation/calibration of the performance 
assessment mathematical model and 2) 
protection of groundwater resources. The 
strategy used to meet the stated objectives was 
to monitor the soil-water parameters that 
directly relate to water movement and 
contaminant migration from the trench 
disposal area. Therefore, the VZMS was 
designed to monitor soil-water content, 
tension, and contaminant concentration which 
are the soil-water parameters that directly 
relate to water movement and contaminant 
migration from the trench disposal area.  
These three primary soil parameters could be 
utilized to determine the contaminant flux, or 
how fast a given contaminant is traveling to 
the groundwater through the vadose zone.  

SRS is the first site to utilize the AT in 
combination with other instruments to monitor 
soil parameters at up to 18 meters depth in the 
vadose zone at a humid site. The AT has 
paved the path for a permanently installed 
tensiometer allowing it to be utilized in long
term monitoring programs. The AT has these 
advantages over other tensiometers: (a) it can 
operate at depths exceeding 30 meters, (b) it 
can be checked for proper operation in the 
field, (c) the pressure sensor can be calibrated 
in the field, and (d) the pressure sensor can be 
replaced, if required. All of these advantages 
result in reduced maintenance and servicing 
needs for the AT.  

The AT and the WCR instruments have 
electrical leads that are connected to data 
loggers. Three data loggers that are supplied 
with power utilizing a solar panel have been

installed adjacent to each of the three vertical 
wells. The data loggers are equipped with 
cellular telephone links to allow direct 
downloading of data and calibration 
information to both offsite and onsite personal 
computers. The soil-water samples collected 
by the vacuum lysimeters are manually 
collected.  

Methodology 

Seven vadose zone wells were installed 
around two sides of the outermost completed 
disposal trench (i.e., slit trench #1). The 
location of each of the vadose zone wells was 
selected based on the following 
considerations: 

1) to allow monitoring of the entire 
length of the outermost trench, 
2) to determine the flow of contaminants 
in vertical and lateral flow patterns, 
3) to facilitate the earliest detection of 
tritium by being placed next to the highest 
tritium containing waste and underneath the 
centerline of the trench, and 
4) to monitor the water flow through the 
trench.  

Four of the wells were angled and placed 
under the centerline of the trench to enable 
monitoring of vertical contaminant transport.  
Each of the angled wells were equipped with 
one lysimeter and were spaced approximately 
30 meters apart to enable monitoring the entire 
length of the trench. Three vertical wells were 
placed at the NE and NW comers of the trench 
and on the eastern side of the trench to form a 
triangular pattern. This arrangement would 
allow the soil-water flux to be measured based 
on the gradient between the instruments and 
would allow monitoring of lateral contaminant 
transport. Instrument clusters containing one 
AT, one porous-cup lysimeter, and one WCR 
were placed at four vertical depths inside each 
vertical well. Neutron probe access ports were 
placed adjacent to each of the vertical wells.  
The E-Area VZMS vertical wells contain ATs 
at four different depths so that the rate at 
which a wetting-front is moving through the 
vadose zone can be used to determine the soil-
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water velocity, the direction of water 
movement, and the soil-water flux. The 
contaminant flux that is directly comparable to 
that estimated in a performance assessment is 
obtained from both the soil-water flux and the 
contaminant concentration.  

Innovative Installation Methods 

Two instruments required innovative 
installation methodologies to ensure proper 
instrument performance and sensitivity: 1) the 
water content reflectometer and 2) the neutron 
probe access port.  

1) Water Content Reflectometer 

The WCR requires monitoring of undisturbed 
soil and can be installed via two methods: 1) 
insertion into the side-wall or 2) placement 
against the side-wall of the borehole. The 
WCRs were installed in boreholes by forcing 
the assembly against the borehole wall using a 
short lever-arm attached to the WCR as shown 
in Figure 3.0. To provide redundant 
measurement of water content, a neutron 
probe access port was installed adjacent to 
each vertical well to provide continuous 
measurement of soil-water content.  

2) Neutron Probes 

The neutron probe enables a continuous soil
water content measurement along the length of 
the vadose zone. Periodic monitoring with 
these probes will allow the tracking of 
moisture fronts traveling through the E-Area 
vadose zone. It has long been recognized that 
the nature of the access borehole can 
significantly affect neutron probe sensitivity 
(i.e., performance). Stainless steel was 
selected as the material of construction for the 
neutron access pipe. Steel tubing was 
preferred over PVC pipe since it does not 
contain chlorine to effect neutron attenuation 
and is commonly available. The steel tubing 
used in this application consisted of flush 
threaded well casing. The tubing was 
schedule 5 with a maximum thickness of 
schedule 40 near each threaded coupling. The 
stainless steel material of the access tube was

selected not only because of its minimal effect 
on the neutron flux, but also because of its 
durability and its ability to be pushed in the 
soil by a hydraulic cone penetrometer test 
(CPT) rig. The access tube was installed by a 
CPT rig to eliminate the generation of an 
annular space created by conventional drilling, 
and therefore, to eliminate the need for 
backfill. The most commonly used backfill 
materials have different moisture contents than 
the actual formation. Therefore, the moisture 
content of the backfill, being the closest 
material to the neutron source, will cause the 
thermalization of a large fraction of the high
energy neutron flux resulting in significant 
attenuation of the neutron flux before it enters 
the formation.  

PERFORMANCE OF INSTRUMENTS 

In this section, the performance of all three 
vadose zone instruments/samplers (i.e., the 
AT, WCR, and solution sampler) and the 
analyzed results are discussed. Two soil 
parameters are required to calculate the 
contaminant flux to the groundwater: 1) the 
soil-water flux determined from the AT and 
WCR data, and 2) the contaminant 
concentration obtained via the solution 
sampler. Tritium was selected as the target 
constituent because: 1) it is present in the 
waste disposed of in the trenches, and 2) the 
SRS PA model indicates that it would be the 
fastest traveling radionuclide to the 
groundwater.  

Water Content Reflectometer Sensor 
Performance 

WCR data was collected and analyzed several 
months after installation, allowing for 
equilibrium of the sensor with the host soil.  
The data are very consistent with time 
showing little change in water content in the 
vadose zone at the depths installed. Average 
water contents after equilibrium with the host 
soil are values of 0.284, 0.181 and 0.266 
m3/m3 for the three vertical wells. These 
values are consistent in time and reasonable 
given the soil texture.
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Advanced Tensiometer Performance 

The water potentials as measured by the ATs 
reflected expected conditions in the 
subsurface. The lowest water potentials 
reflecting dryer conditions were located in the 
shallower zones while the deeper zones near 
the wetter capillary fringe had higher 
potential. Figure 4.0 shows the soil-water 
tension data obtained from the AT sensors in 
vertical Boring #5 at all four depths in the 
vadose zone (from 7 to 17-meters depth).  
Data from the AT sensors in boring #5 were 
selected for illustration since this borehole 
contains the most operative solution samplers.  
The solution samplers, when placed under 
vacuum, collect soil moisture until the vacuum 
equilibrates with the surrounding soil tension.  
At that time, water from the soil is no longer 
drawn into the lysimeter collection chamber.  
In Figure 4.0, the sharp decreases in tension 
(days #134, #141, #182, #225, and #230) 
occurred on the days in which the solution 
samplers were placed under vacuum. The 
ATs performed as expected since the soil
water tension decreased as the surrounding 
soils become dryer when soil-water was being 
collected into the solution sampler. The step 
change seen in the instrument tension at the 
deepest depth (17-meters) was at the time of a 
heavy rainfall resulting in the water table 
rising. The instrument AT-5-55 indicates that 
saturation occurred at that time and was to be 
expected since boring #5 soils were wetter at a 
shallower depth than that of either boring #6 
and boring #7).  

All of the data from the ATs in Boring #5 
(AT-5), Boring #6 (AT-6), and Boring #7 
(AT-7) indicate that the soil tension is 
relatively constant ranging between -100 cm 
(wetter) to -200 cm (dryer) and is consistent 
with expected tensions for SRS soils. Water 
potential appeared to be unaffected by daily or 
yearly infiltration events at these depths. The 
total variation in water potential was less than 
100 cm in all tensiometers over the 3.5-month 
period.

Solution Samplers 

Sixteen vacuum solution samplers were placed 
in the seven boreholes around the sides of the 
E-Area disposal trenches. Table 2.0 lists the 
solution samplers and the sample volumes 
collected during FY99. Thirteen out of 
sixteen solution samplers have collected 
samples. Each of the solution samplers in the 
four angled boreholes placed under the 
centerline of the trench have been successfully 
collecting samples. Nine out of the twelve 
solution samplers placed in the three vertical 
boreholes have been able to collect samples.  
A sample as small as 5-10 milliliters is 
sufficient for obtaining the concentration of 
tritium, which is the primary contaminant of 
interest. The three solution samplers that have 
not collected samples on either of the two 
collection dates, have not yet been declared 
inoperative. Other methods to improve the 
collection performance are planned which 
include placing solution samplers under a 
constant vacuum. The first set of water 
analyses, as expected, shows that tritium 
above background levels is moving through 
the vadose zone beneath the trench area where 
debris with the highest tritium content has 
been buried.  

DATA ANALYSIS 

The SRS PA model estimates the peak 
groundwater concentrations based on 1) an 
estimated groundwater flux and 2) a maximum 
curie concentration in the disposal area that 
will not exceed the DWS. Comparison of the 
measured tritium concentrations with PA 
model results indicates that groundwater 
concentrations will meet the DWS as 
discussed in this section.  

The first round of sampling from the vacuum 
lysimeters produced tritium concentrations 
ranging from about 1.0 pCi/ml to about 84 
pCi/ml as shown in Table 2.0. A simple 
calculation was made to compare the highest 
concentration of 84 pCi/ml with the results of 
the vadose zone model used in the 
performance assessment. The comparison
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indicated that a tritium concentration of about 
400 pCi/ml migrating through the vadose zone 
was required to produce a tritium 
concentration equal to the DWS of 20 pCi/ml 
at a hypothetical 100-meter well. The 
measured vadose zone concentration of 84 
pCi/ml is about 20% of the 400 pCi/ml.  
Therefore, this maximum tritium 
concentration measured by the SRS Vadose 
Zone Monitoring Program should result in a 
groundwater concentration of about 4.0 
pCi/ml, or 20% of the DWS at the 100-meter 
well.  

OVERALL ASSESSMENT: LESSONS 
LEARNED 

This section describes the lessons learned 
from implementation of the first phase of the 
vadose zone monitoring system deployment 
program at SRS. The number of vadose zone 
wells and instruments installed during the first 
phase was deliberately limited to allow system 
evaluation. The next phase of monitoring will 
be designed to incorporate the "lessons 
learned" from the installation and operation of 
the first VZMS at SRS. The three largest 
improvement areas in subsequent monitoring 
designs are (1) redundancy in monitoring 
critical soil parameters, (2) maintenance and 
long-term monitoring, and (3) statistical 
validation of data.  

Redundancy in Monitoring Critical Soil 
Parameters 
Redundant monitoring of critical soil 
parameters using different instruments should 
improve the confidence that changes in the 
soil-water conditions are real and not affected 
by the monitoring systems themselves. The 
first phase of the SRS VZMS deployment 
included redundant monitoring of soil water 
content by neutron logging and by WCRs.  

Maintenance and Long-Term Monitoring 

The SRS VZMS deployment program utilized 
the borehole monitoring strategy for 
installation of instruments because of its use in 
traditional well installations and because of its 
primary advantage that allows placement of

instruments at lower depths. However, the 
borehole monitoring strategy suffers from a 
significant disadvantage for long-term 
monitoring: replacement of instruments. Loss 
of fixed instruments in the borehole results in 
a loss of monitoring points. The loss of a few 
instruments can leave potentially large gaps of 
the subsurface unmonitored. Borehole 
instrument replacement requires re-drilling 
which is not feasible.  

Subsequent monitoring programs should 
maximize access ports for multiple instrument 
use and easy replacement upon failure. The 
existence of access tubes and ports will 
facilitate the use of new technologies. Long
term monitoring programs (e.g., greater than 
10 years) can benefit from the installation of 
access boreholes. Future developments in 
downhole instrumentation could improve the 
accuracy in monitoring subsurface conditions, 
and the presence of access tubes could 
facilitate the testing and use of these 
instruments.  

Statistical Validation of Data 

Data collection from the SRS VZMS has been 
on-going since installation in May 1999. Data 
collection intervals are important aspects of 
statistical analyses. In addition, up to three 
months is required for the data to equilibrate 
with the surrounding environment. Sampling 
over a longer period of time permits the 
quantification of seasonal variability and other 
time-dependent behavior. Insufficient data 
and inadequate methodology for representing 
significance and uncertainty in data can lead to 
faulty conclusions. Without sufficient 
amounts of data it is not statistically possible 
to conclude whether baseline conditions have 
changed.
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Table 1. EAVZ accomplishments and lessons learned.

EVLATO SUMAR OFACMLIHET 
OF

Vadose Zone 
Characterization

Developed 3-D Models of lithology allowing for precise instrument placement.

Borehole Successfully utilized a mud rotary drilling rig to drill angled holes.  
Drilling - Vertical boreholes remained open allowing proper instrument placement.  

- Obtained split-spoon samples during installation to verify placement of 
instruments in optimum moisture zones.  

Instrument - Developed innovative method for placing WCRs against the side-wall of the 
Installation borehole.  

- Developed innovative approach to eliminate annular space around the neutron 
probe access port. A cone penetrometer rig pushed the stainless steel access 
port directly into the ground.  

Instrument - Deep lysimeters (i.e., > 12-meters) are able to collect large samples for lab 
Performance analyses.  

- ATs and WCRs have equilibrated with surrounding environment.  
- ATs and WCRs indicate consistent soil-water tension and content that is 

independent of influx events.  

PA Validation - Characterization data obtained from analyses of soil samples are comparable to 
performance assessment input data.  

DOE Order - Lysimeter data indicates tritium concentration underneath trenches will meet the 
Compliance / Drinking Water Standard at the compliance point (i.e., 100-meter well).  
PA Validation 
Summary of - Increase redundant monitoring of critical soil parameters using different 
Lessons instruments to improve confidence in data.  
Learned - Increase usage of access ports to facilitate the use of multiple technologies.  

- Increase usage of cased boreholes to allow instrument replacement in case of 
failure.  

- Design system to include all phases of monitoring: pre-operational, operational, 
and post-operational.  

- Establish baseline to definitively distinguish between background radiation and 
that contributed by the disposal area.  

- Quantify uncertainty in measurements and observations. Utilize statistical 
analyses to validate data.
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E Vault Trenches
Friction Ratio

Z exgg ctkm 1.0 
Auim,,th: 100 
Inclinadfon: /0.0

Figure 1. 3-D model depicting sand/clay horizons using CPT Friction Ratio. Brighter colors (dark reds) 
indicate more clay-rich sediments, and lighter colors (grays) indicate more sand-rich sediments.
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View from northern end of trenches facing southward.  
(relative scale is correct)

Figure 2. Instrument depths as determined from the 3-D models.
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Bentonite seal 

retraction string*

Sensor (Campbell 
505 or similar) 

polyethylene foam

TDR Moistmue 
Sensor Deployment 

System

Rigid PVC Backing 

PVC Lever Ann 

standard porous cup lysimeter with dual tube 
conmection for vacuum collection and 
pressure lift delivery to surface (Soil 
Moisture Equipment 1920 or similar) 

Silica flour (<200 mesh) backfill around 
lysimeter section 

Bentonite seal 

* for use during deployment

Figure 3. Conceptual diagram of the installation method for the Advanced Tensiometer and Water 
Content Relectometer instrument cluster.  
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Installation steps for Advanced Tensiometer (AT) Assembly: 1) lower to depth while 
TDR probe is retracted, 2) release TDR and pull back to engage, 3) test TDR probe 
response, 4) while holding AT system, emplace silica flour
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AT-5 Water Potentials 
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Figure 4. Advanced Tensiometer Data for Boring #5 (AT-5).  
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Table 2. Volumes of soil-water samples collected by the lysimeters.

July 1 j Sept 13 
BORING #1 (AL-1) 800 600 4.3 

BORING #2 (AL-2) 800 600 1.0 
BORING #3 (AL-3) 800 700 2.5 
BORING #4 (AL-4) 800 600 3.3 

BORING #5 
AT-5-23 900 0* 84.0 
AT-5-33 825 0* 29.7 

AT-5-42 0 10 14.1 

AT-5-57 775 700 21.7 
BORING #6 

AT-6-24 0 0 -

AT-6-34 0 0 -

AT-6-43 400 350 13.3 

AT-6-55 150 0 12.4 
BORING #7 

AT-7-12 0 0 -

AT-7-23 0 5 2.2 

AT-7-42 0 200 7.4 

AT-7-54 5 -10 0 --

1 ubing nad leaKs and could not sustain a vacuum.  
being ordered for permanent replacement.

1 uuing ias ueenit iiipora"ity irp•pilU dpit
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