NUREG/CR-1501
R6 RA

Monoclinal Structure and
Shallow Faulting of the

Reelfoot Scarg
As Estimated From Driil Holes

‘With Variable Spacings

Prepared by R.G. Stearns

Vanderbilt University

Nashville, TN 37235

Prepared for Division of Reactor Safety Research
Cftfice of Nuclear Regulatory Research

U.S. Nuclear Regulatory Commission
Washington, D.C. 20555

NRC FIN No. B5960

00150 CH 7



ABSTRACT

The Reelfoot scarp is an east-facing slope on the Mississ-
ippi River alluvial plain. It descends eastward about 20 feet
across a distance of about 600 feet. The scarp is mainly a
monocline, However, a small fault occurs at the foot of the
slope, along which there was about 3 feet of grahen collapse
which subsequently (maybe soon after 1812) filled in with soil
washed down the adjacent monoclinal slope. The monoclinal
structure was clearly shown Ly six drill holes spaced about 100
feet apart, A fault was indicated by these same holes, but a
fault was not demonstrated by drilling until holes were dilled
closer together than 10 feet.

Drilling proceeded in five stages:

Data were obtained from test holes drilled about 500 feet

apart in 1944 by the US Corps or Eangineers. These were sug-

geative of the monoclinal structure and suggestive of two

faults with estimated maximum throws of 28 (buried) and 18

feet (near surface),

Six test holes were drilled about 100 feet apart. These

clearly indicated the monoclinal structure of the scarsp with

vertical offset of about 15 feet. These holes also were

suggestive of the near surface fault at the foot of the scarp




il

with a maximum throw of 14 feet. These and subhsequent mono-
clinal vertical offset and fault throw measurements a-e made
in s3ilts and clays close to the land surface.

3 - Fourteen hand auger holes were drilled about 25 feet apart
in t » same line as the 6 drilled in step 2. These certainly
provea the monoclinal structure, and showed that the monocline
steepens where the fault was indicated a% the foot of the
topographic slope so that monoclinal off:. ¢t (about 22 feet) is
greater than the descent of the land surdface. The fault was
shown to be minor, if present (maximum throw of abhout 2 feet).

4 - Four hand auger holes were drilled 10 feet apart in the same
line. These were still suggestive of, but did not demonstrate
faulting. They did show that faulting, if present, is still
smaller (about 1 foot of throw).

5 - Five hand auger holes were drilled 25 feet apart, still in
the same line, Tahese indicate a grabhen involving layers as
shallow as 4 feet, perhaps redeposited soil washed into a
depression where the surface collapsed by faulting after
the 1811-12 earthquakes, with about 3% feet of throw in the
graben and 1 foot of throw across the graben,

It is concluded that faulting can he determined by closely spaced

holes so shallow that they can be drilled readily by hand augers.
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Introduction

The area of concern in this paper is the "Reelfoot Scarp."”
The scarp is north-trending and faces eas:iward. It descends 20
feet from the higher Tiptonville Dome to the lower ground of
Reelfoot Lake (Figs. 1, 2, 3). The object of this investigation
is to learn how to recognize and interpret possiblz faults in
this earthquake-prone region of the Mississippi River alluvial
plain, Because the scarp has long been considered to mark a
fault, it drew the writer's inter2st at the beginning of the New

Madirid Study Group project on the earthquake region. This report
is a part of a series of reports by geologists from Vanderbilt
University as part of the larger study.

The area is underlain by a one to two hundred- foot thick
mass of Holocene alluvium. The upper ten to fifty feet, "the
topstratum,” is a fine-grained layer of silt and clay with som2
fine sand, whereas the thicker underlying coarse-grained alluvium,
“the substratum," consists of sands and gravels. Upper Eocene
sands and clays lie unconformably beneath this alluvium. Results
of this study indicats that stratigraphic units within the
"topstratum" are relatively continuous and may be correlated be-

tween drill holes with spacings that vary from 25 feet to over

— — — — - — — - e e e M Rl R WHB ek S W NS TR 4R WER e WM A SR R SR Sl e e

*The New Madrxd Study Group is a confederation of organizations, in-
cluding state geological surveys and universities,mainly funded by
US Nuclear Regulatory Commission and coordinated by Dr. T. C. Busch-
bach of the Illinois Geological Survey and St. Louis University.



Figure 1 - Location of the study area within the Mississippi Embay-
ment. The Reelfoot Scarp is west of Reelfoot Lak2, The
rectangle frames the area shown in more detail in
Figure 2,
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Figur2 2 - The location of the study area in northwzst Tennessee
on the Mississippi River alluvial plain, The small
rectangle is shown in greater detail on Figuras 3,
Contours on this map show the general configuration
of the alluvial plain. The Tiptorville dome is the
area above 300 feet which extends north from Tipton-
ville for approximately 5 miles (Map from Stearns,
1979, Fig. 7).
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200 feet,

The data used in this report consists of five sets of in-
creasingly detailed drill hole records. Less detailed data
appeared to show faulting at shallow depths. However, as the
dril) holes became mor2 detailed, iaulting was fourd, but with
substantially less throw. This rcelationship casts doubt on the

presence of significant faulting, but minor faulting does in

fact exist.
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Drill hole data availakle prior to this investigation is
from the Corp. of Engineers, U. S. Armv, published by Fisk (1944),
Krinitzsky (1950) and Saucier (1964).

Fisk (1944) referred to the scarp as

I

|

|

l "a fault escarpment along which earth movement has taken

' place during the construction of the alluvial plain surface.
« « » the meanders . . . are cut by the escarpment and part
of them have been downdropped into the Reelfoot Lake Basin
from an elevation of 315 ft. M. S. L. to an elevation of
290 ft. . . . Displacement along the fault has been very
recent and perhaps slight movement occurred as recently as
1812, . . . Borings show a displacement of 50 feet in the

i Tertiary beds underlying the recent alluvium. . . ." (p. 25).

On Fisk's figure 33 a fault is mapped along the scarp on a photo image.
Krinitzsky (1950, p. 6-9 and figure 4) discussed the fault

and presented a subsurface ccoss sectinon. He points out that
"« . . except in the area of actual borings, the fault is
inferred from purely physiographic evidences. . . . The
down-dropped block is east of the fault line., Recent sedi-
ments have their greatest thickness here, indicating that

former courses of the Mississippi River, or of ancestral
streams in this area, must have been channeled along the

|
|



fault direction. A northward projection of this fault

seens to coincide with a distinct reach of the Moiern

M. ssissippi River."

Krinitzsky's cross section shows a single fault that offsets
Eocene by about 40 feet and 2xtends to the surface. Near-

surface alluvium is not drawn as bheing offset by this fault,

The line of borings used by Xrinitzsky is deliberately reinter-
preted in this paper to maximize faulting at each level. This
does not mean that this writer disagrees with the intecpretation
of Krinitzsky. Indeed, as the result of more detalled surface
drilling, Xrinitzsky's drawing of a fault with slight or no offset
at the surface will be shown to be justified.

Saucier (1264) mapped the study area, showing in considerable
detail the o4 river channel that crosses the scarp. His cross
section shows a fault, but it does not differ from the section
presented by Krinitzsky in 1950.

Haselton (1977, unpublished thesis) presented the results
of the six test holes drilled as part of this project. His
interpretation was that faulting is not present on the scarp;
rather, that the scarp is the site of "distributed strain of soil."

This conclusion was essentially verified by Russ, Stearns,
and Herd (1978). They mapped an exploratory trench dug across

the scarp in 1)77. About 100 "offsets" were mapped in the

860-foot trench; most showed slippages of an inch up to a foot.
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Only one "major zone of steeply dipping faults . ., . displaced
beds in excess of 3 m." Mapping of the trench was done after the
six Test Wellis® had been drilled by Vanderbilt University, but
before the more detailed sets of hand auger holes had been drilled
for this project.

Ccurrent Investigation

This investigation of the scarp by drilling was performed
from March, 1977 to May, 1979. Six relatively deep test wells
were drilled by a contractor in March and April, 1977. These six
holes were located using the earlier USACE test wells and surface
earth resistivity measurements as guides., The test wells were
logged using a Widco Resistivity, Spontaneous Potential and
Gamma Logger. Later, mainly in the summer of 1978, a line of
hand auger holes was drilled, also in conjunction with surface
earth resistivity measurements. Finally, sets of hand auger holes
were drilled betws=en January and May, 1979, Each stage of the
investigation was thus progressively more detailed, Each resulted
in a lower estimate of throw on the supposad fault than previous
stages,

The Corps of Engincers 1344 Test Wells and
Process of Fault Interpretation used Herein

Most of the 1944 Corps of Engineers drill holes are on an

e T T — S I e . T T S — - — -

*The term “Test Wexl‘ will be used in this report to szgnxfy deape?
contractor-drilled bor.ags. This terminology will serve to dis-
tinguish these machine-drilled borings from the hand auger holes
subsequently drilled,



east-west line crossing Tiptonville Dome. Eight drill holes,
spaced ahout 50C to 1000 feet apart and located near the scarp
re shown in Figure 4, and their lithology plotted and corre-
lated in Figure 5, The drill hole data have heen reintecrpreted
by the writer, The correlation of the alluvium as drawn by
Krinitzsky in 1950 is duplicated here. However, using the brown
clay as a guide, it is possible to interpret a steeper eastward
dip of Eocene strata (Fig. 5) than that presented by Krinitzsky.

Fisk used these test wells to interpret the scarp as the
location of a growth fault, He interpreted about 50 feet of
throw at depth as measured by Eocene offset, and about 25 feet
of offset of an old river channel at the land surface.

The throw of faults inferred from Corps of Engineeis test
wells are reinterpreted by the writer (Figure 6) using a simple
projection technique designed to maximize fault throw. The

general technique can be summarized in the following steps:

Given: a line of four or more drill holes with at least

one correlatabhle contact and a suspicion that a faalt
occurs between borings that have two noles both to the
right and left.

Draw the correlations between all holes except the
pair with the supposed fault between them:; and

draw the fault as a steep normal fault halfway be-
twa2en the holes at the level of a correlatable

contact; then
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and a position at the base of the scarp where more

detailed test drilling and trenching (Russ et al,
shows faulting.

1978)
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3) continue the correlations from the two borings leit
and right of the fault into the undrawn portion to
the fault; and finally

4) measure the throw as drawn,
If only one hole is beside the supposed faualt, use a flat con-
tact to project from that side. Thi#s is likely to maaimize the
estimated throw.

There are several uncertainties involved with this technigue.
There may in fact be no fault. Even dip or flat dip of layers
may not in fact occur. Grabens may be missed. Therefore, this
interpretation is best regarded as part of a process of continued
drilling, 1Intermediate holes are later drilled between holes that
may straddle a fault. This is the working method of the investi-
gation herein reported., The Corps »>f Engineers test wells are
regarded as a first step in a continuing investigation in which
drill hole spacing is progressively reduced from 1000 ft. to 2% ft.

The Corps of Engineers section shows two faults. The west
fault was drawn by Krinitzsky (1950, FPig. 4). The east fault was
added for two reasons., [rirst, the foot of the scarp is the
position of likely faulting in holes drilled subsequently as
part of this project, Second, a fault zone with a throw of
about 10 feet or more was unearthed in the USGS-Vanderbilt trench
(Russ et al.,, 1978) about 500 feet to the north. It is interesting

that the offset of the Eocene brown clay and the topstratum
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silts and clays is nearly identical as constructed. This sug-
gests that the fault has not moved significantly between Eocene
and Holocene time. However, a substantial part of the con-
structed throw near the surface could be the left edge of a
clay filled abandoned river channel as was suggested by
Krinitzsky (1950). If so, the movement was partly post-Eocene
and pre-idolocene and partly Holocene,

The vanderbilt Contractor-Drilled lest Wells

-
- - —— - — ——

As a part of this project six test wells were drilled in
March, 1977.% These were located about 1500 feet south of the
Corps of Engineers test wells on the scarp east of Estes Pond
(Figure 4). The locations were selected for easy access, and
becausa considerable earth resistivity data had already been
accumulated there. The individual holes were located on the
basis of =2arth resistivity profiles, The general location of
the line of wells was selected to give detail across the $00-foot
wide scarp. The end drill holss were selected to extend betwean
the positions of the Corps of Engineers Test Wells C-8 and C-1).

Locations of these wells is presented in Figure 7, a litho-
logic cross section and correlation in Figure 8, and a geophysical
log section and correlation in Figurss 9 and 1). It was thought
that a fault, if present, would most likely be found betwszan wells

i and 2.

PR W Ney mRp e SR N eR el e e R e s R e W e W e B W aE B e e o b el el e s wp

*Funds for the drilling came from a grant froa the National
Science Foundation (EAR 75-17383).
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Figure 7 - Location of 6 test wells drilled for this project
in April 1977 (Line BB'). These & holas cross the
scacp in a span corresponding to the positions of
USACE tes holes C-8 to C-10.
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University test wells,

It is believed that this correlation is superior to

that of Figur2 8 because loss of unconsolidated

material during the drilling process likely causes
considerable errors in estimates of lithology from
samnles in these holes.
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Becaise earth resistivity surveys indicated faulting clase
to Tast Well no. 1 (Tsau, 1978), the fault was placed closer to
Well 1 than to Well 2 in figures 11 and 12,

These wells, which are only about 100 feet apart, showed
essentially the same structure that the more widely spaced “orps
of Engineers test w2lls had shown. Topstratum clays and silts
descend eastward, approximately paralleling the land surface.
Apparcently, shallow structure is accurately shown by the shape
of the land surface. One exception occurs at the foot of the
scarp, where the base of the topstratum clay and the base of
the overlying surface silt both drop sharply to the east, a drop
more than 10 feet greater than the land surface. This could be
normal faulting, the same sense of offset (down on the east side)
as the land surface across the scarp, or it could be that the
foot of the scarp is the edge of an old stream channel, as was
suggested by Krinitzsky in 1350, Subsequent to the drilling of
these walls Russ, Herd and Stearns (1978) mapped in detail the
main monoclinal structure of the scarp and demonstrated the
presence of a fault in a trench.

The system previously described was applied by making a
fault interpretation to these wells (Figs. 11 and 12), Lithologic
and geophysical correlations were found to not match identically.

This was probably caused by error induced when drill cuttings
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are biased by washing during rotary drilling, Because the data
based upon the geophysical logs are believed to be more reliable,
the fault interpretation based on geophysical logs is preferred.
This produczs a throw estimate of 14 feet, This is half of the
estimate of 28 feet of throw for the corresponding fault west of

well C~-1J0 in Figure 6,

- - —

In the summer of 1978, a line of shallow (8~15 Ffeet deep)
hand auger holes was drilled on the lowar part of the scarp to
straddle Test Wells 1, 2, and 3 (Line CC' on Figure 13). These
augar holas were drilled in order to demonstrate tha% the part
of the line hypothesized to be unfaulted (betw=zen wells 2 and 3)
was indeed unfaulted and to see whether the part interpreted as
faulted (between wz2lls 1 and 2) was faulted,

Uphill and westward from Well 2 to beyond Well 3 (FPigure 14)
the closely spaced holes verify that the upper fine-grained layers
show no offset and follow the land surface., However, d~wnhill
ani eastward from Well 2 to Well 1, where a fault was interpreted
as being present, the closer-spaced auger holes show2d a struc-
tural change, However, rather than faulting the slope of the
layers merely increases, and layers descend evenly eastward,
beconing deepec below the land surface. It woulil have been

justifiabie to stop drilling at this point, and interpret the
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Figure 13 - Locations of hand auger holes in relation to the
six 1977 test wells., Line CC' consists of 14
hand auger holes an average of 25 feet apart, two
of which nearly coincide with test wells 1 and 3,
Line DD' consists of 4 hand auger holes only 10
feet apart drilled on the most likely fault
position. Line EE' is not shown on this map., It
is 1) feet north of Well No. 1 and only 10 feet
long.
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Figure 14 - Lithologic correlation of the 14 hand aug=2r holes
of Line CC’,
The parallelism of near surface layers with the
land surface is well illustrated by the left hand
(wast) part of the profile which is well up on the
scarp. Near Well No. 1 the layers slope eastward
as in the unfaulted stratigraphic correlations
of Figures 5, 8, and 10, rather than the fault
intrepretations of Figures 11 and 12,
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surface structure as unfaulted and completely monoclinal and
merely steeper between Test Wells 1 and 2.

However, the 3 auger holes to the west of the auger hole
at the Well No. 1 site show a coantinuous lowering of the silt-
clay boundary that does not project into the same bhoundary in
the No. 1 well site. A fault (Figure 15), with from 1% to 2%
feet of throw, can still be drawn depending on the location of
the fault. The closer it is placed to the No. 1 well site the
less the throw. Also, earth resistivity surveys (Tsau, 1978)
suggested a discontinuity (fault?) at this same position at the
front of the scarp in a position similar to the location of a
fault in the nearby trench (Russ et al,, 1977). Therefore, the
writer was loathe to give up the hypothesis that a fault exists
even though displacement must be small indeed. Therefore,

drilling was tried again at a closer spacing.

Cliosely-Spaced Hand Auger Holes

In Janunary, 1979 four hand auger holes were drilled 1) feet
apart in a line about 10 feet south of the preceding line, strad-
dling the Well No. 1 site (Line DD'). Figure 13 shows the
location of these holes, and Figure 16 shows lithologic corre-
lations. 1If interpreted as faulted (Figure 17), a maximum of
about l-foot of throw ~an be estimated. Az in the preceding

cases, the amount of throw depends on fault location. The
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Fault interpretation of the 14 hand auger holes

on Line CC'. The throw estimate is based on pro-
jecting the base of the silt to the fault. Note
that the estimat¢d throw is sensitive to the fault
location, The closer it is to the site of Jell
No. 1. the less tie throw,
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Figure 16 - Lithologic correlation of a line of four hand
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Figure 17 - Faunlt interpretation of the four hand auger holes
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could be estimated for wells over 100 faet apart,
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farther to the left (west) it is drawn, the less the throw, with
the minimum being slightly less than one foot and the maximum
being on2 foot.

The fact that the throw of an inferred fault diminished,
further suggests that a fault does not exist. At this point,
five cases for five different spacings have been presented: two
from the Corps of Engineers Test Wells and three from holes
drilled during this project. It was decided that the facts
should be determined by even closar drilling or by a relatively
short trench; we continued drilling. Unfortunately, we w«are
refused permissicn to excavate a trench, so even closer drill-
ing was the only alternative.

In May, 1979, a line of holes only 2';s feet apart was drilled,.
Contacts go down in the middle of the array and then up again
(Fig. 18). Thie can be readily interpreted as a grahen (Figure
19) and the fault throw estimates actuilly increased with
decreased spacing. The net offset from one end of the line to
the other remains at about a foot and a half, as it was in the

preceding case with holes 10 feet apart.

Conclusions

Utility of Drill Holes

Shallow drill holes can be used to determine structure in
the study area. Unconsolidated Holocene strata are sufficiently

continuous and distinctive to correlate between holes only about
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10 feet deep. Correlations set up with the widely spaced Test
Wells (120 feet apart) in the study area were still useable with
closer spaced auger holes.

Structure of the Reelfoot Scarp (Figure 20)

A fault occurs at the foot of the scarp with an offset of
only about one foot. 1Its tensional nature is shown by a graben
about 5 feet wide, downthrown about 3 feet (Figure 19). This
fault, though slight, is likely to be a common feature of the
scarp elsewhere, because it occurs in the same position as a
far1lt unearthed by Russ, Stearns and Herd (1978) in the nearby
trench having 10 feet or more of throw. The presence of the
fault is also especially interesting to the writer, because
surface resistivity studies had pinpointed the fault (Tsau,
1973, and report in preparation). The second fault under the
top of the scarp is as drawn by Krinitzsky in 1950.

Drilling has also clearly shown that the main structurz of
Reelfoot Scarp is a monocline (Haselton, 1977). This is also
consistent with the relationship mapped in the trench (Russ,
Stearns and Herd, 1978). The major monoclinal structure may
be approximately dated by radiocarbon dates of gastropod shells
from river or stream-laid clays under modern soil in the trench.
Those collected by the writer gave ages of 1200 % 130 and 1595 *

180 years before the present, so the monoclinal foliing has bheen
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accomplished in the last 1000 to 1800 years. As suggested by

Fisk (1944) most movement predated 1812,

Uppermost Displaced Strata

All of the lines of test hcles drilled as part of this
project indicate offset of layers close to the land surface,
In the contractor-drilled Test Wells near surface silt thickens
markedly in Well No. 1. Subsequent hand auger holes giving
better and more reliable samples all continue to reinforce
the hypothesis that the structural effects extend to within 5
feet or less of the land surface. Indeed the line with most
detail (Line EE') shows material continuous with the topsoil

to fill a graben from 2 to 4 feet below the present land surface.

Time of Faulting

It is interpreted that the graben was a surface depression,
perhaps formed by the 1812 earthquake, filled in by soil wash

from the scarp immediately to the west,

—— —— — -

Faulits to Spacing of Test Holes

Probably because of near surface draping and dragging
related to a large fault offset at depth, faulting at the sur-
face is actually quite limited. Because of the likelihood of
increasing dip near a fault, spacing »2f holes is a dominant

factor in interpretation. 1In this particular case, throw



estimates varied from 28 feset to less than 1 foot. After some

close drilling, faulting would have been denied if it were not
for independent information (earth resistivity, trenching).
Table 1 summarizes the steps taken in this study. Suc-
cessively decreasing estimates of fault throw resulted. Proof
of faulting only emerged with a spacing such that complexities
of the faulting (graben structure) were penetrated, Drilling
alone, ther2fore, must be closely spaced indeed to demonstrate

faulting,



Table 1

between Holes

*aximum Throw of Interprete. Faults at Each Stage Compared with Distance

on Tiptonville Scarp, and Working Conclusions

Line, Location of Distance Throw of Basis

Supposed Fault and Between Fault for Comments and Decisions

Offset Lavers Holes (Maximum) Estimate Before Next Stage

AA' Eocene, Base of About 1000 28 feet Litholoqgy Near the surface these holes
Alluvium and base of feet could be interpreted as either
Topstratum between faulted or "draped." This is
Wells C-9 and C-12 also *rue for the other fault.

and

AA' Eocene and Base About 500 18 feet Lithology Closer spaced test holes were
Alluvium between feet drilled as part of the present
Wells C-8 and C-9 investigation to further

study this structure,.

BB' Subsoil and Top- 120 feet. 14 feet or E Logs Relatively large throw estimate
stratum between 8 feet Lithology suggests that faulting is real,
Wells 1 and 2 but only one well east of

supposed fault. More infor-
mation is needed.

CC' Subsoil and Upper 25 feet About 2 ft. Lithology Lesser throw est. suggests no
part of Topstratum, faulting. Could stop now and
Close to Well 1 assert faulting either absent

or insignificant (i.e., 2 ft.
or less). It was decided to
drill to prove the point or not.

DD' Subsoil and Upper 10 feet About 1 ft. Lithology Still lesser throw est. continues
part of Topstratum. to suggest no faulting. Could
Close to Well 1 stop and assert faulting ab-

sent or insignificant (i.e.,

1 foot or less). Drilling was
continued mainly because orf
surface resistivity info.

EE' Subsoil and "oper 2'; feet About 3.5 ft. Lithology Finally faulting is proved, but

part of Topstratum.
Close to Well 1

and 1.5 ft.
in graben

80 has the insignif-
icance of the offset across
the zone been proved.

9€
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