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An Analysis of the Cooling of Intrusives by Ground-Water 
Convection which Includes Boiling 

L. M. C A T H L E S 

A b s t r a c t 

A finite dilTerence niodel of the cooling of an igneous intrusive of limited volume is 
developed and used to investig.-ite tlie rel.-ition between igneous intrusion, the formation 
of liquid and vapor dominated geollieniial systems, and tlie fonnation of porphyry-
type ore deposits. The niodel takes inlo account the properties of pure water and ac
commodates the phenomena of boiling and condensation, l^ermeability, level of intrusion, 
and pluton volume are systematically varied. Pressure, temperature, and fluid velocity 
are computed as functions of time. 

It is found that a self-supported, vapor dominated steam zone is commonly (but 
briefly) formed above the iiitru.sive. Condensed water bounds the steam zone above, and 
if the hydrothemial solutions arc saline, a zone of boiling bounds the steam zone below. 
For pure water condensation is far more important than boiling—the solutions circulate 
around the critical point of waler lo become gaseous without IJoiling. Despite large 
teniperature variations, convection causes fluid pressures throughout the whole uniform 
permeability system to be close to normal cold-water hydrostatic values. Thus, even in 
an active convecting system wilh nioderate permeability variations, fluid pressure will 
tend toward normal hydrostatic values. Fluid circulation appears easily sufficient to 
produce a typical porphyry copper ore shell, but base metal precipitation probably must 
be controlled by mechanisms other than simple temperature drop. 

I n t r o d u c t i o n 

A T the present time considerable effort is being 
directed toward exploitation of geothermal resources. 
Geothermal systems are thought to be associated 
somehow with magmatic.intrusion. There has been 
considerable, highly illuminating modeling of geo
thermal systems such as Wairakei . However the 
modeling done to this point ignores the geometric 
details of the causative intrusive (which are usually 
poorly k n o w n ) , taking as a starting point a hot 
surface at depth (Mercer et al., 1975; Elder, 1965, 
1966; Donaldson 1962). The temperature of the 
surface is steadily maintained so the models are 
steady state and do not evolve w-ith time by them
selves, although Mercer et al. have considered t rans
ient effects attending man's exploitation of the 
Wairakei geothermal area. 

Geothermal systems have been classified as "vapor 
or liquid dominated" (White et al., 1971) and geo
logic examples of both types have been documented. 
Although it is generally felt an intrusive system may 
evolve from vapor dominated to wet in some cases, 
this intuition has not been refined into a formal 
model. 

Finally there has been considerable discussion of 
the relation between niineral deposits (particularl\-
])orphyry copper deposits but also some nickel de
posits) and intrusives, and the role groiind-xvater 

convection may play in the alteration of certain in
trusives and in tbe localization of ore near those 
intrusives (Sheppard et al., 1971; Norton, 1972; 
Cheney, 1974; Fyfe and Henley, 1973; Henley, 1973 ; 
Phillips, 1973; Whitney, 1975). Fur ther quantifica
tion of these ideas may be possible. 

Consideration of how an igneous pluton of limited 
volume may be expected to cool through conduction 
and ground-water convection provides useful insight 
into the relation betw-een igneous intrusion, the for
mation of liquid and vapor dominated geothermal 
systems, and the formation of porphyry-type ore de
posits. The main purpose of this paper is to present 
the results of model computations that bear on these 
connections. 

Tbe model developed accounts for convective cool
ing of the pluton by ground-water convection, takes 
into account tbe properties of (pure) w-ater, and ac
counts for the thermal effects of fluid boiling and 
condensation. These factors are all shown to be 
important if the cooling history of an igneous intru
sion is to be realistically estimated; of course boil
ing is vital to the investigation of the relation of 
vapor dominated and w-et geothermal systems. The 
pluton is of limited dimensions, so the system evolves 
with time in a quasi-steady-state fashion until the 
initial thermal anoinaly is erased. 

The pluton is considered to intrude suddenly (at 
700°C) into a water-saturated, fractured formation 
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of uniform permeability and normal geothermal 
gradient. The pluton permeability is taken to be the 
same as the intruded formation from the start. No 
consideration is given as to how fractures develop 
in the intrusive (a problem considered by Lister, 
1974) or of how- magmatic water of high salinity 
may exolve from the pkiton (a problem elegantly 
considered by Whitney, 1975). Our focus is entirely 
on those convective processes that will occur after 
the pkiton has developed throughgoing fractures and 
thus is permeable. The cases presented are deliber
ately kept as simple as possible so that fundamental 
features are clearly revealed. Complications can be 
added "in the mind's eye" once the,general features 
are understo.od. 

The model gas reservoirs are self-supported in the 
sense that cooler surrounding water will not cause 
them to collapse (Elder, 1966, p. 36 fif). "Steaming 
ground" may exist at shallow depths above the over
lying condensed (water) zone. No account is taken 
of steaming ground phenomena, whose main effect 
would be to increase drastically the effective thermal 
conductivity of the region above the steaming ground 
water table. This deficiency is unimportant when 
free flow out the top surface (hot-spring activity) is 
permitted. The gas pressures of the model steam 
reservoirs closely follow the normal hydrostatic 
gradient and are therefore (at depths >500 m) 
substantially greater than the 32 to 38 bars observed 
by White et al. (1971) at depths up to 3,000 m at 
Geysers, California. Geysers is probably a steaming 
ground situation of perhaps unusual depth extent 
(otherwi.se a cold water head vvould have collapsed 
the vapor system as Elder has argued). 

The greatest defect in the models presented is the 
assumption of constant salinity. Magmatic waters 
exolving from the intrusive can have salinities of 3 to 
4 wt percent or greater (Whitney, 1975; Kilinc and 
Burnham, 1972). This salinity anomaly will be dis
persed by the convective flow of water through the 
intrusive in a manner similar to the convective dis
persal of the heat anomaly associated with the pluton. 
By extending the critical curve, salinity permits 
boiling at greater depths. Salinity strongly affects 
the ability of hydrothermal solutions to carry min
erals. A proper account of geothermal systems and 
mineral deposition phenomena must include the ef
fects of salinity on boiling and the dispersal of initi
ally high magmatic salinities by fluid convection. The 
salinity problem is not directly treated in this paper, 
although insight as to its effects is gained from the 
calculations presented and their discussion. 

In the next section the theoretical foundations 
necessary to describe convection of pure water (in
cluding boiling) in a fractured rock environment are 
given. Account is taken of the temperature and 

pressure dependence of viscosity, density, and en
thalpy. The resulting mass, momentum, and energy 
balance equation are solved by standard finite differ
ence inethods (Alternating Direction Implicit) on a 
computer. In following sections several "heuristic" 
calculations of geological interest are presented and 
discussed. 

Mathematical Formulation and Method 
of Solution ' 

The mathematical formulation and methods ot 
solution are similar to those published previously by 
others. Only a brief, general review- will be given. 

Basically the niodel simply conserves mass, mo
mentum, and energy: 

V-q = 0 mass balance 

dp 

(1) 

Z ' n X ' / ' t ~ So"^ = 0 momentum balance (2) K av 

Pm(R + C,„) 
6T 
at 

= A — V q 7 T 

-|- Kn.V-'T energy balance (3) 

In addition, fluid pressure is given everywhere by 
the integral of Darcy's Law: 

p(z) = p, -F go / pdz 4- / j ^ q.dz (4) 

The only new feature is that the fluid properties of 
density, p, viscosity, v, and pseudoheat capacity, -/, 
are treated as functions of pressure and temperature 
and looked up in tables appropriate for pure water 
(see Fig. 1). Values of pressure and temperature 
halfway through any particular computational time-
step are used. 

This methodology allows us to account for the 
unusual .properties of water and the effects of boil
ing and condensation. If the usual approximation 
for density were taken, p = p„(l — a T ) , where a is 
a constant coefficient of thermal expansion, v and 
-/ were taken to be constant, and R = 0, equations 
(1) through (3) would reduce to the equations 
given by Hoist and Aziz (1972) and Donakl.son 
(1962, 1968). These authors assume V-q = 0 as 
we do here. The equations would also be quite 
similar to those given by Palm et al. (1972), Elder 
(1967), Lapwood (1948), and Rubin (1973), who 
assumed V ' V = 0 and therefore that p = constants 
everywhere except in the buoyant terms of the 
inomentuin equation. The method of numerical 
solution w-e have used is described bv Carnahan 
et al. (1969, p. 452 ff). 

•̂  All symbols arc defined in Appeiifll.\ I. 
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Since the treatment of boiling and condensation is 
novel, some further discussion might be useful. How
the method of computation takes into account the 
heats of vaporization and condensation is best under
stood with reference to F igure l b and equation ( 3 ) . 
Suppose a packet of water is convecting upward 
across the critical curve in the region where -y would 
go from near 2 to near 1 ca l /gm-°C. This crossing 
would occur near 300°C and 100 bars. Remember
ing T must be continuous across small distances, we 
see from (3) that the advection term, V ' ^ yT 
equals (y" —-y*) q T (AxAy/AxAyAz). Since-/" — 
•y*^^ 1 cal /gm = °C, we see the advection term ac
counts for a latent heat of condensation of '—300 
cal/gm. The mass flu.x into the area AxAy is q 
gm/cm", and the volume heated by the resulting re
lease of latent heat is AxAyAz. 

Thus we see the advection term, together with the 
data shown in F igure lb , automatically accounts for 
the latent heats of vapprization and condensation. 
The direction of fluid motion distinguishes conden
sation from vaporization. 

I t should be stressed that the method used as-
siiiiies that only one fluid phase (iiquid or gas) is 
present in any given spatial volume. Boiling or 
condensation occur at a surface in space. The mass 
flux of liquid up to the base of that surface exactly 
equals fhe mass flux of steam out the top, so fluid 
mass is neither created nor destroyed and equation 
(1) is satisfied. 

Of course liquid and vapor could coexist if pres
sure and temperature varied in such a fashion as to 
follow- the two-phase curve of water for some dis- ' 
tance. Thus the assumption that liquid and vapor 
do not coexist over an appreciable volume is equiv
alent to assuming that p - T variations along a 
streamline do not follow the two-phase curve of w-a
ter (along which liquid and gas can coexist) for any 
appreciable distance. T h e results of computations 

Fic. la. The two-phase curve for pure water is shown 
with isopleths of constant specific volume. The shading 
indicates the region on the high-lemperalure side of the 
critical curve and corresponds to shading in fhe figures 
illustrating the convective cooling of plutons. The manner 
in which .salinity extends the critical curve is shown by 
percentages indicating where the end of the crilical curve 
would be for fluids of various wt percent NaCl. The data is 
from Sourirajan and Kennedy (1962). Pressure and tem
perature values stored in tables for access by the computer 
programs are indicated by lick marks on the fop and left 
ijorder of the diagram. Values between were obtained by 
linear extrapolation from table entries. Tick marks are at 
p = 1, 10, 25, 50, 100, 150, 200, 250, 300, 400, 500, 700, 1,000 
bars; T = 20, 50, 100, ISO, 200, 250, 300, 350, 400, 450, 500, 
550. 600, 650, 700, 800° C. 

FlO. lb. Two two-phase curve for pure water is shown 
with isopleths of pseudoheat capacity (7). Pseudoheat 
capacity is obtained by dividing the enthalpy at various tem
peratures and pressures by the temperature. Data are from 
tables 3 and 4 of Keenan et al. (1969). Shading and tick 
marks are as in Figure la. 

FIG. IC. The two-phase curve of pure water is shown 
with isopleths of viscosity (millislokes). The shading and 
tick marks are as in Figure la. Data is from table 8 of 
Keenen et al. (1969) and Bruges et al. (1966). 
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show that in general the streamline p-T curves 
intersect the critical curve of w-ater at high angles 
(see Fig. 6) . Thus the critical curve is crossed 
cleanly and the assumption of a sharp boundary 
between gas and liquid is appropriate. 

Other details of the model that vvere considered 
during its formulation are summarized below: 

1. Flow through a fractured igneous formation is 
described by Darcy's Law. Darcy's Law applies to 
flow through fractures or joints as well as flow 
through the pores in a sandstone and remains valid 
for flow rates three orders of magnitude greater than 
considered in this paper (for likely formation condi
tions). We assume there is no lower limit to the 
validity of Darcy's Law. 

2. For a localized heat source such as would he 
produced by an igneous intrusive, convection will 
occur providing only that the intruded formation is 
permeable and water saturated. No critical tem
perature gradient (Rayleigh number) need be ex
ceeded. The geometry of the heat source will drive 
forced convection not free convection. The rate of 
convection and the amount of fluid circulated 
through the intrusive will be controlled by the 
permeability of the intrusive and intruded formation 
as well as by the size, initial temperature, and loca
tion of the intrusive. 

3. It is implicitly assuined that the fractures or 
joints through which hydrothermal solutions con
vect are less than 200 m apart. ' Provided this is 
true the interiors of the "matri.x block" between 
fractures can track changes in hydrothermal solu
tion temperature closely enough to remain essenti
ally in thermal equilibrium with the fluid—in ac
cord vvith an assumption made in modeling. 

4. Heat generated by alteration reactions which 
occur as the convecting fluids interact with and cool 
the pluton are accounted for through R in equation 
(3) . It is assumed that over the entire cooling 
history of the pluton 36 calories are generated in 
this way per gram of intrusive. This appears to be 
a reasonable estimate (Fyfe, 1974; Norton and 
Cathles, in press). For the sake of consistency it is 
assumed such exothermic chemical reactions occur 
even when the permeability is zero and the intrusive 
cools entirely by conduction. 

5. Pressure is computed by integrating Darcy's 
ecjuation and assuming the pressure at the surface 
is constant and known. It may be preferable to as
sume the pressure at some considerable depth is 
known (e.g., is unperturbed). If this convention 
is adopted the pressure contours will be altered 
as discussed in the last section. 

6. Instabilities arise from the advection term 
which is given an improved treatment (Torrance. 

1968, Method V) which preserves causality (heat 
anomalies are advected only downstream), conserves 
energy, and introduces only slight false conduction. 

7. A variable grid spacing is used so that high 
surface heat flows such as are observed in geo
thermal areas may be accommodated. Most calcu
lations were done on a 19 X 29 point grid. 

S. Boundary conditions are written in general 
terms so free solution flow out the top surface can be 
modeled as well as the situation w-bere no flow 
out the top surface is permitted. Temperature 
boundary conditions (insulating or fixed tempera
ture) can also be freely specified, fn Figures 2 and 3 
no flow, insulating boundary conditions apply to the 
right and left boundaries. The base is no flow vvith 
a heat flu.x of 1.5 HFU (so long as the geothermal 
gradient is normal; near the pkiton, while the pluton 
and its immediate environment was hot, the heat 
flu.x was taken to be zero), and the top is either no 
flow or free flow with a fixed temperature of 20°C. 

9. The accuracy of computation is checked by in
ventorying the heat remaining in the computation 
domain, verifying that losses are accounted for by 
heat fluxes out of the domain and by checking that 
computations with denser point spacing give results 
similar to those with less dense spacing (e.g., com
putations converge). 

10. Model computations give the total heat flux 
out the top surface. For the cases where no flow out 
the top surface is permitted this heat flux is all 
conductive. In the case where free solution flow out 
the top surface is permitted interpretation of the 
proportion of heat transported across the surface by 
hot-spring activity through intermittent fractures and 
by conduction is allowed. The models presented 
define only the total top surface heat flux. 

11. Placing the model intrusive in the middle of 
the computation domain gives very similar results to 
placing the pluton at the bottom of the domain but 
at the same depth. The geometry chosen for the 
computation domain does not appear to distort sig
nificantly the results obtained. 

Results of Computations 

Results of computations are given in Figures 2 
through 11. Figure 2 shows the thermal evolution 
of a pluton 0.75 km in half-width and 2.25 km high, 
whose top is 2.75 km beneath the surface. The 
figure shows the thermal and fluid flow evolution of 
a system, assuming the formation and pluton perme
abilities are 0, 0.05, and 0.25 millidarcies (md). In 
all cases the cooling of the pluton is considered to 
produce e.xothermic chemical reactions which gen
erate, over the full course of cooling. 36 calories per 
gram of pluton. This is small compared to the 
amount of heat availalile from cooling, which is ap-
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F I C . 2. Cooling histories for uni
form 0-, 0.05-, and 0.25-md forma
tion (and intrusive) permeabili
ties, bl each figure temperature 
is indicated by isotherms (solid lines), 
pressure is indicated by isobars (dot 
dashed lines), and flow is indicated by 
stream lines (dashed lines). Pressure 
contours are computed using equation 
(4) and assuming the lop surface pres
sure is 10 bars. The normalized stream 
function,^, is relaled to fhe mass flux 
rale as indicated in Appendix I. At 
the lop of each figure the total surface 
heat flux is given. In cases (such as 
this figure) where the top surface is 
impermeable to solution flow, the heat 
flux out the top surface is entirely con
ducive. Differences in cooling history 
as a function of permeability are ap
parent. In the permeable 0.25-md 
case, the thermal anomaly initially as
sociated with the intrusive rises like a 
hot-air balloon until it impinges on the 
surface. The temperature contours 
near the base of the pluton are pinched 
in. This mode of cooling is quite dif
ferent from the conductive case, where 
the isotherms spread out symmetrically 
in all directions from the intrusive. 
Hydrostatic pressure contours are 
quite flat in all cases until the thermal 
anomaly reaches fhe near-surface en
vironment. The rate of fluid circula
tion (given by the curl of fhe stream 
function, and approximately by the 
difference between the minimum in the 
stream function and 0) increases al
most linearly with permeability (see 
Fig. 8a) . The shaded areas in (c) 
above the intrusive (which is also 
shaded) are regions that lie on the 
high-temperature side of the critical 
curve of water. These regions cor
respond to similarly shaded regions in 
Figures 1 and 6. The top portion of 
the shaded zone is a zone of stream 
condensation. This can be seen by 
comparing the letters on the ^ = —1 
streamline of (c) at 5,000 years with 
the p-T loop corresponding to this 
streamline in Figure 6a. The conven
tions of Figure 3 are the same as de
scribed here. 
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FIG. 3; The effects of free flo-iv- put. 
the top surface, decreasing the; burial 
.depth and increasing the pluton. width, 
are illustrated, for a formation (and 
intrusive) p.ermeabJlity. of. 0.25 md. 
These, cas.es are typical df the larger 
numbers of cases ajialyzed in Figiire 9. 
It can be. seen that if free flow out'the 
top surface is permitted, the isobars 
remain flat even after the heat anomaly 
has reached the near surface. Also far 
higher surface beat fluxes are per
mitted. As disciissed in the text, in 
case of free surface 'fiow', surface heat 
flux may be interpreted as partly due 
tp hot-spring activity and partly due to 
conductive heat transport. If the depth 
of burial is decreased the heat flow 
anomaly reaches the surface faster. If 
the pluton width.is increased a broader 
surface heat anbrnaly results and a 
Benard cell type of convection is 
initiated over the top of the pluton 
[(c) at 20,000 years]. As in Figure 
2 the shaded .regions above the pluton 
are those vvhose fluids lie on the high-
tethper'ature side of the; two-phase 
curve of water and thus niight be 
called vapor dominated. The shading 
of these lones corresponds to the shad
ing in Figure 1. 
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proximately 600°C X 0.2 cal/g°C X 2.7 g/cc or 
324/g of stock cooled. 

The permeabilities 0.05 to 0.5 md are chosen to 
be representative of tbe low range of permeabilities 
in fractured igneous rock and tbe range over which 
convective heat transport becomes important and then 
dominates conductive heat transport. The perme
ability of crystalline rock at the Los Alamos hot-rock 
test site in the Jemez Mountains, New Mexico, is 
estimated to be about 0.002 md (Aamodt, 1976). 
Permeabilities of ocean-ridge basalt have been esti
mated at 0.45 md (Ribando et al., 1976); perme
abilities in Wairakei's Waiora aquifier have been 
taken to be about 100 md (Mercer et al , 1975; 
Elder 1966). 

Pure conductive cooling (Fig. 2a) of the pluton 
never produces a significant surface heat flow anom
aly. The maximum surface heat flow occurs 
65,000 years after intrusion and is only 3.4 H F U 
(compared to a "normal" heat flux of 1.5 H F U ) . 
The pluton cools symmetrically; the isotherms ex
tend further from the base of the pluton than from 
the top of the pluton because they are superimposed 
on a normal geothermal gradient. The temperature 
of the top portion of the pluton steadily drops from 
a temperature of about 400''C at 1,000 years after 
intrusion. 

If the formation permeability is 0.05 md (Fig. 
2b), convective dissipation cools the intrusive more 
rapidly and causes the isotherms to bulge out over 
the top of the intrusive and pinch in near the base. 
The temperature of the top of the pluton remains at 
about 400°C for the first 10,000 years of cooling and 
then decreases in temperature only because the tem
perature of the entire pluton has dropped below 
400°C. A maximum surface heat flow of 4.9 H F U 
occurs directly over the center of the pluton 35,000 
years after intrusion. 

In a formation of 0.25-md permeability, the effects 
of fluid flow in pinching in the isotherms at the base 
and ballooning them out at the top are even more 
apparent. The shaded area above the pluton indi
cates the region which lies on the high-temperature 
side of the critical curve (the shaded regions in Fig. 
1). This area is a. region of "steam" which, if dis
covered during its short lifetime, might be a valuable 
geothermal resource. The vapor dominated steam 
region occurs largely before the intrusive event is 
detectable by. high heat flows- at the surface. The 
maximum surface heat flow of 47 HFU occurs 10,000 
years after intrusion. The region, just above the 
pluton heats up to over 500°C and then cools down. 

If the same pluton cools in a formation of perme
ability 0.5 md, the maximum heat flow anomaly is 69 
H F U and occurs 6,500 years after intrusion. The 

convective rise of the thermal anomaly is even more 
obvious than in the 0.25-nid case and tbe surface 
expression of high heat flow occurs more quickly. 

Figure 3 illustrates various changes on the base 
0.25-md case shown in Figure 2c. If free flow out 
the top surface is permitted (hot-spring activity) 
much higher surface heat fluxes result. The maxi
mum surface heat flow is 170 H F U 7,750 years after 
intrusion compared to 47 H F U 10,000 years after 
intrusion for the no flow case. If intrusion reaches 
shallower levels, the areas of vapor are larger than 
in tbe base case due to lower hydrostatic pressures 
and the surface heat flow is manifested sooner be
cause the surface is closer to the intrusive. The 
fluid circulation is slightly less because vapor has a 
higher viscosity than liquid. The streamlines tend 
to avoid the shaded vapor zone. Finally increasing 
pluton half-width to 1.7 km causes convection to con
centrate at the edge of the intrusive and produce a 
heat flow which is a maximum over the edge of the 
pluton rather than over the center. Because the 
pluton contains more heat, high temperatures can be 
carried to shallower depths and the vapor zone is 
larger. Secondary circulation cells develop after the 
temperature contours have been up-bowed at the 
edges of the intrusions. A "Rayleigh-Benard" cell 
pattern is thus developed for plutons whose total 
width (not half-width) is comparable to the depth 
to the pluton. 

The rate of fluid circulation can be calculated from 
the streamlines at any time and the total amount of 
fluid circulation that has occurred from the time of 
intrusion can be determined. Figure 4 shows the 
total amount of fluid that has^ circulated through 
various cases illustrated in Figures 2 and 3. In a 
formation with permeability of 0.05 md, 90 kg of 
water circulate through each sq cm of the top central 
portion of the intrusive in the 100,000 year cooling 
time computed. For a permeability of 0.25 md this 
figure is 250 kg per sq cm, and for a formation 
permeability of 0.5 md, the figure is 300 kg, per sq 
cm. As discussed later, the amount of fluid circula
tion does not go up linearily with permeability be
cause the amount of heat in the initial thermal 
anomaly is limited. It can be seen that for wide 
plutons the maximum fluid circulation may not be 
in the intrusive or centrally located with respect to 
the pluton. 

Figure 5 illustrates the fluid properties over the 
200-year step between 4,800 and 5,000 years after 
intrusion for the 0.25-md domain shown in Figure 
2. Significant variations in specific volume, psuedo-
heat capacit)', and viscosity -are indicated. The 
high specific volume of the fluid above the intrusive 
provides the buoyant force to drive convection. The 
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Fic. 4. The tbtal amount of hydrothermal sblution passing tlirough each centimeter squared 
of surface area'over-100,000 years ,'of copling is sj-iown for various formation permeabilities and 
pluton geometries. As shown in Figures S-ahd 9 this integrated mass fiux is-strongly dependent 
on permeability and pluton volume. It can be seen that for wide plutons the regions'bf maxi
mum ..integrated mass flux are not necessarily centrally located insidc-tlie intrusive. 

maximum Specific Volunre is quite a bit larger than 
would be in'dic'afed hy approxiniations usually used 
(specific vokime = l/(po ^ •001 POT) = 1.67 for T 
= 400°G). Variations in pseudoheat capacity show 
condensation will dump a significant-amount qf heat 
abo've the boiling zone, as the ability of the hydro-
thermal fluids to carry heat jlecreas.es. Variations; in 
viscosity show a large region where the viscos.ity is 
nearly oiierfifth its value at the surface. In this 
region, convection is five times easier than it would 
be if the viscosity of the fliiid were constant, A high 
viscosity zone as_sociated with the vapor donu'tiated 

area is also inclicated (viscosity of the fluid increases 
as the fluid becomes-gaslike). 

Figure 5d shows the magnitude of fluid mass flux 
at 5,000 3^ears after intrusion. The maximum mass 
flux rate can be seen to b'e about 15 g/cnr-yr. That 
is, across the right-hand top of the pkiton, about 15 
grams of water will circulate on average through 
each sq cm surface area perpendicular to the direc-
-tion of the flow in one year. 

Figure 6 shows-the pressure ancl tetiiperkture con-
ditton.s encountered by fluid 'as it circulates around 
streamlines shown in Fig'itres 2 and 3, The figure is 
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Fic. S. Fluid properties are shown for the case of Figure 2c 4,800 lo 5,000 years after in
trusion. As commented in the text the combination of large specific volumes and reduced 
viscosity produce convection about six times faster than constant parameters models. The 
steep gradient in pseudoheat capacity (•TC./T) strongly accelerates the upward migration of the 
intrusive's thermal anomaly. Fluid circulation rates are 10 to 15 g/cm° yearly. 

arranged so that the circulation sense is the same as 
in Figures 2 and 3. The p -T curves may also be 
superimposed on the plots in Figure 1 to show the 
variations in specific volume, p.seudoheat capacity, 
and viscosity along the streamlines. The fluid cir
culation loops rise toward lower pressures and in
volve increasingly smaller excursions in temperature 
as the pluton cools. The loops cross the critical 
curve from the gas to the liquid side. The solution 
becomes gaseous by circulating around the end of 
the two-phase curve. For pure water condensation 
is therefore a much more important phenomena than 

boiling. The curves cut the two-phase curve of wa-^ 
ter at a sharp angle confirming our assumption that 
liquid and vapor will not coexist in the same rock 
volume. The .return solutions follow'the normal geo
thermal gradient as one might expect. 

Figures 7, 8, 9, and 10 indicate the systematics of 
varying permeability, pkiton burial depth, pluton 
half-width, and the boundary conditions for flow at 
the top surface. The main efl^ect of permeability 
(Fig . 7a) and the convection-it permits is to de
crease the maximum teniperature of the domain more 
rapidly than would be possible by conduction. The 
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Fic. 6. The variation in pressure and temperature around 
selected streamlines in Figures 2 and 3. The letters key to 
corresponding letters in those figures. The first figure (a) 

most important effects are realized in the early stages 
of cooling when large Inioyant forces e.xist to drive 
the most rapid fluid circulation. Higher permeabili
ties permit higher maximum surface heat fluxes 
(Fig. 7c). 

The maximum rate of fluid circulation is linearly 
proportional to permeability (Fig. 8a). Surface 
heat flow does not increase in such a simple way 
but increases sharply over a critical range of perme
ability between about 0.1 and 0.3 md (Fig. 8c). 
The maximum integrated mass flux (shown for par
ticular ca.ses in Fig. 4) also increases with perme
ability at a decreasing rate. 

The last effects may be understood as follows: If 
the pluton were maintained at constant temperature, 
increasing the permeability would lead to a directly 
proportional increase in solution circulation rate, 
the integrated amount of circulation over any given 
time, and the surface heat flux. The last propor
tionality is not obvious but has been shown to be the 
case for Rayleigh-Benard convection (Elder, 1967) 
and would also be the case for the situation just hy
pothesized. The pluton is not maintained at constant 
temperature, however, but decreases in temperature 
with time. The amount of fluid circulation that is pos
sible therefore depends not only on the permeability 
but also on the length of time required to cool the 
initial intrusion. Increases in the rate of fluid circula
tion are canceled to a certain extent by the shorter 
time required to cool the intrLisive by the greater cir
culation. Similarly, although faster circulation 
rates move the thermal anomaly to the surface vvith 
less loss of heat, there is still an unavoidable loss as
sociated with the requirement of heating the rock 
above the intrusive. Higher permeabilities can pro-

refers to curves in Figure 2c. The second figure refers fo 
streamlines in Figure 3a (solid) and 2c (dotted), both 
5,000 years after intrusion. Figure (c) refers to stream
lines in Figure 3b (solid) and Figure 2c (dotted). The 
curves indicate that solutions increase rapidly in temperature 
at nearly constant pressure as they circulate into a pluton 
and decrease strongly in temperature again at nearly con
stant pressure upon leaving the top of the pluton. The solu
tions increase in temperature along fhe normal geothermal 
gradient as they circulate downward to enter the base of the 
intrusive. It can be seen that the flow paths cut the critical 
curve of wafer at a sharp angle; thus fluids are either liquid 
or gaseous and not a mixture of liquid and gas. For pure 
water condensation is a far more important phenomenon 
than boiling, which occurs only in (c). As commented in 
the text however, if fhe solution had only 10 wt percent 
salinity, boiling as well as condensation would occur in most 
of the cases shown. Salinity extends the critical curve of 
water (see Fig. la) to about SOO bars, so fhe p-T curves 
would cross the salinity-extended two-phase curve both as 
temperature increased and as temperature decreased. Free 
solution flow out the surface has only a small effect on the 
pressure and temperature conditions encountered around the 
ip = —\ streamline (b), and decrcasin,g the depth of intrusive 
burial decreases the pressure encountered around the stream
line loop as one niight expect (c). 
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FIG, 7. The effects of permeability on cooliiigi rate, solution circulation irate, and maximum 
surface-beat flow. The convection allowed in permeable water-saturated formatipns,permits a 
far more rapid copling than would be, allowed by conduction alone^ The very steep decline in 
the^k' — Ojj- and•0.25-nid cases results from the:additipnal cooling permitted by variable erithalpy. 
Most of the solution'flovV occurs, in the first 10,000 to 20,000 years of cooling. The small 
secondary maxima jn (b) result's frpm the'increase' in. the permeability that follows the dis
appearance - of stearn domiiiafed zones^ The maximum circulation rate"̂  and permeability, are 
linearly related as indicated-in Figure 8a, Maximum surface heat flow also increases as perme
ability increases but not'propajtionately (see Fig. 8c). By cqmparihg (b) and (c) it can be 
seenthat nidst of the intense fluid circulation is finished by the time=str6ng surface heat fluxes 
are manifested,. 
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FIC. 8. The dependence of-minirimm.stream function (ap
proximate maximum mass flux)', integrated mass flux, and 
ma.\iinuiii surface heat flux on pL-nneability. The minimum 
stream functipn is linearly proportional to-perineabih-ty. As 
.discussed in the text, heat flow and integrated nia'ss" flux 
wduld also be linearly related to pcrnieabillty if it were not 
for the finite lieat contents of the pluton. 

mote :a harrdwer plumelike'upwelling, but. the con
striction of the upwelling plume does not proceed 
rapidly enough to prdmote a proportional relatibnship 
between peniieability and maxitlium surface h'eat 
flow, . . 

Increasing the plittoti half-width increases the. 
-maximum rate of fluid ".circulation only slightly (Fig. 
9a). Similarly, as remarked prey iously, decreasirig 
the depth of: burial decreases the rate .of fluid cir
culation slightly, probaijiyiis a result of the increased 
amotmt of .space dominated by higher viscosity steam.. 
The decrease for 0.05-md formation permeabilities 
is less notieeabje than for 0.25-md formation pernie
abilities since, substantially less volume is occiipied 
by steam in the O.OS-md case (Fig. 9b), 

The total amovtttt of solution circulating throvigh 
the-pluton increases almost linearly with pluton half-
wiclth (.Fig. 9c). Cbnvectipn can coj-itinne longer if 
the initial intrusive contains more thermal energy. 
The increase in the duration of high .surface heat 
flow is only about half as great as would have been 
expected on the basis of the increase in,pluton size, 
however (Fig. IQa), Increasing the pluton half-
width from 0,75 to 1.17 km represents a 55 percent 
increase in pluton volume, .but the duration of 30. 
H F U surface heat flow is increased only 21 percent 
(froiii 5,700 to 6,900 years), Similarly, the increase 
from. 0.75 to 1,70 km half-width' increases the pkiton 
vblume.by 127 percent but the.durafi'on of 30 H F U 
surface heat fiux is increa:sed only/68 percent. The' 
fixplafiation for this discrepancy is that high surface 
heat flows occur over a- larger 'surface area for the 
wider plutons, 

Allbwihg free solution flow put the t'bp surface has 
little effect on the rate df fluid cireulatibn (Fig, 9b) 
but ha's a very substantial effect on the tbtal- heat 
flux at the-surface (Fig, 9f), In the 0,25^md case 
the i-na:xinium surface beat flux is almost quadrupled 
by allowing free solution flow. A substantiai effect 
is alsp seen for the 0,057md case. Even low penne
ability formations can produce large surface heat 
flow anomalies if flow out the surface occurs and 
intrusion reaches shallow depths (Fig, 10b), 

The maximum surface heat flux increases as the 
depth of burial decreases for low permeability do-
m'ains but is nearly independent of pluton burial 
depth for higher permeability domai'hs (Fig. 9f), 
For the higher penneability domains, the decrease 
in dvterburde'n that must heated is canceled by the 
decrease in solutioh flow rates caused by the more 
gaseous ifature of the fluid at shallower depths. 

Figure 11 ilkistrates the importance df taking 
accu ride represeh tat ions of fluid viscosity, specific 
volume, and enth[ilpy: Varialile fluid density and 
viscosity allow .circulation to occur much more easily. 
If condensation and boiling are not perniitted, cdiii-
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puted results are similar td computations using, the. 
usual Bousinesq approximations {p = po{l — oT) , 
J/= constant] -provided the fdrmatioii^ permeability is 
six times greater. Condensation greatly facilitates 
the upward migration of the beat anomaly and ai
id ws the intrusive to cool far more rapidly. Taking 
account of variable fluid properties makes a very sub
stantial difference in computed result's. 

Geological Implications 

Fluid p'resstirein a convecting, s-ysieni-

It is, often of iiiterest to know tbe hydrostatic or 
fluid pressure as a function of depth in a hydrother
inal system. For example,, such knowledge may be' 
used to make a pressure CGrrection io fluid inclusion 
filling temperatures. It is argued below, on the. 
basis of the- simpje calculations made, that the; in
crease in pressure with depth iii a hydrothermal 
systera may be quite close to the normal hydrostatiG. 
pressure gradient of .100-bars per kilometer, provided 
the penpeability is reasonably uniform. This con
clusion requires some jnterpretation of the figures 
-given in the previous section, since in those figures. 
the sirrface pfresstire was arbitrarily -assumed to be 
constarit and of a known value (in this case 10 bars). 

Figures 2 and 3 show that in most cases the com
puted isobars are quite fiat. In these cases a uni-
fprm ndrmal hydrostatic gradient is indieated di
rectly. The hydrostatic gradient is the same in the -
cool portions of the computation domain as it is in 
the hot igneous pluton. Fluid fiow has compensated 
for the much lower fluid deii-iities near the pluton, 
the resistance to upward flow increasing the pres
sure to hdrnial levels. 

In those cases vvHere the- theniiSLl anbiiialy has 
reached the near surface, however, the equal pres
.sure cdutdurs are bent dOwnwaTd. The reason is 
that near tb'e surface th'e upward tnigratidn of SOIUT . 
tions cannot-- occur td the extent nec'e'ssaty to flatten 
the pressure contours. In the case where free sdlu-
tioij flo:w put the top isiperniitted (Fig, 3a), however, 

'the pre.ssure contours remain fiat even when the 
thermal anon-ialy reaches the surface, Moficeithat in 
the cases where the pressure contours are;bent down^ 
w-ard, all df the deeper pressure contours are bent 
downward a nearly identical amount. Apparently 
the pressure perturbatidns originating in the near-
surface enviroiimeiit will persist dovv-nward inde
finitely. 

Persistance of pressure perturbatioris. to infinite 
depths is not ph}'sically reasonable, and some rein-
terpretation of the a,ssuniptions by which pressure is 
calculated in these cases is indicated. As dis.cussed 
in the previous section, we assume that the surface 
pressure is fixed and constant. This is entirely rea
sonable in the case wher.e free sdlutiqn flow out the 
surface is permitted. In this' case, the pressure at 
the surfaGe--GOuld be 1 bar (1 atm) or greater if the 
surface lay under a shallow layer of water (e.g., 10 
bars). However, in the case of zero surface solu
tion flow, maintenance of a constant surface pres
sure is less realistic. If the geological situation is 
that df a ground-water table, the ground-water table 
may rise in resiDonse to fluid convectidn. Thus, at 
the level vvhich we chodse. td' call the "surface" the 
.pressure inay change -vvith time due'"to the weight of 
overlying pore fluids (e.g., the elevated water table). 
In th'ese cases, a more reasonable cori-wention iriight 
be. that the pressure at sohie large depth rematiti iion-
.stailt. This 'will be certainly true.at-Sufficiently large 
depths. In this, case the deeper pressure' contdui-s 
would be flattened and the pressure coiitour at the 
surface (z = 0) wo.uld be up-bowed; In the cases 
of Figures :2 and 3 discussed before, this would mean 
an exchange;5Df all the down-bowed -pressure contours 
for a single up-bovved surface pressure contour 
whose physical interpretation would be'.an up-doming 
of the; ground-water table. Since the pressure con-

• tours in Figures 2c. and 3b and c are depressed about 
100 bars, the up-.doining of the grqund-water fable 
would be 1 km or more (more as the- fluid density 
falls below 1 g/cc), 

,S i nee jg ro u nd 7 wa t er tab ] es commq nly die at dep ths 
less than 1 kra, up-bowing of the ground-water table 
as .suggested by the- cases 'Gonsidered wdul.d cause 
free solution flow out the top surface. In this case, 
of course, the pressure cdntdurs wduld be flat, as 
indicated in Figure 3a. 

Figure 12 shows pressure gradients thrpugh the 
axis of- the pluton for some of the cases in Figures 
2 aiid 3 and sho-wshow sdlutioti flow, reduces, and in 
the iree^ flow case nearly eliminates, deviations from' 
a normal hydrostatic presstire gradients. To reiter
ate: I t is suggested that the pressures at the right-
hand end of the-.curves.in Figure 12 should be made 
CGincident, whereupdn deviations-frpm. normal hydro-
static pressures occur near the surface and are 

Fro. 9. The dependence of mininium stream function, integrated mass flux, and- raaximum 
surface heat- flow' on pluton half-width and burial depth. Fluid circulation is not strongly 
affcctecl by either pliitan hajf-width or depth of burial̂  Integrated mass-flux increases as the 
depth, of pluton burial increases for high permeabilities: Less volume is occupied by high 
viscosity -steani with deeper burial, and deeper burial allows larger convection cells. Integrated 
mass flux.,is nearly proportional to pluton half-widths (i.e., to the total amount of thermal 
energy in tlie initial intrusive). Free flow out the top surface does not significantly affect the 
rate of fluid circulation biit dramatically increases tlie maximum surface heat flux. 
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FIG. 10. Dependence of s-urface heat -flux on pluton half-width and depth of burial. As 
discussed in the text wider plutons do not increase the duration of high surface heat flow pro
portionately because the regions of high surface; hea-t' flpw are broader (see Fig. 3c). Even 
low permeability formations can produce significaiit surface heat flow anomalies if free solution 
^ow out the top surface is permitted arid if the depth of pluton burial is .small. 

caused by an up-bowing of the grdund-water table, 
Co m pu tati pn ally assuming constant pressure at great 
depth/gives this result directly. 

"U'̂ e conclude that for a uniformly permeable for
mation, pressure contours will be fiat arid ndrmal 
hydrostatic pressure gradients may be applied to 
actively convecting hydrothermal systems'as well as 
to normal coolj static ground water. 

These results apply only to fdrinations \vith rea
sonably uniform permeabilities, i t is easytojmagine 
cases of ridnunifor'm permeability where the fluid 
pressure, profile wduld riot be normal hydrostatic 
(e.g;, flow upward through a high perineability 
zdrie w-ith a low permeability top—most of the pres
sure, drop Mould occur in the.low permeability cap). 
Some v'ariatio.n in penneability can be tolerated, 
however, because the fluid viscqsijry varies by about 
a factor qf five in diflferent parts of the computation 
domain (see Fig, 5c). Even in a formation with 
n-ioderate variations in permeability the results here 
suggest hydrostatic; gradients -î -ill tend to be* more 
ndrmal than not. 

Implications for geolhermal resource formation 

The consequences of the inddeling presented for 
geothermal energy are> relatively straightforward. 
Sinall plutons can generate- large surface heat fluxes 
and substantial reservoirs of hot, rock and even steam 
or vapor dominated reservoirs (i.e., regions which 
lie ofi the high-temperature side of the critical .curve-
,of water). The-model heat fluxes are comparable to 
the -average heat .flux at Wairakei, for example, 
which, according to Elder (1965) is 50 H F U over aii! 
area 50 sq km with local heat fluxes up to 10* H F U . 
However, it is clear thitt the duratibn of the high 
surface- heat fluxes (see Figs, 7c and 10a) are of 
short duration, gerierally less thaii .20,000 years. It 
can be seen frdm Figures 2 and 3 that the lifetimes 
df the vapdr dbmiijated regions are shorter still,, 
generally less than 5,000 to 10,000 years. 

Ten or even 20,000 years is gedlogically a very 
shbrt period bf time: It is unlikely that there are 
many .conventionally expldi table; intrusions of suf-
fideiitly recent vintage tb have hydrothermal systems 
of the t)'pejiiodeled assbciated with them at the pres-

file:///vith
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FIG. 11. The importance of taking fluid properties into ac
count is illustrated by the differences in maximum tempera
ture versus time. With a constant pseudoheat capacity of 1 
cal/g-°C, variable fluid viscosity and density produce a 
cooling history similar to constant viscosity and density 
models with a formation permeability six times larger 
(dashed curve). Latent heats of condensation allow faster 
upward migration of the thermal anomaly and thus sub
stantially more rapid cooling. The abrupt change of shape 
of this curve occurs when the heat anomaly's upward migra
tion is arrested by the top surface. No flow out the top is 
permitted in this case. 

ent geological instant. Permeabilities of at least 0.25 
md would be required for economic flows of steani 
into producing wells. Unless intrusives substantially 
larger than 3 km in diameter are envisioned, explora
tion for geothermal energy would thus apparently 
best be devoted to areas where intrusion is thought 
to go on continuously, e.g., at actively rifting areas 
such as Wairakei, New Zealand, or near historically 
active volcanic systems. 

For single isolated intrusives, Figures 2 and 3 
suggest that the best geothermal systems may lie 
beneath surfaces which have yet to manifest high 
heat fluxes. By the time the strongest manifestation 
of siirface heat flow occurs in the models, the vapor 
dominated regions have shrunk considerably, in size 
and much of the most valuable thermal energy may 
have been dissipated. 

Iytiplications for porphyry-type copper deposit forma
tion 

Crerar and Barnes (1976) have shown experi
mentally that three important factors affecting copper 
solubility in hydrothermal solutions are teniperature, 
salinity, and pH. Copper concentrations in solution 
of 1 gram per liter or greater are possible at tem
peratures of 350°C and high salinity. Changes in 
copper concentration of an order of magnitude (1 
g/1 to 100 ppm) result from changes in temperature 
from 350° to 250°C or from changes in salinity from 

5.8 to 0.5S wt percent, or from changes in acidity 
from pH 3 to p H 4 (Crerar and Barnes, 1976). The 
models presented in the last section permit quantifica
tion of the conditions under which low-grade copper 
originally in the intrusive may be concentrated in a 
higher grade ore shell draped around the intrusive. 

For a 0.4 wt percent copper cutoff, ore shells of 
porphyry copper deposits are typically 180 to 240 m 
(600 to 800 feet) thick (Lowell and Guilbert, 1970, 
p. 385). It is not certain the ore shell curls over 
the top of the intrusive with which it is associated, 
although this occurs in some cases (James, 1971). 
Typically 70 percent of the ore lies in the causative 
intrusive, but there are many cases where mineraliza
tion lies mostly (^-^80%) outside the causative in
trusive (Lowell and Guilbert, 1970). 

By area ratio it is quite possible to form a model 
ore shell 200 m thick ancl 1 km long draped over the 
model intrusive having a grade of 0.43 wt percent 
copper by scavenging or collecting 0.05 wt percent 
copper from the intrusive. The intrusive dimensions 
are 0.75 hy 2.25 km so the area ratio is 0.75 X 2.25 

IOOO 2000 3000 4000 5000 

DEPTH iml 

FIG. 12. Pressure as a function of depth down the pluton 
axis (y = 0) is compared to the normal hydrostatic pressure 
increase. "The curve labeled "static" indicates the increase 
in pressure vvith depth in Figure 2c due to fluid mass only. 
Fluid flow increases this pressure to the curve labeled 
"dynamic; no flow" (also from Fig. 2c but with both terms 
in equation (4) contributing, not just the fluid mass term). 
Fluid circulation reduces the deviation in hydrostatic pres
sure from "normal" by about a factor of two. The curve 
marked "dynamic; free flow" is the axial pressure from 
Figure 3a and shows that if free solution flow out the top 
surface is permitted perturbations of hydrostatic pressure 
from nonnal are nearly eliminated by fluid flow. It is sug
gested in the text that the "dynamic; no-flow" curve should 
actually be superimposed on the "normal" curve over most 
of its length with the perturbations toward abnormally high 
pressures at depths less than 1,000 meters being caused by an 
up-bowing of the ground-water table. 
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1000 years 2000 veari SOOO years 7500 years 

FIG. 13. The region between 250° and 350°C through which upwelling solutions flow in the 
case of Figure 2c is shown as a function of time. The stream lines of Figure 2c are sketched 
and the direction of fiow indicated by arrows. The numbers between the two bounding tem
perature lines show the mass flux that occurs through this temperature domain over the interval 
of time from the last diagram. For example between 1,000 and 2,000 years 5 kg/cm' have 
circulated through the 250° to 350°C temperature zone immediately above the center of the 
pluton. As discussed in the text this figure shows tbat a narrow ore shell probably cannot be . 
produced by the temperature dependence of copper solubility alone. By the time sufficient inte
grated solution flow has occurred to produce an ore zone similar to those observed, the critical 
temperature range has changed position and become too smeared out to produce a narrow ore 
shell. 

divided by 0.2 X 1.0, which is equal to 8.44; 8.44 X 
0.05 = 0.42 wt percent. With a 1 g copper per kg 
water drop in solution copper concentration per pass 
through the ore zone, 216 kg solution is required per 
sq cm surface area of ore shell to form the deposit. 
Figures 4 and 8 show such solution fluxes are easily 
obtained for formation permeabilities of 0.25 md or 
greater. The problem, therefore, is to find a mecha
nism for precipitating the intrusive copper in a nar
row ore shell. 

One possibility is to use the temperature gradient 
at the top of the pluton during the early stages of 
intrusive cooling. Figure 13 shows that the region 
between 350° and 250°C forms a suitable ore shell 
during the first 2,000 years or so of pluton cooling. 
After ,—2,000 years, the temperature region becomes 
too broad to produce a narrow ore shell or provide 
a relatively large concentration factor. 

Unfortunately, the amount of fluid circulated 
through the ore shell in the first 2,000 years of 
cooling is too small to account for the necessary 

. copper precipitation. For the 0.25-md case shown 
in Figure 13, at most about 15 kg of solution have 
circulated through each sq cm of surface area of the 
hypothesized ore shell. With a change in copper 
concentration of 1 g per kg, this means that at most 
15 g of copper can be precipitated per sq cm of ore 
shell; the grade of the ore shell can at most be about 
0.028 wt percent copper (equals 15 g Cu divided by 
200 X 10- cm X 2.7 g/cc). 

Of course, if the formation were more permeable, 
hiore fluid- might flow through the ore shell in the 
early stages of pluton cooling. Using the linear 
relationship between initial flow rate and perme
ability (see Fig. 8a), the 0.028 wt percent ore shell 
niight be.increased to 0.4 wt percent if the domain 
permeability were 3.5 md instead of 0.25 md. It 
seems unlikely, however^ that 216 kg -per sq cm 
water, the amount required to pass through the ore'' 
shell in order to produce the 0.4 wt percent grade 
with a 1 g Cu per kg HoO drop per pass, could circu
late through the intrusive without very substantially 
dispersing the initial heat anomaly. After all, the 
thermal anomaly is pretty well erased in 100,000 
years at which time the integrated mass flux is at 
most only 250 kg per sq cm (see Figs. 2c and 4b), 
216 kg water per sq cm will certainly smear out 
temperature gradients sufficiently to make thermal 
deposition in a 400-m shell difficult. It seems un-
hkely that temperature gradients alone can produce 
the type of porphyry ore shell commonly observed'.^ 

As mentioned before, solution fluxes greater than 
required can be produced by small plutons if the 
formation permeability is greater than 0.25 md (Figs. 
4 and 8b). Thus, there appears to. be no problem 

2 If convection were prolonged strong temperature gradi
ents could be maintained near the surface and substantial 
mineral deposition could occur there. This mechanism may 
well apply to. kuroko-type deposits (Ohmoto and Rye, 
1974). Porphyry copper ore shells are thought to have 
formed several kilometers beneath the surface, however. 
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precipitating an ore shell provided some nonthermal 
precipitation mechanism can be found. The best 
candidate is probably boiling. . 

The effect of salinity 

Chlorine -will be highly fractionated into the vapor 
phase as the intrusive soHdifies (Kilinc and Burn
ham, 1972). One might therefore expect the salinity 
of magmatic water exsolved from the intrusive to be 
high. This is verified by high salinities found in 
fluid inclusions in many porphyry copper deposits. 
Salinities in fluid inclusion can be as high as 46 wt 
percent NaCl. (Moore and Nash, 1974; Roedder, 
1971). Salinity, as previously mentioned, is an im
portant factor affecting the ability of solution to 
transport copper and other base metals (Crerar and 
Barnes, 1976; Holland, 1972). 

Although we have not explicitly taken salinity into 
account, several inferences are possible regarding the 
effects. If the intrusive initially contains magmatic 
waters of high salinity in addition to a heat anomaly, 
the salinity anomaly of the intrusive will be con
vected upward and dispersed in a manner similar to 
the way the thermal anomaly is carried upward and 
dispersed. There are several important differences, 
however. 

•First, unless there is surface discharge into a 
shallow, well-mixed sea or lake, salinity cannot 
escape out the top surface and will be recirculated 
into the surrounding formation. Low-salinity forma
tion waters will dilute the salinity of the initial 
magmatic fluids, and the eventual result will be a 
formation at uniform teniperature and salinity with 
the eventual salinity slightly higher than previously, 
reflecting the introduction of magmatic salt. 

Secondly, and more importantly, if there is no 
boiling, the upward convection of the salt anomaly 
will proceed much faster than the upward convection 
of the thermal anomaly. This is basically because the 
convecting solutions can carry much more salt, rela
tive to the ability of the formation to store salt, than 
they can carry heat, relative to the ability of the 
forniaion to absorb heat. 

For the case where advection (fluid transport) of 
heat and salinity is much more important than dif
fusion of heat or salinity (e.g., the permeability of 
the formation is greater than '-^O.l md), the upward 
migration rates of heat and salinity can be quantified. 
If the fluid mass flux is q g/cm^-yr, the upward mi
gration of heat, Vi""^"', will just be: 

Y hcnt — 
heat flux [cal/cm^-scc] 

heat storage capacity [ca l /cm'] 
AT7q 

- AT ^ [ cm/y r ] 
A 1PmCm 

Taking values in Appendi.-c I, -y between 1 and 2 

(Fig. lb) and q = 15 g/cni--yr, a value appropriate 
for the first 10,000 years of convection of a 0.25-md 
formation (see Fig. 7b), 

-y/_.hcat = 0.28 to 0.56 cm/yr 

The estimated time for the thermal anomaly in Fig
ure 2c to reach the surface is therefore 2,750 m/ 
(0.28 - 0.56) = 5,000 to 10,000 years. This is in 
good agreement with the computed initiation of high 
surface heat flows at about .8,000 years (Fig. 7c). 

The upward migration of salinity will be given by 

\ r saliniiy 
salt flux [g NaCl/cm^-sec] 

salt storage capacity g NaCl/cm 
ASq/p 

AS.̂  [cm/yr] 

AS is the magmatic salinity minus the base level 
formation salinity and is measured in grams NaCl/ 
cm^ of fluid. Thus, 

"Y aalinity .y 

V.''^" < p̂„.c„,p 

Since l/p > 1.0, and y/pmCm > 185, and ^ < .04, 

W aalinity 

y host > 46. 

The salt anomaly will migrate upward toward the 
surface at least 46 tinies faster than the associated 
heat anomaly! 

This means regions above the intrusive should in
crease in pore solution salinity significantly before 
they increase much in temperature. In fact, the' 
intrusive's salinity anomaly may be flushed out and 
dispersed before the intrusive has cooled very much. 
Since salinity is rec[uired to carry significant base 
metal concentrations in solution, this suggests min
eral deposition occurs soon after intrusion, while 
the intrusive itself is still very hot. 

A final effect of salinity is that it extends the criti
cal curve of water and thus permits fluid boiling at 
much greater pressures and depths. If the hydro-
thermal solution in Figure 2c had just 10 percent 
salinity, boiling as well as condensation would take 
place (compare extension of critical curve indicated 
in Fig. la with p-T loops in Fig. 6a). In the pres
ence of COo, boiling may significantly raise the solu
tion pH and thereby cause base metal precipitation 
(H. Ohmoto, pers. common.). 

Since steam can carry less dissolved salt than con
densed water, the boiling salinity permits will com
plicate the upward convective dispersion of salinity. 

Conclusions 

A finite difference niodel has been developed that 
accounts for the variable properties of pure water 
(viscosity, specific volume, and enthalpy) and can 

1 
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accommodate the effects of boiling and condensation. 
Variable water properties are shown to affect sig
nificantly computational results and their inclusion 
is therefore of interest (F ig . 11). The model is 
applied to the cooling of igneous intrusives to gain 
insight on the origin of geothermal systems and 
porphyry-type copper mineralization. 

I t is found from the modeling presented in this 
paper that fluid convection has the effect of carrying 
the initial thermal anomaly upward off the intrusive 
(like a hot-air ballon) until it impinges on the sur
face (Fig . 2c ) . A t this point strong surface 
geothermal activity begins and convection prac
tically ceases. Although there is some overlap, 
the geothennal reservoir tends to be "disconnected"-
from the intrusive in time and space." Surface heat 
flow reflects the cooling of a near-surface pool of hot 
water that migrated at an earlier time from an in
trusive at depth (F ig . 7c ) . 

Permeability, depth of burial, and pkiton volume 
were systematically varied to study their effect on 
pluton cooling. Cooling is dramatically accelerated 
as permeability is increased (Fig . 7a ) . The maxi
mum' fluid circulation rate increases proportionally 
with permeability (F igs . 7b and 8 a ) . The total mass 
of fluid circulated through the pluton during cooling 
increases with permeability (not linearly) and plu
ton volume (nearly l inearly). The maximum sur
face heat flux depends most strongly on whether or 
not free solution flow (hot-spring activity) occurs 
out the top surface (F ig . 9f) . Surface heat flux also 
depends importantly on permeability (Fig. 8c ) , 
depth of pluton burial (Fig . 10b), and pluton volume 
( F i g . 9 e ) . 

Despite the fact fluid densities are dra.stically re
duced by the higher temperatures near the pluton, 
the resulting fluid circulation causes the hydrostatic 
pressure profile to be nearly normal in the uniform 
permeability cases computed. Even for formations 
with moderately variable permeability, hydrostatic 
pressures should tend to be more normal than not, 

. due to the effects of convection. 
For pure water, consdensatioh is found to be a 

much more iniportant phenomena than boiling. H y 
drothermal solutions circulate around the critical 
point of water and hence become "gaseous" without 
boiling. Even for intrusives buried by 2.75 km of 
overburden, a vapor dominated reservoir is pro
duced briefly beneath a condensed liquid zone for 
formation permeabilities ^-0.25 md or greater. This 
vapor dominated region is self-supporting in the 
sense hydrostatic pressures within it are as great as 
hydrostatic pressures outside (F ig . 3a ) . If the fluids 
were saline, boiling would occur at the' base of the 
vapor dominated sleam zone as well as condensation 
at its top (Fig. 6 a ) . 

The duration of intense geothermal activity caused 

by the model intrusives is brief (<20 ,000 years ) . 
Unless intrusives are much bigger than those con
sidered here, exploration for geothermal reserve's 
111.13- '^cst be directed toward areas of very recent 
(volcanic centers) or nearly continuous (Wairakei) 
intrusive activity. The best geothermal resources 
may be those which have yet to manifest strong sur
face heat flows. 

T h e amount of fluid circulation near the intrusive 
is accounted and shown to be sufficient to produce a 
typical porphyry copper ore shell. The laboratory 
data of Crerar (1974) are assumed to be valid and it 
is assuined cojaper originates in the intrusive. With 
these assumptions the natural fluid convection can 
account for the redistribution of copper from a por
phyry intrusive into an ore shell outside the intrusive 
in the surrounding country rock as is frequently ob
served. However, if is shown that temperature 
gradients alone probably cannot account for the 
ore location (Fig . 13) . Other methods of precipita
tion such as salinity gradients, boiling, or wall-rock 
reactions must be appealed to. 

If the fluids evolving from the intrusive are highly 
saline, the intrusive's initial salinity anomaly will be 
convected upward by the fluid circulation and dis
persed just as the heat anomaly is convected upward 
and dispersed. The upward advection and disper
sion of the salinity anomaly will be much faster than 
the upward advection and dispersion of the heat 
anomaly, however (probably about 50 times faster) . 
Since high fluid salinities are required to maintain 
high base metal solution concentrations, the disper
sion of salinity may play, an important role in min
eral deposition. Boiling ma}' complicate' salinity 
dispersion. 
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Piirameler Definition Units Value used Comments 

c i 
Cn 

go 
H 

.IC 

JT 

' K„ 

P 
Po 

R 

T 

v 
V 

Pm 

Po 

t 

Heat capacity of water 
Heal cap-icily of the fluid 

saturated rock formation 
(media) 

Effective fracture aperture 
Gravitational field strength 
Depth extent of system—i.e.. 

depth to which fluid flow is 
permitted 

Enthalpy of water 

cal/gm-°C 
cal/gm-°C 

cm 
cm/sec' 
cm 

cal/gm 

Diffusional flux of heat 

Permeability of a porous frac
tured media to fluid flow 

Thermal conductivity of water 
saturated rock 

Hydrostatic pressure 
Component of p that depends 

only on dei^tli (z) 
Darcy fluid mass flux 

Heat of reactions that alter 
intru,sive 

Temperature of water sat
urated rock or fluid lhat 
flows through it 

Fluid velocity 
Darcy velocity 
Coefficient of thermal expansion 
Pseudoheat capacity 

Kinematic viscosity 

Fluid density g m / c m ' 

Density of the fluid saturated 
rock formation 

Fluid density variations that 
are a function of depth (z) 
only 

Total formation porosity in
cluding both flow fracture 
porosity and pore porosity in 
the impermeable matrix 
blocks between flow fractures 

Flow channel or fracture poros
ity in the direction of flow 

Vector stream function describ
ing fiuid fiow 

x component of the vector 
stream function (appropriate 
for 2 dimensional flow) 

Dimensionless stream function 

ca lories/cm--sec 

cm'' 

cal/cm-sec-°C 

dynes/cm-

g/cm' 

g /cm ' 

Dimensionless 

Dimensionless 

cm'/sec 

cm-/sec 

0.2 

<0.03 
980 
S.O km 

Variable, see K 
See Carslaw and Jaeger (1959, 

appendix VI) 

Pure water 
values;see 
Figure Ic 

Computed 

0.05-0.5 
millidarcies 

6 X 10-' 

Wairakei's regional average 
over 2,500 km= is SO ii ca l / 
cni'-sec with heat flow in the 
more intense parts of each 
local area '^10,000 fical/cm'-
sec (Elder, 1965) 

10- cm' 1 md 

Donaldson (1968) picks mean 
value of 3 X 10"' cal/cm-
sec-°C 

g/cm'-sec 

cal/g-°C 

°C 

cm/sec 
cm/sec 
°c-' 
cal/g-°C 

0.0666 

io-> 
Figure 3b 

Wairakei's 4 X 10' gm/sec over 
area of 13 km'' indicates 
q = 94 g/cni=-yr (Donaldson, 
1968) 

See Norton and Cathles (in 
press) and discussion of eq. 
(3) in text 

Water and rock assumed always 
at (essentially) the same 
temperature 

V = V ^ ! 

Ratio of enthalpy to tempera-. 

Pure water . 
\ values, see 

Figure Ic 
Pure water 

values, see 
Figure la 

2.7 

2-4 X 10- ' 

ture a t each grid location a t 
the previous timeslep or the 
average value between 
timesteps 

•-10-' 

V X lA = 2 

V X lA.x = q 

4, = ,^3C*/K„T*; X* = 1 cal/g, 
T* = 1°C 
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Discoveries of cinnabar in the Tamani 

Neogene deposits 

M.G. Shis/ilcunov ond V,N. Trufanov 

In recent years, widespread development 
cf mercury mineralization has lieen identified 
in the Northwestern Caucasus and neighboring 
regions- The mercury shows (in commercial 
concentrations in individual sectors) have been 
!-jcalized in various sequences of sand-clay, 
carbonate, and volcanogenic sedimentary rocks, 
faving an age ranging from Early Jurassic to 
Seogene, inclusive. 

The prospective estimate of the individual 
raercury shows and the mercury mineraliza
tion of the Northwestern Caucasus as a whole 
is regarded at present as one of the pressing 
ji.'oblems of geological investigation in this r e -
•î on. In this respect, in addition to the pro
specting-exploration work, carried out with 
Ihc object of assessing the mercury shows and 
clirifying their general distribution patterns, 
'.•le solution to the problem of the age of the 
niercury mineralization is also of great import-
i.-;ce. Special interest in this respect centers 
iround the Borisogleb mercury show, discov
ered in Neogene sands at Tamani by N. T. Bulov 
i1967). 

During 1969-1970, the Borisogleb sector 
»-3s investigated as a mercury show by tho 
wthors of the present report. As a result, 
MW data were obtained on the localization of 
t.'ie cinnabar not only in tlie bituminous sands, 
tut also in the sands which had not been bitu-
alnized, and in conglomerates, with the p r e 
sence of allothigenic cinnabar also identified 
la the latter in the form of well-rounded aggre-
Ptes, covered with thin films of iron hydrox-
t*s. 

The Borisogleb mercury show is located 
JaUie eastern portion of the Kerch-Tamani 
•«nnsverse downwarp (4) , which separates the 
^rthwestern Ciucasus from the High Crimea, 
•̂ e geologic structure of the downwarp is char-
^erized by the development ol zones of dia-
^ I c and dome-Uke brachylolds with northeast-
•ly trend, consisting of Neogene sand-clay 

;^P^its. Mercury mineralization also occurs 
J* ">e arch of the Borisogleb brachyfold, which 

Uprises the eastern termination of the Fana-
*^^|ysk^^nticUnal zone (3) . 

ii^rh ''^'' from O nakhodkakli kinovari v neOKCnovykh 
^ ""eniyakh Tamani, Sovotskaya Gcologiya, 1974, 
fuj ' P- 141-143. Shishkunov i.s witii the North Cau-

" TGU, Trufanov with Rostov State University. 

The sector of majiifestation of mercury 
mineralization consists ol fine - and medium -
grained quartzose and quartz-feldspar sands of 
the Kuyal'nik stage of the Neogene, which crops 
out along the western margin of the Akhtanizovo 
estuary for 250 m, with a visible thickness of 
up to 30 m {see figure). The sands are over -
lain by old hilly deposits of an extinct mud vol
cano, which form the summit of Borisogleb 
hill. The sands lie very gently, at 5-10° ( dip 
direction 310-320° at 5-10°), and bedding is 
weakly defined in them. 

Approximately in the middle part of the 
outcrop along a series of closely spaced joints 
with steep southwesterly dip (210° at 80-85°), 
the sand sequence is broken into two blocks, 
vertically displaced by 10-15 m. Tliis is clearly 
observed on the basis of a thin (0. 4-0. 6 m) 
seam of finely clastic conglomerates, in which 
corapressed, v/ell-rounded clasts of limestones, 
siderites, and siltstones predominate, cemented 
by iron hydroxides. Below, lie quartzose sands, 
and above are quartz-feldspar sands. In the 
former, the quartz grains occupy more than 
99% of the volume; garnets, tourmaline, z i r 
con, and epidote are present in insignificant 
amounts ( less than 0. 1 % ) . The quartz-feldspar 
sands contain 20-25 % quartz and 70-75 % feld
spars; kyanite, muscovite, chlorite, and hydro-
biotite have been recorded as additives (up to 
0. 1 % in amount). 

The quartz sands have been bituminized, 
bituminization has affected the conglomerates 
very weakly, and is completely absent in the 
quartz-feldspar sands. Their visible thickness 
exceeds 20 m, with bitumen coating the quartz 
grains, weakly cementing them, as a result of 
which the sands acquire a yellowish-brown tint 
and appear like friable sands. 

The most intense bituminization of the 
sands has been observed in a block of closely 
spaced steeply dipping joints (dip direction 
270-290° at < 70-75°). These joints evidently 
ha-ve a deep-seated origin and are tectonic in 
nature, since in addition to the clear control 
of the bitumen mineralization, tlie maximum 
amounts of cinnabar and abundant accumulations 
of natural gases are confined to them. In the 
northern part of the sector, the bituminization 
is restricted by joints, which dip at 60-70° 
(dip direction 10-20°). 
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Diagrammatic section of Borisogleb ore show. 

1 - mud-volcano deposits; 2 - non-bituminlzed quartz-
feldspar sands; 3 - bituminized quarlz sands; 4 - cong
lomerates; 5 - joints; 6 - boundary of soil creep; 7 -

natural-gas shows; 8 - sampling locality and number. 

Mineralogical composition of heavy fractions of concentrates* 

^ i 

Weigtit contents of minerals (per kg of rock), mg 

Quartzose, strongly bituminized sands 

5 250 -
5a 630 -

o 
32 

2.5 
32 

25 
63 

0.23 
0.38 

0.25 
0.-20 

0.20 
0.60 

25 
12 

0.02 
0.60 

12 
6.30 

Quartzose, weakly bituminized sands 

4 
6 
9 

2070 
1600 
850 

0,20 
— 
— 

103 
160 
8.50 

103 
SO 
0.90 

1035 
800 
595 

0.14 
0.11 
0.01 

2.70 
1.60 
l.GO 

0.25 
— 
— 

207 

43 

20 
3.20 
o.«o 

0.1.'i 
0.20 

107 
32 
0.20 

Quartz-feldspar non-bituminized sands 

8 
10 
11 

3340 
710 
530 

5 
0.02 
0.25 

3.50 
360 
265 

4.50 
0.06 
1.50 

950 
110 
110 

0.19 
0.05 
O.Ol 

0..')0 
1.40 
— 

0.50 
' 

— 

15 
14 
1.50 

1.00 
0.30 
0.30 

0..50 
0.06 

1.00 
7.10 
0.50 

0.02 
O.IO 

0.25 
0.20 

10 
0.70 
0.20 

7 [5350 I 0.37 | 3:-l5 [ 

Conglomerates 

I 535 I 16.00 I - I 1.20 I O.aS | 1.50 | — | 0.37 

•Analyses completed by mineralogist L.A. 
logical Expedition. 

Lyamklna in the Laboratory of the Krasnodar Geo-

The bituminized quartz-feldspar sands have 
been silted from the surface by mud-volcano 
deposits creeping downslope (see figure) and 
enriched in friable ocherous -yellow aggregates 
of jarosite and twinned gypsum crystals. 

On the basis of results from a mineralogi
cal analysis of concentrates (see Table), re la
tively large amounts of cinnabar (up to 4 mg/kg) 
have been observed in the conglomerates, and 
its aggregates have a different color and round
ing, and dimensions from 0. 1 to 0. 5 mm. The 

larger aggregates (0. 3-0. 5 mm) are colored 
dark cherry-red and dark claret, and are well 
rounded; the latter undoubtedly indicate their 
allothigenic nature. Like the main clastic cow 
ponents of the rocks, they have been cemented 
by iron hydroxides. The smaller cinnabar 
segregations (0 .1-0 . 3 mm) are colored rasp
berry- or aloe-red. They have not been co.i>-
pletely rounded and have an irregular near -
rhombohedral shape. They are extreraely in
significant in number among the allothigenic 
cinnabar, and have been recorded in the con
centrates almost as single grains. 

M.G. SIII< 

Cinnabar is present in the sands 
reform of non-rounded finely cryst; 
',). 1-0.4 mm) aggregates of irreguU 
.̂  penetration twins of rhombohedra. 
iionally, small solitary rhombohedr; 
1.3 mm) have been recorded, hayln| 
l.jj,er cinnabar aggregates, a raspbei 
i!oe-red color. The amount of cinna 
•rom 0.4 mgAs in the bituminous sa 
J 0.05 mg/kg in the non-bituminizec 
see table). 

The cinnabar aggregates in the t 
jinds, like the sand grains, have bei 
fith a thin film of bitumen. In the si 
iffected by bituminization, cinnabar 
•,i the form of monomineralic aggreg 
:!early recognized under the binocuL 
fcope against a background of light-< 
veil-rounded quartz grains. It is ini 
a note that the numerous pores in th 
a-ates and quartz sands are frequent 
rnisted not only with well-formed cii 
crystals, but also with sheaf-like ag| 
.ifzeolites. Ilmenite, rutile, pyrite, : 
;ie have been identified as other ore 
u-l the sands and conglomerates. Hoi 
•Jneir amount is quite insignificant ( s 
Ihey are present in the rocks as clai 
minerals. 

The general geologic features of 
lion of cinnabar recorded and the mo 
i its crystals even by theraselves, i 
-uie presence of two genetic types of 1 
ll in the Borisogleb ore show. The 
iirk-claret cinnabar in every way m 
lipied to the normal clastogenic (all 
minerals, whereas its light-tinted, r 
urieties were most probably formec 
-iat is they are typically authigenic. 
'.formation emphasizing this conclus 
-itained durjng a thermobarometric 
JI the varieties of cinnabar. 

A visual-polythermic study of th 
-IS shown that in the dark-claret (a l 
•innabar, there is a complex ot incli 
••'e-forming solutions identical to thi 
-' the mercury deposits of the Perev 
i''*lQkamennyy type in the Northwestt 
:<sus (2). These are mainly gas-lii 
•'«s with homogenization temperatur 
•10°. 

In the dark-aloe (authigenic) cii 
;̂ - assemblage of inclusions is dif 
•••̂  main bulk consists of liquid or es 
-̂ '•Jid relicts of traces of mineral fo 
';•'- gas bubble occupies not more th 

; 'jhe volume of the inclusion), and ; 
•-||S filled with light-colored, Ijrowii 
•siimen. The temperatures of homo 

such inclusions are usually 50-60' 
'i'nes up to 70-90°. Their low temp 
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2gates (0 .3-0,5 mm) are colored 
-red and dark claret, and are well 
le latter undoubtedly indicate Uie^ 
nature. Like the main clastic co'f-

he rocks, they have been cementca 
•oxides. The smaller cinnabar 
5 (0 .1-0 .3 mm) are colored rasi)-
loe-red. They have not been colli
ded and have an irregular near-
al shape. ITiey are extremely i"' 
n number among the allothigenic 
id have been recorded in tlie con-
most as single grains. 

Cinnabar Is present in the sands only in 
ac form of non-rounded finely crystalline 
;0 1^.4 mm) aggregates of irregular shape 
Jf penetration twins of rhombohedra. Occa-
j,„naUy, small solitary rhombohedra (0. 2-
0 3 mm) h^ve been recorded, having, as in 
iiher cinnabar aggregates, a raspberry- or 
iloc-red color. The araount of cinnabar ranges 
»rom 0.4 mgAs in the bituminous sands down 
joO.05 mg/kg in the non-bituminized sands 
(see table). 

The cinnabar aggregates in the bituminized 
ands, like the sand grains, have been covered 
sith a thin film of bitumen. In the sands not 
i/Iected by bituminization, cinnabar is present 
In the form of monomineralic aggregates, 
clearly recognized under the binocular micro
scope against a background of Ught-colored, 
»ell-rounded quartz grains. It is interesting 
tonote that the numerous pores in the conglom-
rt-ates and quartz sands are frequently in-
crusted not only with well-formed cinnabar 
crystals, but also -with sheaf-like aggregates 
.•(zeolites. Ilmenite, rutile, pyrite, and chrom
ite have been identified as other ore minerals 
'.1 the sands and conglomerates. However, 
acir amount is quite insignificant (see table). 
Hiey are present in the rocks as clastogenic 
sinerals. 

The general geologic features of localiza
tion of cinnabar recorded and the morphology 
•i its crystals even by themselves, indicate 
lie presence of two genetic types of tliis miner -
U In the Borisogleb ore show. The rounded, 
iu-k-claret cinnabar in every way must be a s -
libTied to the normal clastogenic (allothigenic) 
-minerals, whereas its light-tinted, non-rounded 
nrieties were most probably forraed in place, 
'-••Jt is they are typically authigenic. Additional 
--•-'ormation emphasizing this conclusion was 
•Uained during a thermobarometric analysis 
-(the varieties of cinnabar. 

A visual-polythermic study of the samples 
^ shown that in the dark-claret (allotliigcnic) 
'•'i.inabar,' tliere is a complex of inclusions of 
••o-Iorming solutions identical to that typical 
•j the mercury deposits of the Pere-val' or 
wlokamennyy type in the Northwestern Cau-
•'-^s i 2). These are mainly gas -liquid vacu-
'!f? with homogenization temperatures of 120-

^ 'n the dark-aloe (authigenic) cinnabar, 
'_f assemblage of inclusions is different: 
•̂  °iain bulk consists of liquid or essentially 
-JJW relicts of traces of mineral formation 
•̂•̂ gas bubble occupies not more than 3-5% 
•"^volume of the inclusion), and also vacu-

-^ ailed with light-colored, brownish-red 
•̂̂ Ĵ en. The temperatures of homogenization 

-_'"^'' inclusions are usually 50-60°, some-
^ up to 70-90°. Their low temperature 

may be judged on the results of vacuum decrepi-
tometry, which agree with the homogenization 
data. The maxima for the decrepitation of the 
inclusions of authigenic cinnabar do not exceed 
100°, whereas for the inclusions of allotliigenic 
cinnabar, they reach 150° and more. 

The data obtained suggest that the formation 
of the nonrounded crystalline aggregates of 
aloe-red (authigenic) cinnabar is genetically 
associated with bituminization of the quartzose 
sands and conglomerates during the effect on 
them of the weakly mineralized gas-liquid 
products of mud volcanism. The possible asso
ciation between the mercury shows in the North
western Caucasus and mud volcanism was point
ed out earlier by Poyarkov and Netreba (1) . 

The age of the nonrounded authigenic cinna
bar, judging by the stratigraphic position of the 
surrounding sands and conglomerates, has been 
convincingly determined as Late Pliocene, pos -
sibly even early Quaternary, which corresponds 
to the maximum manifestation of mud volcanism. 

The presence of allothigenic cinnabar in 
the conglomerates of the Kuyal'nik stage of the 
Pliocene, similar on tlie basis of thermobaric 
indices to its aggregates in the commercial de
posits of the Northwestern Caucasus, enables 
us to discuss the significance of the scale of 
their denudation in the Neogene. This is also 
suggested by the presence of manifestations of 
allothigenic cinnabar covering substantial areas 
in the "ore" strata of the Kimnierian stage, 
discovered by K.V, Platonov (1967) near Krymsk. 
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THE DESTRUCTIVE TABAS EARTHQUAKE OF SEPTEMBER 16, 
1978, EAST IRAN-A PRELIMINARY REPORT 

By 

A. Haghipour^, Saleem M. Farooqui'-^, M. Amidi^, 
and A. Aghanabati^ 

ABSTRACT 

The most devastating earthquake of this century in Iran occurred on the 
evening of September 16, 1978, near Tabas in east Iran. The earthquake killed 
more than 19,000 people and completely destroyed the ancient desert town of 
Tabas and several surrounding villages. 

Tabas is located on a narrow playa basin. The basin is underlain by 
thick Neogene and Quaternary sedimentary deposits and bordered by mountain 
ranges underlain by complexly deformed pre-Tertiary rocks. The earthquake 
was accompanied by a north-trending zone of surface rupture more than 55 km 
long and 100 to 250 m wide. This zone of surface rupture, which.is located 
about 2 km southeast of Tabas, near the Quaternary/Neogene contact was dominated 
by low-angle thrust displacements with a minor component of right-lateral slip. 

Because most of the houses in the epicentral area were contructed of 
adobe walls and domed roofs, none were left standing in the epicentral area. 

- INTRODUCTION 

A major earthquake occurred in east Iran on the evening of September 16, 
1978. Preliminary determinations by the U.S. Geological Survey placed the 
epicenter at latitude 33.21°N and longitude 57.35°E with a shallow focal depth. 
The magnitude was 7.7, based on surface waves. Approximately 100,000 square 
kilometers of the central Iran plateau was shaken by this earthquake. It was 
felt in Tehran, at a distance of 650 km northwest of the epicenter. 

The earthquake totally destroyed the ancient desert town of Tabas and 
several surrounding villages. Because the earthquake occurred at 7:30 in the 
evening, almost all of the population were indoors for dinner. As a result, 
more than 19,000 were killed by the earthquake. 

The history of Tabas goes back more than one thousand years. During 
modern times Tabas has been a remote and obscure desert town, virtually unknown 
outside Iran; but it was well known throughout much of the civilized world in 
the Middle Ages. Located near the center of the Great Salt Desert, Tabas grew 
up around a green oasis and became an important junction on the ancient Silk 

1 Geological Survey of Iran, Tehran, Iran 

2 Shannon & Wilson, Inc., Portland, Oregon 
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Route linking China with the West. Many of the historic monuments were des
troyed, including Baghe Golsham, Zarak, Khosrowabad and Pirhajat shrines, and 
the Jomeh Mosque. 

Iran was undergoing a massive political turmoil when the earthquake 
occurred. Only a few weeks before, a dawn to dusk martial-law had been de
clared. As a consequence, lines of communications were disrupted, and travel 
to the epicentral region severely curtailed. Despite these problems, however, 
the Geological Survey of Iran quickly put together a reconnaissance team, and 
subsequently dispatched a detailed investigative team into the field. The 
writers of this report, who were part of the reconnaissance team, visited the 
epicentral region 8 days after the destructive event had occurred. A gigantic 
rescue operation was already underway, with an air strip and a field camp 
established and functioning approximately 5 km away from the devastated town. 
Transport planes and helicopters of the Iranian Air Force were bringing in 
much needed supplies and carrying the wounded to safety. The army units were 
trying to .restore the communications, electric lines and water supplies, and 
spraying chemicals to reduce the danger of an epidemic that could result from 
the decaying bodies buried under the mounds of rubble. The stench of death 
was everywhere. 

Because of the difficult situations in the area and because of pressing 
business commitments in Tehran, the writers could only spend a total of 2 days 
in the field. This report presents the results of our reconnaissance investi
gation. The detailed investigations are being accomplished by members of the 
Geological Survey of Iran and Ferdowsi University, Meshad. 

Earthquake Damage 

The Tabas earthquake was one of the most destructive events in the 
history of Iran. The damage is shown in Plates I and II. The destruction 
in the epicentral region was almost total. The building construction tech
niques in Tabas, as elsewhere in Iran, have not changed in centuries. The 
buildings in the Tabas region are predominantly constructed of massive adobe 
(Plate I, Photo A and B ) , with thick walls and domed roofs. The 1/2 to 1 
meter thick walls generally rise straight up to a height of 2.5 to 3 meters 
and then curve into arches, forming domed roofs. The destruction of the 
adobe structures produced extensive mounds of rubble that consisted of a 
highly fragmented and pulverized conglomeration of particle sizes (Plates I 
and II). Even more modern structures of steel frame and kiln-dried bricks 
also were heavily damaged. These frame buildings were twisted, rotated and 
partly collapsed. 

The qanats, or underground water galleries that transported water to 
Tabas and surrounding villages also were heavily damaged, but the overhead 
utility lines and poles were not damaged; nor were they out of plumb wherever 
observed. Consequently, the massive destruction and death toll in contrast 
to the undisturbed utility lines indicated that the earthquake struck the 
region with a massive vertical punch with no perceptable foreshocks or warning. 



A. TABAS BEFORE ITS DESTRUCTION. THE BUILDINGS CONSISTED 
OF MASSIVE ADOBE WALLS AND DOMED ROOFS, WITH DATE 
PALMS IN THE COURTYARDS. 

A TYPICAL ADOBE VILLAGE IN CENTRAL IRAN. SIMILAR 
VILLAGES NEAR TABAS TURNED INTO MOUNDS OF RUBBLE 
DURING THE EARTHQUAKE. 
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C. AERIAL VIEW OF TABAS AFTER ITS DESTRUCTION BY THE 
SEPTEMBER 16 EARTHQUAKE. 

D. THE ADOBE BUILDINGS WERE COMPLETELY RAZED TO THE 
GROUND. 

PLATE I - Photographs of the Earthquake Damage 
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A. A VIEW OF A PARTIALLY COLLAPSED ADOBE DOME. D. PILES OF RUBBLE ANO DEBRIS MARK THE SITE OF BUILDINGS. 

8. AN ANCIENT (CIRCA A.D. 1300) CARAVAN SERAI (TRAVELERS' 
LODGE) WAS DESTROYED BY THE EARTHQUAKE. THIS SERAI 
IS LOCATED ABOUT 25 KILOMETERS WEST OF TABAS. 

C. THE COLLAPSE OF ADOBE BUILDINGS PRODUCED HIGHLY 
FRAGMENTED MOUNDS OF RUBBLE. ' 

* 5 ^ ' '^A^-^$^PPiii^i 
*> -mi 

E. MAN (UPPER RIGHT) SEARCHES THE 
REMAINS OF HIS HOME FOR HIS FAMILY. 

PLATE II - Photographs of the Earthquake Dainage 
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Seismicity 

The Tabas region is in a part of central Iran whose seismic activity is 
markedly different compared to the adjacent more seismically active Zagros, 
Alborz and Kopet Dagh regions. The seismicity of the Tabas region, and its 
relationship to geologic structures, are shown in Figure 1, Historical seis
micity (pre-1900) (Ambraseys, 1968; 1974) shows that the ancient cities of Iran 
have experienced recurring, major destructive earthquakes since 4th century B.C. 
The town of Tabas was a major trade junction on the ancient Silk Route that 
linked the towns of Qom, Kashan and Esfahan to the west, Kerman to-the south and 
Qaen, Khaf and Nazad to the east. All of these ancient towns of central Iran 
have suffered severe damage frora major earthquakes. However, major destruction 
owing to an earthquake is not evident from the approximately 1000-year old his
tory of Tabas as preserved in its historic monuments and from travelers' accounts. 
The Tabas area has experienced only 2 moderate events of M=5± (Berberian, 1976) 
since 1900, neither of which apparently caused any noticeable damage. These 
events were located approximately 40 km to the northeast. 

The nearest clusters of instrumentally recorded moderate to major earth
quakes occur approximately 200 km from Tabas. These clusters are located in the 
vicinity of Bahabad, 200 km to the southwest, and Qaen and Dasht-e-Bayaz, 200 km 
northeast of the Tabas. The destructive earthquake of September 16, 1978, thus, 
was a unique event in the history of Tabas. 

Geology 

Tabas is located near the east margin of the Great Kavir Desert where it 
merges with the Dasht-e-Lut. The physiography of these extensive deserts are 
characterized by playa basins bounded by mountain ranges. The Tabas playa is a 
triangular-shaped feature approximately 60 km long and 20 km wide with an average 
elevation of approximately 750 m. The bordering mountain ranges rise to eleva
tions of 3,200 m. The nearest mountain range, the Shatori Range, trends northerly 
about 10 km east of Tabas. The surface drainage in the area is closed and in
ternal. Water to the town and surrounding villages is transported from near the 
mountain front by means of ancient underground system of water galleries called 
"qanats". The depth of groundwater beneath the playa is unknown. 

The geology of the Tabas area is known only from reconnaissance studies 
(Ruttner, et. al., 1968; Stocklin, et. al., 1965; and Aghanabati, 1977). The 
major geologic elements of the area are shown in Figure 2. The raountain ranges 
surrounding the playa basin are composed of a complex mixture of different 
lithologies ranging from Pre-cambrian to Cretaceous in age. These lithologies 
include metamorphosed and non-metamorphosed marine shale, sandstone, marl, 
limestone, and oceanic volcanic rocks and tuffs. Continental syntectonic clastic 
deposits of Neogene age, occur along the flanks of these ranges. These younger 
deposits are also tightly folded and faulted. Towards the basin, these folded 
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and faulted clastic deposits of Neogene age are overlain by coarse clastic de
posits of coalescing bahadas, and playa silt and salt. 

The regional tectonic structures trend northerly across the Tabas area. 
These major tectonic elements bow around anomalous east-west tectonic elements 
south of Tabas basin and converge again to the north and south. Faults in 
the area are generally high-angle reverse with some right-lateral strike-slip 
component. Numerous secondary sets of northwesterly and northeasterly trending 
faults have dissected the area into a complex mosaic 

The Nayaband fault system, one of the major regional features, appears 
to be the source of the September 16, Tabas earthquake. This fault system is 
more than 400 kra long, and branches of it have cut the Shatori Range into 
numerous linear blocks. The nearest mapped branch is approximately 25 km east 
of Tabas. Berbarian (1976) indicates that the latest deformation of this fault 
system is of Quaternary age. Preliminary determinations by the USGS place the 
epicenter near the south end of the Shatori Range, approximately 75 km south
east of Tabas. 

Surface Rupture 

The Tabas earthquake was associated with a complex north-trending zone 
of surface rupture. This zone of surface rupture lies about 2 km east of the 
Tabas, and it could be traced for a distance of 10 km before it disappeared 
in the young alluvium of a dry wash. The ruptures could not be traced farther 
because of lack of time; however, the surface ruptures continue southward 
for a distance of 55 km (Sharp and Orsini, 1978). The topography and the 
extent of the rupture mapped is shown in Plate III. 

The surface ruptures occurred along the contact between the Quaternary 
bahada and the Neogene clastic rocks (Plate III). Thrust-type movement pre
dominated. The rupture zone, which was 100 m to 250 m wide, included 3 pro
minent, low-angle thrust faults with small displacement. Lack of prominent 
marker horizons precluded precise determinations of fault parameters. How
ever, it was estimated that the thrust angles and displacements at the sur
face ranged from 0 to 10 degrees and 10 to 20 cm, respectively. The mor
phological features of the rupture included undulating, serrated and branching 
fault traces and associated pressure ridges on the upper plate. These 
features are shown in Plates IV and V. Although the surface ruptures were 
dominated by thrust faulting, they also showed some evidence of minor right-
lateral strike-slip movement, such as crude enchelon nature of pressure ridges 
and short segments of branch faults. The three thrust fault segments were 
separated by 70 to 150 m wide zones in which numerous north-trending linear 
tension cracks had developed. Locally these tension cracks showed as much 
as 1 cm normal displacement. Because of the seesaw motion of fault planes, 
it was very difficult to estimate whether the east block moved over the west 
or vice versa. The surface rupture kinematically, may be related to the 
Nayaband fault system (Figures 1 and 2). 
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VERTICAL AERIAL PHOTO-
IfflSAIC (PRE-EARTHQUAKE) 
OF TABAS AREA. ARROWS 
s m THE WIDTH OF THE 
RUPTURE AND THE SENSE 
OF MOVEMEKT. THE RUPTURE 
OCCURRED ALONG THE CONTACT 
BETWEEN NEOGENE DEPOSITS 
(RIGHT SIDE)AND QUATERNARY 
DEPOSITS (LEFT S I D E ) . 

^ AERIAL PHOTOMOSAIC 
OF TABAS AREA 

PLATE III 



A. A PANORAMA OF THE SURFACE RUPTURE. THE RUPTURE ZONE WHICH INCLUDED SEVERAL PARALLEL 
SEGMENTS OF THRUST FAULTING. UNDISTURBED STREAM 
BANKS SHOW LACK OF STRIKE-SLIP MOVEMENT. 
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C. TYPICAL MORPHOLOGICAL FEATURES OF ONE OF THE SEGMENTS 
OF THE THRUST FAULT. 

PLATE IV - Oblique Aerial Photographs of the 
Surface Rupture 
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TYPICAL SERRATED AND BRANCHED NATURED OF THE GROUND 
RUPTURE. THE GROUND TO THE LEFT OF THE RUPTURE 
THRUSTED OVER THE GROUND TO THE RIGHT OF THE RUPTURE. 
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B. A PRESSURE RIDGE WITH TENSION CRACKS NEAR ITS CREST. 
NUMEROUS SIMILAR PRESSURE RIDGES HAVE DEVELOPED ON 
THE UPPER THRUST PLATE. 
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PLATE V - Close-up Photographs of the 
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DESIGN, CONSTRUCTION, AND PERFORMANCE 
HATWAI CREEK EMBANKMENT 

By 

Patrick J. Lightfield^ and Robert M. Smith^ 

ABSTRACT 

The Hatwai Creek crossing presented a major obstacle in completing the 
realignment of U.S. 95 on Lewiston Grade in North Central Idaho. Hatwai Creek 
is deeply incised into the basalt flows which underlie the Palouse Loess. A 
steeply sloping drainage and limited available right of way imposed severe geo
metric constraints, and required an embankment approximately 230 feet high with 
side slopes on the order o'f 1.75 horizontal to 1 vertical. The material-econo
mically available consisted of loess from adjacent excavation with only minor 
amounts of basalt. 

Conventional slope stability analyses and finite element stress deforma
tion analyses, using the computer program ISBILD, were performed to investigate 
the feasibility of the embankment and to develop the design. The recommended 
design parameters included 1.75 horizontal to 1 vertical slopes which were to 
be armored with a blanket of "shot" rock and a series of "shot" rock stiffening 
layers within the lower 100 feet of the embankment. 

Construction began in January, 1978 with excavation of the embankment 
foundation and backfilling with 78,000 cubic yards of "shot" rock. Placing of 
the soil portion of the fill began in early April, 1978, and continued through 
mid-October, 1978. A total of 1.3 million cubic yards of soil was placed at 
an average rate of 16,000 cubic yards per day. 

Embankment instrumentation included three slope inclinometers, five 
total stress cells and nine pore pressure transducers. Instruments were read 
and evaluated during construction to monitor stresses and deformations and to 
control placement rate if necessary. Post construction readings will be continued 
periodically to devleop information on long term behavior of the compacted loess 
soil. 

The design parameters and results of the finite element analysis are 
presented. The data, obtained from the instrumentation are compared to the 
predicted stresses and deformations. 

INTRODUCTION 

The Hatwai Creek crossing presented a major obstacle in completing the 
realignment of U.S. 95 on the Lewiston Grade in North Central Idaho. An outline 

^ Idaho Transportation Department, Lewiston, Idaho 

2 Converse-Ward-Davis-Dixon, San Francisco, California 
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map of the State of Idaho and vicinity map of the project area are shown on 
Figure 1. 

Hatwai Creek is deeply incised into the basalt flows which underlie the 
Palouse Loess; the wind blown soil which blankets the region. The steeply 
sloping drainage, and limited available right of way imposed severe geometric 
constraints, and required an embankment approximately 230 feet high with side 
slopes on the order of 1.75 horizontal to 1 vertical. The economically avail
able material for embankment construction consisted of loess from adjacent 
excavation with only minor amounts of basalt. 

Preliminary design began in early 1976 and the geotechnical design 
reports were completed in June 1977. Conventional slope stability analyses 
and finite element stress and deformation analyses were performed to in
vestigate the feasibility of the embankment and to develop the design fea
tures. The recommended design included 1.75 horizontal to 1 vertical slopes 
which were to be armored with a blanket of "shot" rock and a series of "shot" 
rock layers within the lower 100 feet of the embankment. 

Construction began in January, 1978 with excavation of the embank
ment foundation and backfilling with 78,000 cubic yards of "shot" rock. 
Placing of the soil portion of the embankment began in early April, 1978, 
and continued through mid-October, 1978. A total of 1.3 million cubic 
yards (cy.) of fill, including 200,000 c y . of "shot" basalt rock, was 
placed at an average rate of 16,000 c y . per day. 

Embankment instrumentation included three slope inclinometers, five 
total stress cells and nine pore pressure transducers. Instruments were 
read and evaluated during construction to monitor stresses and deformations. 
Post construction readings are being continued periodically to develop infor
mation on long term behavior of the steep embankment slopes. 

REGIONAL AND LOCAL SITE GEOLOGY 

Hatwai Creek lies within the Clearwater Embayment of the Miocene age 
Columbia River Basalts. The individual basalt flows within the embayment are 
typically separated by highly indurated clayey interbed sediments. Following 
deposition, the basalt flows and interbed sediments were folded and faulted 
into their present attitudes. During the Pleistocene, the folded and faulted 
basalts in the central and northern portions of the embayment were covered 
with eolian deposits of silts and clays locally known as Palouse Loess. 

The new alignment for U.S. 95, north of Lewiston, Idaho, climbs 
across the embayment basalts on the north limb of the Lewiston Syncline 
from elevation about +760 near the Clearwater River to elevation about 
•1-2730 at the rim of the Hatwai Creek Canyon. The basalt flows in the lower 
part of the slope dip south but are generally flat lying at the top. 
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PROJECT LOCATION AND VICINITY MAP 

Figure I 
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Hatwai Creek is deeply incised into the flat lying basalts near the 
top of the slope. Three distinct flows and two interbeds were observed in 
the canyon walls. The canyon follows a normal fault which appears to be 
associated with the Pre-Pleistocene Vista House Fault. The south block is 
up thrown offsetting the beds 40 to 50 feet across the canyon. 

The lithology observed from top to bottom in the canyon walls follows; 

0 Palouse Soil Up to 50 feet thick 

0 Columnar to Diced Basalt 20 to 60 feet thick 

0 Interbed and Flow Top Indurated, highly weathered 
red-colored clayey interbed, 
20 feet thick 

0 Vesicular Diced Basalt Open joints, 40 feet thick 

0 Columnar Basalt 80 feet thick 

0 Interbed Indurated hard blue clay 
baked top, jointed, iron 
staining in joints, 20 to 
40 feet thick 

The canyon bottoms in columnar basalt except near the toe of the 
proposed embankment where the blue clay interbed is exposed in the canyon 
bottom. 

DESIGN CONSTRAINTS 

Available right of way, topography and materials availability were 
constraints on the design of the Hatwai Creek crossing. The available right 
of way was limited on the upstream side by the Idaho-Washington .State Boun
dary. Approximately 600 to 700 feet downstream from the proposed centerline, 
the bottom gradient of Hatwai Creek Canyon became abruptly steeper than the 
approximately 12 percent slope at the crossing site. 

On the order of 1,000,000 cubic yards of excavation were to be gen
erated on both sides of the canyon and no economically suitable waste area 
was available. The soils to be excavated were predominantly the eolian 
silts and clays. Only small quantities of rock were encountered in the 
exploratory borings. 

Few, if any, embankments higher than 100 feet have been constructed 
of Palouse soils. Side slopes have been generally constructed two hori
zontal to one vertical or flatter due to the high erodibility characteristic 
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of the Palouse soils. To construct an embankment across the 230 foot-deep 
canyon within the available right of way and which would be founded on the 
flatter (12 percent) bottom slope necessitated side slopes steeper than two 
horizontal to one vertical. 

-DESIGN PARAMETERS 

Prior to analysis, a laboratory testing program was initiated to de
velop strength and compressibility parameters for the soils which would be 
used to construct the embankment. Test borings in the proposed cuts south of 
and adjacent to the Hatwai Creek Canyon encountered predominantly silty clays 
and clayey silts. The range of index properties measured in these soils is 
as follows: 

Liquid Limit 31-33% 
Plasticity Index 9-12% 
Finer than No. 200 Sieve 97-98% 

Layers of low plasticity to non-plastic silts were encountered but 
these appeared to be generally below grade in the cuts or of limited extent. 

Direct shear, triaxial compression, and one dimensional consolidation 
tests were performed on laboratory compacted specimens of the clayey soils. 
Compaction levels were varied from approximately 95 to 100 percent of AASHTO 
T-99. Tests were performed at as compacted and saturated moisture contents, 
and at varying strain rates. 

Effective stress strength parameters were developed using consolidated 
drained direct shear tests. Total stress strength parameters were developed 
using the results from relatively undrained direct shear and unconsolidated 
undrained triaxial compression tests. The results of the laboratory strength 
tests are summarized in Table 1. Strain rates used in drained direct shear 
tests were chosen such that the time to failure would be greater than 50 
times the time required for 50 percent consolidation. The "undrained" direct 
shear test specimens were subjected to shear stress immediately after applying 
normal stress, and strain rates of 0.05 inches per minute were used to mini
mize drainage. Consolidation occurred very rapidly in the compacted samples 
at normal stresses less than about 8 ksf, so samples were at least partially 
consolidated prior to testing. 

Based on the results of the consolidation,tests and an assumed six 
month construction time, 50 to 70 percent of the consolidation was expected 
to occur during construction. In one series of undrained triaxial compression 
tests, the speciments were allowed to consolidate for ten minutes (approxi
mately 65 percent consolidation) prior to testing, to provide strengths con
sidered representative of the as constructed embankment. 

-17-



Design, Construction, and Performance 
Hatwai Creek Embankment 
By Patrick J. Lightfield and Robert M. Smith 
Page 6 

TABLE 1 SUMMARY OF LABORATORY STRENGTH TESTS 

MATERIAL 

SILTY CLAY 
LL-33 Pl-12 

SILTY CLAY 
LL-32 Pl-9 

SILTY CLAY 

SILTY CLAY 

CLAYEY SILT 

SILTY CLAY 

DRY 
DENSITY 

PCF 

102 

103/104 

107/108 

108 

105.5 

107 

MOLDING 
MOISTURE 

% 

21.6 

20.6 

19.8 

19^ 

18.8 

18^ 

TEST 
TYPE 

DIRECT 
SHEAR 

UU(1) 

UU(2) 

UU 

UU 

TEST 
MOIST, 
COND. 

2 U 

21.6 

SAT. 

20.6 

SAT. 

19.8 

19.8 

SAT. 

19.5 

19.5 

18.8 

18.8 

TEST 
SPEED 

IN/MI N 

0.05 

0.0035 

0.0035 

0.05 

0.0035 

0.05 

0.0035 

0.008 

0.015 

0.015 

0.005 

0u 

19° 

24° 

24.5° 

14.4° 

18.6° 

31° 

13.5° 

KSF 

0.95 

0.75 

1.30 

3.41 

3.66 

1.58 

4.18 

0' 

28.5° 

29.5° 

30.5° 

27° 

30° 

C 

KSF 

0.28 

0 

0.20 

0.90 

0.25 

RANGE 
CT3 or CT„ 

KSF 

2-8 

2-8 

2-15 

2-10 

(1) Consolidated 10 min. - 10% strain 
(2) Consolidated 10 min. - 15% strain 

Consolidation tests were performed on speciments which were com
pacted to densities representing 95, 97, and 100% of AASHTO T-99. Consoli
dation test results were illustrated in figures 2 and 3. 

STABILITY ANALYSIS 

Conventional stability analyses using the modified Bishop method 
were performed with the aid of the computer program ICES LEASE 1 (Bailey 
and Christian 1969). The end of construction condition was analyzed using 
the results of the "undrained" direct shear tests and partially consolidated 
undrained triaxial compression tests as shown in Table 1. Minimum factors 
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of safety against slope failure in the maximum embankment section (190 feet 
above the rockfill base and 1.75 horizontal to 1.0 vertical slopes) were 
computed to be 1.1 at 95 percent compaction and 1.4 for 100 percent compac
tion. 

The apparent cohesion measured in the direct shear tests was found to 
decrease significantly in saturated tests. Saturation of the surface due to 
rainfall or snowmelt was therefore considered to be the critical condition 
for long term stability of the slope surface. Analyses were performed to 
determine the thickness of rockfill needed to confine the slope surface and 
provide resistance to shallow slope failure. A planar potential failure 
surface at the interface between the rockfill and the soil embankment was 
assumed to occur along the entire height of the slope. Resistance to sliding 
was assumed to be provided by friction in the embankment soil and by a 
passive wedge in the rockfill. Shear strength parameters used were: 

Rockfill - «5 = 42° C = 0 
Soil - 0 = 30° C = 0 

For a 1.75 horizontal to 1.0 vertical slope, rockfill placed ten feet 
thick (measured normal to the slope) was found to provide factors of safety 
against failure of the entire downstream slope of 1.06 and 1.1 respectively 
for 95 and 100 percent compaction in the embankment. The computed factors 
of safety are very low. However, the analysis is judged to represent the 
lower bound conditions, since the internal angle of friction for basalt 
rockfill under low confining pressures is expected to be more nearly 50 
degrees according to values published by Wong and Duncan (1974). Also, 
drainage in the rockfill will be rapid and the saturation conditions neces
sary for failure will be of short duration and are not expected to occur 
along the entire slope simultaneously. 

Long term stability analysis utilizing the results of the saturated 
drained direct shear tests yielded a minimum factor of safety of 1.3. 
Figure 4 illustrates the trail embankment section and locations of critical 
failure arcs. 

FINITE ELEMENT ANALYSIS 

Since factors of safety computed using conventional analyses were 
less than 1.5, additional analyses were made using non-linear elastic finite 
element methods. Finite element analyses provided estimates of the long 
term embankment stresses and deformations, and provided a basis for compari
son with performance. The computer program ISBILD developed by Ozawa and 
Duncan (1973) was used in these analyses. Embankment construction is simu
lated in the ISBILD program by applying layers of elements incrementally, 
and computing stresses and deformations due to each increment. The finite 
element mesh used is shown in Figure 5. Non linear hyperbolic stress-

•20-



Design, Construction, and Performance 
Hatwai Creek Embankment 
By Patrick J. Lightfield and Robert M. Smith 
Page 9 

2700 — 

m 

2600 

2 8 0 0 - > 

2400 — 

EFFECTIVE STRESS 
(long term) ANALYSIS 
FS-1.3 V ^ ' ^ 

STATION 478-^80 

VTOTAL STRESS (end 
of conetruction) ANALYSIS 
FS»1.4 

300 200 too 0 IOO 

HORIZONTAL DISTANCE FEET 

200 300 400 900 

2700-

2600' 

t "°°-s^ 

2400--

RESULTS OF STABILITY ANALYSIS 

Figure 4 

• SILTY CLAY 

E Z l BASALT ROCKFILL 

HORIZONTAL DISTANCE FT. 

FINITE ELEMENT MESH FOR HATWAI CREEK EMBANKMENT 

Figure S 

-21-



Design, Construction, and Performance 
Hatwai Creek Embankment 
By Patrick J. Lightfield and Robert M. Smith 
Page 10 

strain parameters were developed for the silty clay and rockfill materials 
with the methods outlined by Wong and Duncan (1974) using the results of 
drained direct shear tests and consolidation tests. The parameters assigned 
to the embankment materials are shown in Table 2. 

TABLE 2 PROPERTIES OF EMBANKMENT MATERIALS FOR USE IN FINITE ELEMENT ANALYSIS 

MATERIAL 

SILTY CLAY 
(1) 

SILTY CLAY 
(2) 

ROCK FILL 
(3). 

TOTAL 
DENSITY 

PCF 

125 

129 

133 

INITIAL 
VOID 
RATIO 

0.66 

0.59 

0.30 

0-

28.5° 

30° 

42° 

C 
KSF 

0.28 

0,12 

0.00 

K 

95 

165 

450 

•̂ UR 

178 

330 

585 

N 

1.00 

0.70 

0.37 

RF 

0.75 

0.75 

0.65 

G 

0,40 

0.39 

0.34 

F 
(3) 

0,08 

0.08 

0.16 

d 
(3) 

2,5 

2.5 

4.8 

(1) 95% of AASHTO T-99 

(2) 100% of AASHTO T-99 

(3) Assumed, based on published values (Wong and Duncan, 1974) 
0 ' adjusted for confining pressure 

Modulus numbers K and Kur represent the initial stiffness or modulus 
of elasticity for initial loading, and reloading curves. The parameter N 
relates the increase in elastic modulus with increasing confining pressure. 
Actual stress-strain relationships deviate from the hyperbolic curve near 
failure and the failure ratio (RF) relates the deviator stress at failure 
for the material to the computed hyperbolic curve. Parameters G, F, and D 
represent initial Poisson's ratio, the decrease in initial Poisson's ratio 
with increasing confining pressure, and rate of increase of Poisson's ratio 
with increasing strain. 

Initially, soil parameters representing 95 percent compaction were 
input and interior rock layers were not included. Figure 6 presents the 
stress levels computed for each element for a 95 percent compaction level. 

The discontinuity represented by the rockfill-silty clay interface is 
evident from the stress level contours. High stress levels at the interface 
with the rockfill and the location of the 80 percent stress level generally 
agree with the results of the conventional stability analyses. 
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Figure 6 

The facing elements are poorly shaped, relative movement cannot occur and 
the internal friction angle assigned to the rockfill was reduced about 10 de
grees from that which could be expected under low confining pressure. There
fore, high stress levels computed in the rockfill slope facing are not of great 
concern. 

The program was rerun using stress-strain parameters representative of 
100 percent compaction. To provide more rapid pore pressure dissipation and 
consequently a more rapid strength increase, an internal rockfill layer was 
added at about elevation 2570. The resulting stress levels are illustrated 
on Figure 7. The discontinuity at the base of the rockfill facing is again 
evident, however, the internal stress levels have been reduced by about 12 
percent beneath the downstream slope and are more uniform along the founda
tion. Stress levels in the rockfill slope facing are reduced by as much as 40 
percent with overstress occurring only in localized areas. 

The finite element analysis provides a "picture" of the stresses and 
displacements occurring within the embankment which can be used to locate 
probable critical areas. The picture was used in this study to aid in lo
cating instrumentation and to illustrate the effect of compaction level on 
the internal stresses. 
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Figure 8 illustrates the approximate magnitude and direction of the 
nodal point deflections computed for 100 percent embankment compaction. The 
computed deflections are elastic and the assumption is made that the de
flections occurring due to an increment of fill are complete before the next 
increment or layer is placed. The computer output therefore, cannot be di
rectly used- to estimate time dependent deformations. Time-consolidation data 
from the laboratory tests were used to estimate the degree of vertical de
formation (consolidation) occurring during construction. The estimates of 
horizontal and vertical deformation developed from this analysis are pre
sented in the discussion of embankment performance. 

Finite element analyses using undrained strength and modulus para
meters were not performed since the long term stability was judged to be 
more critical. The results of an undrained or partially drained analysis 
would however, provide a better comparison with short term or end of con
struction perfonnance. 
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Figure 8 

DESIGN SECTION 

Based on the results of the conventional stability analyses and the 
finite element analyses, the design section was established as shown in 
Figure 9. Since the volume of internal drainage was expected to be relatively 
small, the internal rock layer was reduced to a five foot thickness. A 
second five foot thick layer was added at about elevation •••2520 to further 
increase the rate of pore pressure dissipation. Instrumentation was proposed 
as shown in Figure 9 to monitor the performance of the embankment. 

CONSTRUCTION 

Foundation excavation and clearing began in January, 1978. Foundation 
excavation extended to rock except near the downstream toe of the embankment 
where the lower interbed was encountered at the south side of the canyon bottom. 
Approximately 20 feet of clay interbed was overexcavated to construct a key 
way. 

-25-



Design, Construction, and Performance 
Hatwai Creek Embankment 
By Patrick J. Lightfield and Robert M. Smith 
Page 14 

2 7 0 0 — 

A 2600— 

STATION 478+80 

SILTY CLAY 
100% AASHTO T-99-

175 

10'-
5 TYR 

•2 

Sl-I 

2400-
I 

300 

-2670' 

Sl-I INCLINOMETER 
2 - VERTICAL STRESS CELL 
• 3 PEIZOMETER 

3 
4 

5 

",' ̂  
I i - i 

^ 

5 - » 
• 
• 
• 

SI 

. 1.75 

,12' CATTLE TR 

7 

6 
9 

-2 

3 -

"V 
^ ^ ^ 

BASALT ROCK 

Sh3 

I 
200 IOO 0 IOO 

HORIZONTAL DISTANCE FEET 

-2476 

200 300 4 0 0 500 

DESIGN SECTION SHOWING INSTRUMENTATION 

Figure 9 

By early April, 1978, 78,000 cubic yards of rockfill had been placed 
in the base of the embankment. During the placement of the embankment base, 
the six foot diameter multiplate pipe was installed in a trench in the rock
fill. Loose rockfill was placed over the pipe to a depth of at least two 
feet to act as a partially imperfect trench reducing the vertical stress 
on the pipe. The rockfill was also placed to provide drainage for seepage 
areas encountered on the north side of the channel about 20 feet above the 
foundation. Since the rockfill contained appreciable fines, the creek flow 
was diverted through the rockfill for nearly 4 weeks to confirm that per
meability was adequate. 

The contractor began placing the silty clay embankment in April, 1978. 
Initially, the work area was restricted in the narrow canyon and placement 
was slow. Material was excavated from the cut section adjacent to and north 
of the canyon. The uppermost six to ten foot thick layer of silty clay 
appeared to be equivalent to the soils in the cut immediately south of the 
canyon which were tested to provide the strength parameters used in the 
analyses. This layer was near optimum moisture content, and presented little 
difficulty in compaction. Beneath the silty clay, a 15 to 25 foot thick 
layer of clayey silt containing caliche was encountered which extended to 
rock. The moisture content in the silt was below optimum and considerably 
more compactive effort was required to break down the caliche and achieve 
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the minimum compaction level. Actual densities achieved in both the laboratory 
and field tests were about two pounds per cubic foot lower then those represent
ative of the laboratory strength tests. 

The contractor requested that additional laboratory maximum desnity tests 
be performed on the clayey silt to confirm the maximum density achieved in the 
field. Three laboratories performed additional tests in accordance with both 
AASHTO T-99 and T-180. The results were comparable or higher than the maxi
mum density curve previously developed in the field. Additional compactive 
effort was provided and the embankment was completed on October 18, 1978. A 
total of 1.3 million cubic yards of fine grained soil was placed at an average 
rate of 16,000 cubic yards per day. 

The rockfill facing was brought to grade along with the silty clay em
bankment. The embankment section in Figure 9 depicts the rock-soil fill inter
face as a plane. The interface as constructed consists o f a series of benches 
approximately five feet high with a ten foot minimum thickness of rockfill. 
The basalt rockfill contained appreciable fines and the ten foot thickness was 
expected to adequately retain the finer grained soil under the intermittent 
wetting, therefore, no filter layer was judged necessary. 

INSTRUMENTATION 

Instrumentation which was installed during embankment construction is 
shown on Figure 9 and consisted of three inclinometers, nine pneumatic porous 
stone piezometers, and five total pressure cells. Additional settlement moni
toring points were established at the tops of the inclinometer casings and on 
steel rods driven at the outside shoulders of the maximum fill section. 

Inclinometers were drilled into bedrock following completion of the 
rockfill foundation. As the embankment was placed, the inclinometer casings 
were extended in five foot sections. Long couplings and settlement flanges 
were attached to provide a means of monitoring internal settlement. Inclino
meter measurements were initiated once the embankment reached the elevation of 
the top of the casing. Settlement was to be monitored using a USBR type 
probe, but measurements were discontinued early in construction when the probe 
was lost in the inclinometer casing. 

Piezometer tips were encased with a canvas bag filled with saturated 
fine sand prior to placement. Pneumatic piezometers and total pressure cells 
were installed in hand excavations as the embankment was being placed. The 
instruments were backfilled with sand and hand compacted soil was mounded over 
the excavation. Pore pressures and embankment pressures were monitored through
out construction of the embankment. 
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PERFORMANCE 

Figure 10 illustrates the rate of embankment construction and the cor
responding porewater pressures measured in Piezometers 3, 4, 5 and 7. Pore 
pressures were observed to be zero during construction in all piezometers 
except 3, 4, and 5. These piezometers were located near the center of the 
embankment as shown on Figure 9. With the exception of Piezometers 2, 3, 4, 
5 and 7, all others were located relatively near the internal rockfill layers. 

In Piezometer 3, the ratio of pore pressures measured during con
struction to vertical soil pressure (based on soil densities) was calculated 
at 0.4, which is a commonly assumed value for compacted fill. Immediately 
upon completion of the embankment the pore pressure was observed to diminish, 
dropping approximately 300 psf in 10 days. Pore pressures in Piezometer 4 
increased for the first 60 days and then no increase or decrease was ob
served until the embankment was completed. A malfunction or air trapped in 
the piezometer tip is suspected. Piezometer 5 responded in a similar manner 
for about 10 days but the rate of increase slowed resulting in nearly flat 
response for about 80 days. During the last 30 days of construction the 
rate of pore pressure increase was only slightly flatter than Piezometer 3, 
and the pressure was still increasing slowly five months after completion. 
An air bubble may have slowed the response such that the actual pore pressure 
was not being recorded, and the recorded pore pressure had not yet reached 
equilibrium. Piezometer 7 registered a small pore pressure for the first 
time about 5 months after completion. Pore water is apparently migrating 
laterally more rapidly than it is dissipating into the internal rock layers. 

Five pneumatic steel diaphragm type total pressure cells were in
stalled at the locations shown in Figure 9. All cells were oriented to 
measure vertical pressure. None of the five operated satisfactorily. The 
measured vertical pressures bore little resemblance to the calculated ver
tical pressure and in some cases the cell pressure was measured to be as 
high as 10 ksf with as little as two feet of cover. Potential causes of 
the malfunction are being studied by the manufacturer. 

Deflections in the three inclinometers were consistent even though 
the slip jointed couplings complicated reproducing the depths between sets 
of measurements. Figures 11, 12 and 13 illustrate the measured deflections 
and those predicted from the finite element analysis. Stratigraphic sections 
showing the positions of the rockfill zones are located along the left side 
of the figures. 

Restricted movement at the levels of the interior rockfill layers is 
apparent, particularly in Inclinometers 1 and 3. Relatively larger de
flection in the rockfill facing is evident in Inclinometers 1 and 3, and 
the March 8 reading shows the increased deflection in the facing which 
occurred during snow melt. 
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Measured deflections in Inclinometer 1 unexpectedly agreed exceptionally 
well with those predicted. Deflections in Inclinometers 2 and 3 were however 
only 30 to 40 percent of the predicted values. The finite element analysis 
does not account for time effects and therefore the predicted deflections are 
"ultimate". The measured deflections therefore were expected to be somewhat 
less than the predicted values. In all three inclinometers, the general shape 
of the observed deflection curve was similar to that predicted. The difference 
in performance between the downstream and upstream slopes has not been expiainea, 
Monitoring will continue for at least another 6 to 12 months. 

Vertical deformation (settlement) was measured at the collars of the in
clinometers and at two monuments at the shoulders of the roadway. Table 3 is a 
summary of the predicted and measured settlements. As settlement computed in 
the finite element analysis does not account for time effects, predicted settle
ments were therefore adjusted to reflect the consolidation rate. Total settle
ment values in Table 3 represent the amount which would occur at each point it 
the embankment was placed in one lift, i.e. instantaneous gravity turn on . 

TABLE 3 

PREDICTED AND OBSERVED VERTICAL DEFORMATION 

POINT 

PAVEMENT <t 

COLLAR SI-1 

COLLAR SI-2 

COLLAR SI-3 

REF. 
ELEV. 

2670 

2600 

2632 

2567 

PREDICTED 
DEFORMATION-FT. 

TOTAL 

4.9 

1.5 

3.2 

1,6 

(1) 

1.2 - 1,6 

1 

2 

1 

OBSERVED DEFORAAATION-FT. 

10/20/78 

0.28 

0.6 

0.84 

12/18/78 

0.33 

0.72 

0.98 

3 / 1 ^ 9 

0.34 

3/22/79 

0.37 

0,97 

1.14 

1.49 

(1) Deformo)-ion expected to occur ofter embankment reoches reference e levat ion 

In early March, the actual settlement of the tops of the inclinometer 
casings was observed to rapidly increase, exceeding the predicted values. The 
increase appeared to coincide with the end of the snow melt period. During the 
same period the settlement at the top of the embankment increased on the order 
of 0 04 feet. Downslope movement of the facing and migration of the clayey 
silt into the rockfill facing in response to saturation of the slope may have 
been the causes of the differential settlement experienced between the tops of 
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the slope indicators and the embankment crest. Pore pressure dissipation and 
corresponding settlement of the crest is occurring slowly. Approximately 25 
percent pore pressure dissipation occurred in the first five months following 
completion of the embankment. 

CONCLUSIONS 

Based on the analyses performed during design and the observed perfor
mance in the first five months following completion of the embankment, the 
following conclusions have been made. 

(1) Conventional slope stability analysis methods provide reason
able results for the design of the embankment section. The 
finite element analysis however, provides a more complete 
"picture" of the effect of variables such as stiffness (density, 
compaction level, strength) on the stress levels and deforma
tions developed in the interior of the embankment. Instrumenta
tion can be located more effectively using the results of the 
finite element analysis. 

(2) Finite element analyses'performed using "undrained" or partially 
drained strength and modulus parameters would more closely 
approximate the conditions during and at the end of construc
tion. 

(3) Laboratory test results used to develop the strength and modulus 
parameters may not be representative of the soils from the north 
side of the canyon which were actually placed in the embankment. 
Average compaction levels were slightly higher than the 100 
percent minimum specified, and actual densities were lower than 
those developed for analysis. Laboratory testing of samples 
recovered from the constructed embankment would provide data 
on the density increase which has occurred within the embankment 
and the accompanying settlement and would provide stress-strain 
parameters representative of the soil in place. 

(4) The internal drainage layers functioned as anticipated. Pore 
pressures in the areas of the embankment near the internal rock
fill layers dissipated as fast as they were generated. Lateral 
deflections were reduced at the levels of the rockfill layers 
in Inclinometers 1 and 3. 

(5) Based on the pore pressure dissipation rate observed in Piezo
meter 3, deflections may not be substantially complete for five 
years or more. If settlement of the crest of the embankment is 
proportional to the pore pressure dissipation, settlement will 
approach 1.3 feet after about five years, which agrees well with 
that predicted, from finite element analysis and consolidation 
tests. 
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(6) Measured deflections in Inclinometers 2 and 3 are 30 to 40 percent 
of those predicted by the finite element analysis. Since pre
dicted deflections are ultimate or long term, measured deflec
tions may not approach predicted values even after several years. 

(7) The settlement observed at the tops of the inclinometer casings 
and the deflections measured in the upper 10 feet appear to re
sult, at least in part, from the downslope movement of the rock
fill facing and softening of the underlying silty clay during 
snowmelt. In addition, more rapid settlement has probably occur
red beneath the embankment slopes due to dissipation of pore 
pressures into the internal rockfill layers. 

(8) Knowledge of the amount and distribution of internal settlement 
is valuable in documenting performance. Measurement made at the 
joints in inclinometer casing is the simplest and least expensive 
method of measuring internal settlement, and a simple hook type 
probe is-preferred. Additional pneumatic or hydraulic settlement 
devices will provide supplemental data but will require long leads 
which can be expected to have a high failure rate. Total stress 
cells have limited value in assessing performance, require very 
careful installation and in the authors' experience have a high 
rate of failure. 
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ABSTRACT 

As the concept of reinforced soil becomes better known and more widely 
accepted, reinforced soil walls are being increasingly used to support narrow 
secondary roads in steep terrain. In these applications, it is difficult to 
obtain a balanced design which utilizes the full strength of the conventional 
metal reinforcing strips without embedment lengths which require excessive, 
costly excavation. It appears that this problem can be overcome by using con
tinuous reinforcements, rather than strip reinforcements. 

This paper presents an analysis of walls with strip and continuous sheet 
reinforcement elements over a range of conditions. Traditional methods of 
analysis and appropriate design parameters found in the literature are reviewed. 
Selection of the design parameters and the analysis approach is described. The 
results of example designs indicate that live loading of low walls significantly 
changes the design of the reinforcement in the upper portion of the wall, and 
that traditional analysis methods may be inadequate to accurately account for 
this effect. 

In the example designs, continuous reinforcement permits the use of 
weaker, and therefore possibly less expensive materials and allows a more bal
anced design. In addition, the continuous reinforcement does have a tendency 
to reduce the required embedment lengths; however, this advantage may be sub
stantially offset by the reinforcement length requirement for an adequate 
factor of safety against sliding of the entire wall. 

INTRODUCTION 

The concept of adding materials to soil for added strength or erosion 
control is not new and other researchers (1, 2)^ have provided excellent docu
mentation of the use of straw, logs, wooden beams, metal and other materials 
to improve the engineering properties of the soil-reinforcement system. In 
1966, rational design procedures for incorporating tension reinforcing elements 
into soil to produce a desirable composite material applicable for important 
engineering structures was introduced by the French engineer, Henri Vidal 
(3, 4, 5, 6). It soon became apparent that when compared to conventional re
taining walls, reinforced soil structures could offer many advantages, in
cluding speed and relative ease of construction, flexibility of the resulting 
structure, and economy. 
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Because of these advantages, a growing interest has developed in the Pacific 
Northwest in using reinforced soil retaining walls for the construction of low 
standard roads through steep and relatively unstable terrain in remote areas. 
The U.S. Forest Service has constructed a number of trial walls (7,8,9,10), using 
various types of reinforcement, including fabric and chain link metal. In addi
tion, at least one wall has been built in Southwestern Oregon using concrete 
facing elements and steel strips in the process patented by the Reinforced Earth 
Company. 

Use of reinforced soil walls in these applications can pose several pro
blems not normally encountered in the discussions of analysis techniques for 
design found in the literature. For example, in steep terrain, overall wall 
width becomes an important consideration in the achievement of an economical 
design. In certain situations, as wall width becomes slightly greater, exca
vation quantities can increase dramatically. Also, heavy live loading due to 
log truck traffic can be an important consideration in the overall wall design, 
and could possibly be the overriding factor in the design of tension elements 
in the uppermost portion of the wall. It is not inconceivable to expect loaded 
log trucks to be operating nearly at the wall edge. 

It appears at first glance that the problem of excavation in steep ter
rain can be minimized by using continuous reinforcement. There exists a need 
to determine whether or not there are indeed significant advantages of con
tinuous reinforcement over strip reinforcement in reinforced soil walls used 
in the construction of low standard roads. This paper investigates this ques
tion. Presently available analysis techniques used in the design of reinforced 
soil walls are reviewed, together with a discussion of appropriate parameters 
to be used in calculation. As a result of this review, an analysis technique 
similar to that presented by Lee (1), but with several significant modifi
cations, is used in the design of example walls with strip and sheet reinforce
ment. Based on these designs, factors important in the design of reinforced 
soil walls are highlighted. 

Figure 1 presents a sketch of the basic elements in reinforced soil 
walls. The major components are the wall skin and the reinforcements, in this 
particular instance, strip reinforcements. In addition to strip reinforcing, 
continuous reinforcement, such as geotextiles, chain link fencing, or welded 
wire fabrics can be used. 

The basic mechanism of reinforced soil is that the soil transmits stress 
to the reinforceraent through soil-reinforcement friction. The amount of stress 
transmitted is related to several factors, including overburden pressure, live 
load, and soil and reinforcement material properties. 

The exact mechanism functioning in the reinforced soil wall to give 
the stability to support both the backfill soil and any surcharges placed 
)n it is not fully understood. Three approximate analyses have been used, 
:luding the tie back method described by Lee (1), the standard design methc 
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Typically 
254-330 mm 

Note: 
1 mm = 0. 04 i n . 

FIGURE 1 - Components of Reinforced Soil Walls (2) 

described by Schlosser (11), the Coulomb method described by Vidal and Schlosser 
(3). These have been summarized by Hausmann (12), together with typical methods 
for dealing with non-uniform surcharges. Prior to discussions of the methods 
of analysis, a discussion of appropriate design parameters to be used in the 
analyses is presented. 

DESIGN PARAMETERS 

Soil Properties 

The soil properties used for the example reinforced soil walls are in
cluded in Table 1. The backfill is considered cohesionless and free-draining, 
and is assumed to meet all gradation specifications usually required, i.e. less 
than 15% passing the 0.074 mm (#200) sieve. 

Live Loadings 

The wheel loadings assumed are presented in Figure 2. To apply the con
ventional design methods, it is necessary to transform the three-dimensional 
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TABLE 1 

SUMMARY OF DESIGN PARAMETERS 

DESIGN PARAMETERS 

Soil Properties 

Live Loadings 

Earth Pressure 

Soil Tie Friction 

Minimum Reinforcement Lengths 

Factors of Safety 

VALUES USED IN CALCULATIONS 

<!> = 30° 

Y = 19 kN/m3 

Line Loads 

87.6 kN/m at 1.1 m 
(For Horizontal Pressure Distribution) 

2 - 36.5 kN/m at 1 m and 2.8 m 
(For Vertical Pressure Distribution) 

KQ used 

6 = 2/3 <̂  

Greater of 3.1 m or 1/3 H 

Reinforcement Rupture - 2.0 

Reinforcement Pullout - 2.0 

Sliding - 1.5 

Note: 1 m = 3.3 ft. 

1 kN/m = 68.5 lb./ft. 
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live loading as shown, into an equivalent two-dimensional system. Line loadings 
are chosen to represent this condition. The problem is two-fold: first it is 
necessary to determine the appropriate line loading to give a horizontal pressure 
distribution at the wall similar to that resulting from the point loads and 
second, to select a line loading to give appropriate vertical stress distribu
tions. Each of these problems was solved using a trial and error procedure. 

Each Wheel Load = 22.3 kN 1.4 m 

G 
G 

.4 

2 , 2 m 

III 

i 1 

1.4 m 
Note: 
1 m = 3.3 f t 
1 kN = .22 kip 

FIGURE 2 - Log Truck Wheel Loadings for Assumed Design Problem 

The horizontal stress distributions for the wheel loads treated as point 
loads were calculated using the procedure outlined by Spangler (13), which in
corporates a modified form of the Boussinesq equations. The horizontal stress 
distribution due to the line loading and the vertical stress distributions for 
both point and line loadings were also determined using Boussinesq equations 
(14). The stress distributions for the eight point loads were plotted together 
with the stress distributions from several assumed line loads. The resulting 
line loads giving the "best" match of stress distribution with the point loads 
were selected. The horizontal stress distribution at the wall due 
truck loading is approximated by the stress distribution resulting 
application of an 87.6 kN/ra (6,000 lb./ft.) line load, located 1.1 
frora the face of the wall. The vertical stress distributions are 

to actual 
from the 
m (3.5 ft.) 
best approxi-
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mated by two 36.5 kN/m (2,500 lb./ft.) line loads located 1.0 m (38 in.) and 
2.8 m (110 in.) from the wall face. These equivalent line loadings were used 
in all subsequent calculations. 

Coefficient of Earth Pressure and Pressure Distributions 

Both the standard design method and the tie back model assume that the 
vertical and horizontal earth pressures are related through the coefficient 
of earth pressure, K. The appropriate K value to use remains a moot point, 
however. The standard design method given by Schlosser (11) and the tie back 
model presented by Lee (1) assume that Rankine's coefficient of active earth 
pressure. Kg, is appropriate. This conclusion is based mainly on assumptions 
regarding wall movement. In his discussion closure (1) however, Lee proposes 
that the at-rest earth pressure, KQ, rather than the active earth pressure. 
Kg, be used in the tie back design model. Chang (2) indicates that field 
measurements show that the earth pressure coefficient approaches KQ. Vidal 
and Schlosser (3) indicate that, theoretically, the coefficient of earth 
pressure, K, should be KQ at the top of the wall due to lack of wall move
ment. In all cases, the distributions are assumed to be hydrostatic. 

It is assumed that because of construction compaction and traffic 
vibration, earth pressures, will probably approach or exceed KQ. Since this 
has been substantiated by measurements in actual walls, it is believed that 
this is the best assumption. Hence, KQ is used for all calculations in this 
paper. 

Soil-Reinforcement Friction and Embedment Length 

The angle of friction between the soil and the reinforcement material 
is normally designated as 6. Schlosser and Long (15) have performed research 
relating the angle 6 to the internal friction of the soil, i. The results 
of that work indicate that for a variety of soils with various percentages 
of fines, the angle 6 varies between 1/2 (> and (}>, Chang (16) has performed 
a significant amount of research on the behavior of earthwork reinforcement 
in soil and indicates that 6 can be estimated as 0,9 (j). Bell (7) suggests 2/3 
for soil-fabric friction. For the purposes of this investigation, it is 
assumed that 6 is equal to 2/3 î in all cases. 

Chang (2) has found from pull tests made on steel strips following 
the construction of a reinforced soil wall in California, that for strips 
less than 3.1 m (10 ft.) in length, the peak force necessary to reraove the 
tie is sometimes actually less than would be predicted theoretically. In 
view of this fact, he suggests that the length for steel strips be no less 
than 3.1 ra (10 ft.) in walls 3.1 m (10 ft.) or less in height. 

In addition, Vidal and Schlosser (3) have suggested that a horizontal 
shear failure within the wall can be prevented if the ratio L:H (where L is 
the total length of the reinforcement strip and H is the wall height) is no 
less than 1:3 for backfill material with ij) = 30°. 
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The authors believe that these are reasonable requirements, based on 
available knowledge. Therefore, the length of strip reinforcement in walls is 
restricted to no less than 3.1 m (10 ft,), and the length of strip or sheet 
reinforcement will be no less than one-third of the wall height. 

Factors of Safety 

Selection of reasonable and accurate factors of safety in the design of 
any earth retaining structure is a significant process. Over conservative 
estimates can lead to safe but costly designs. Design of reinforced soil is 
by approximate methods, and many suggested factors of safety can be found in 
the literature, with several methods of applying them (1,2,9,11). The factors 
of safety believed to be appropriate for this paper are the following. 

The factor of safety with respect to reinforcement rupture is 2.0, and 
is applied using the allowable stress of the reinforcement material. This is 
believed to be appropriate because of the various types of reinforcement 
materials currently being introduced. These materials can exhibit significantly 
different strains and creep susceptibilities at given fractions of their ul
timate stress. A factor of safety of 2.0 with respect to tie pullout has been 
proposed by Schlosser and Long (11) and is considered acceptable in this in
vestigation. Schlosser (17) also suggests a factor of safety of 1.5 against 
sliding of the reinforced soil mass, and this will also be used in this in
vestigation. 

DESIGN OF REINFORCED SOIL WALLS 

Three possible analysis techniques are discussed: the tie back model, 
as outlined by Lee (1); the Coulomb analysis outlined by Vidal and Schlosser 
(3); and the standard analysis described by Schlosser and Long (11) and Hausmann 
(12). An appropriate model for the design of low reinforced soil walls for 
low standard, roads is developed. The development of the design equations and 
a detailed description of the design procedure used is found following the 
"Conclusions" and "Recommendations" sections at the end of the paper. 

Analysis Techniques Available 

Tie Back Model 

In the tie back model, illustrated in Figure 3, Lee (1) assumes that a 
failure surface inclined at an angle of 0 = 45°-i- (j)/2 from the horizontal at the 
base of the wall develops behind the wall. The tensile force which must be 
resisted by any tie is found by examining the pressure distribution at the 
wall face and surmiing that distribution over the area of influence of the tie. 
Only that portion of the tie behind the failure surface is assumed to contri
bute friction which resists the tensile force developed at the face of the wall. 
This raethod of analysis is quite popular and has been used in the design of 
walls continuously reinforced with fabrics in the Pacific Northwest (7,8,9). 
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Lee (1) did not discuss the incorporation of non-uniform surcharges into the 
analysis. The authors assume that this would be done by determining the hori 
zontal pressure distribution due to the live load and adding that to the 
horizontal pressure distribution resulting from the soil only. 

/ 
/. 

y,~. . ° 
7 fTT\ 

-k 

L 

_ij_ 

-n 

FIGURE 3 - Tieback and Coulomb Models for Reinforced Soil Walls 

Coulomb Method 

The Coulomb method of analysis is also shown in Figure 3 and is basic
ally the determination of the total tensile force "T" which must be developed 
at the failure wedge to resist a sliding failure. The analysis is performed 
using the graphical procedure given by Culmann (14). Use of this procedure 
easily allows the incorporation of line loading into the analysis. 

Vidal and Schlosser (3) have suggested that this total tensile force 
is distributed in a triangular fashion with the lowest reinforcements most 
heavily loaded. If "i" is the level of the reinforcements, then: 

2i 
N(N-H) 

{1} 
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where: T- = the tensile force in the "i"th layer 
i = the level of the reinforcement (i=l for highest 

reinforceraent level) 
N = total number of reinforcement levels 
T = total tensile force, determined from Coulomb 

Analysis 

Standard Analysis (Reinforced Earth) 

The standard analysis technique used by the Reinforced Earth Company 
in the design of strip reinforcements has been described in the literature (11, 
12). In this method, the lateral pressure on the wall is assumed to be the 
vertical pressure multiplied by an appropriate coefficient of lateral earth 
pressure. The vertical pressures may include live loads and may be increased 
to account for overturning moment. In determining the value of embedment 
necessary to resist pullout, the entire length of the strip is used. 

Application of Live Loadings 

For design purposes, the non-uniform surcharges represented by the 
equivalent line loadings can be handled in a variety of ways. Hausmann (12) 
discusses some of the possible methods of handling non-uniform surcharges due 
to line, point or rectangular surcharges. Note that in all cases, while the 
horizontal pressure against the wall will increase and tends to cause pullout, 
there is a corresponding increase in vertical stress, which increases pullout 
resistance. 

Stress increases computed by elastic theory (Boussinesq equations) can 
be used directly and the total increase in horizontal or vertical stress can 
be found by directly integrating the appropriate stress distribution, as illus
trated in Figure 4b. Schlosser and Long (11) suggest a simplified procedure 
to estimate the increase in vertical stress, illustrated in Figure 4c, The 
horizontal stress increase at any level is simply the vertical stress increase 
multiplied by the appropriate coefficient of earth pressure. 

Although the computations are more time-consuming, this investigation 
will use the stress distributions calculated by Boussinesq Theory and inte
grated over the appropriate intervals. This is preferred over the approximate 
method proposed by Schlosser and Long (11), because the horizontal pressure 
increases given by Schlosser do not appear to adequately represent the con
ditions in the top three or four feet of the wall, and because the equivalent 
line loads were developed using Boussinesq theory, making it more consistent 
to use the Boussinesq stress distributions in the determination of horizontal 
and vertical stresses within the reinforced soil structure. 

Design for External Stability 

Researchers (3,8,17) have identified several modes of failure for the 
entire reinforced earth mass acting as a single unit. These have included 
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FIGURE 4 - Methods for Incorporating Non-Uniform Surcharges into the 
Analysis of Reinforced Soil Walls (12) 

bearing capacity, sliding at the base of the structure, overturning and general 
stability of the slope on which the wall is placed. It is assumed that the 
bearing capacity and the slopes are adequate to support the wall. Also, for 
the walls considered, failure by overturning of the entire mass is unlikely. 
Consequently, in the present study, only the investigation of resistance to 
sliding is investigated. The determination of a factor of safety against 
sliding will parallel the calculations performed for a gravity retaining 
structure. The reinforced soil mass will be assumed rigid and will extend 
the full length of the reinforcements. 

Since all strip reinforcements will be a minimum of 3.1 m (10 ft.) 
long, the live loads will lie within the reinforced soil mass and their loads 
will be assumed to assist in providing sliding resistance. For sheet rein
forcements, each case will be examined individually. The pressure distribu
tion at the rear of the wall will be assumed to be hydrostatic and the material 
will be assumed to have properties identical to the backfill material within 
the reinforced soil mass. 

Evaluation of Available Techniques 

It was first assumed that the tie back model would be a reasonable one 
for comparing strip and sheet reinforcements for low walls with heavy live 
loadings close to the wall edge. As previously mentioned, this design has 
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been successfully used in the construction of several fabric retaining walls in 
the Pacific Northwest (7,8,9). However, an initial design incorporating con
ventional metal strips, 60 mm wide and 3 mm thick (2.36 in. by 0.12 in.) spaced 
0.30 m (1 ft.) vertically and 0.90 m (3 ft,) horizontally yielded rather start
ling embedment lengths when used in the design of a 3.2 m (10.5 ft.) wall. Using 
design parameters as discussed in the previous section, the necessary embedment 
lengths were nearly 20 m (65.6 ft.) at the.top of the wall. 

Clearly, this erabedment length is excessive and is inconsistent with 
experience with successful walls. Assuraing that only the length of embedment 
extending past the failure plane contributes to pullout resistance is conser
vative when the live loads are included in the design and probably contributed 
to this inconsistency. In this respect, the standard design method appeared 
most promising in providing for a pullout due to the total pressure on the wall. 
However, the standard method did not specifically consider internal failure of 
the reinforced soil mass. 

The Coulomb method was also considered; however, the major question was 
the allocation of the total tension force among the available levels of rein
forcement. As previously mentioned, Vidal and Schlosser (3) have suggested pro
portioning this force assuming that the force against the wall is triangular 
in nature. This is a reasonable assumption for walls experiencing only soil 
loading. With the application of heavy live loadings, the problem becomes more 
complicated. 

Figure 5 shows the horizontal loads against the wall for soil loading, 
live loadings, and the total of the two. The plot shown for the total pressure 
illustrates the problem with assuraing a triangular pressure distribution. This 
plot is almost rectangular for low (3.2 m) walls. 

None of the methods appeared satisfactory by itself, but each has desir
able features. These features are incorporated into a recommended analysis 
technique, described in the following section. 

Recommended Analysis Technique 

The design of reinforced soil walls is a rather complicated task with a 
multitude of choices available to the designer. Basically, however, the design 
of a wall is the process of providing a reinforceraent material which has adequate 
strength, and embedding it in a sufficient amount of soil so that it resists the 
tensile force developed because of hprizontal pressures placed against the wall 
face. 

The recommended analysis technique is a composite of the three previously 
mentioned design techniques. Three different cases are considered, which re
present possible internal failure modes. The cases are described. The wall 
is also tested for stability against sliding. 
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FIGURE 5 - Horizontal Pressure Distributions as a Function of Depth 
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Loaded Design - Case I 

In Case I, the wall is investigated with the live loading included. The 
reinforcement is subjected to tensile forces resulting from the horizontal pres
sure due to both the soil loads and the live loads. The horizontal live loads 
are determined through integration of the Boussinesq equation. 

The tensile forces in the reinforcement are resisted by soil-reinforcement 
friction developed over the entire length of the reinforcement. The normal 
forces acting on the reinforceraent include both the soil above the level of rein
forcement and the live loadings at the ground surface. The live load vertical 
force on the reinforcement is determined through integration of the Boussinesq 
equation. 

Unloaded Design - Case II 

In Case II, the wall is investigated without the live loadings. The hori
zontal tensile forces in the reinforcement result from the soil loads at the wall 
face. The length of reinforcement which is considered effective in resisting 
pullout is that extending behind an assumed failure surface which develops at 
the base of the wall. Friction is developed along the reinforcement due to the 
normal forces from the soil weight above the level of reinforcement. 

Coulomb Method - Case III 

Case III is an investigation of the development of a failure surface in the 
soil mass behind the wall, as determined by the Coulomb Analysis, with both soil 
and live loads acting. The Coulomb analysis of the loaded wall is performed 
and a total tensile force is determined. However, because of the nearly rectan
gular distribution of the total pressure with depth (Figure 5 ) , it is assumed 
that the total force is uniformly distributed among the levels of reinforcement. 
This assumption appears quite reasonable for low walls. For higher walls, per
haps the distribution is more triangular. Care should be exercised to assume a 
distribution which does not result in underdesigning the upper levels of rein
forcement for pullout failure. The effective length of embedment which resists 
pullout is assumed to be that extending behind the failure surface. 

RESULTS OF EXAMPLE DESIGNS 

Using the procedure outlined in the previous section, one wall utilizing 
strip reinforcement and one with sheet reinforcement was designed for heights 
of 3.1 m (10 ft.) and 6.2 m (20 ft.). Sketches of the wall designs are gi.yen 
in Figures 7 and 8. Each figure shows the vertical spacing and reinforceraent 
lengths to scale and tabulates the required reinforcement strength., f^. The 
value, fg, does not represent the stress which the reinforcement will experience 
at each level, but represents the strength required at the most highly stressed 
level. It is assumed that the same material will be used in the construction of 
the wall. For the strip reinforcement, the ratio of strip width, b, to horizon
tal strip spacing, A B , is also tabulated. 
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DISCUSSION OF RESULTS 

The results of the designs for each wall are briefly discussed in this 
section. Controlling factors for the values of b/AB for strip reinforcement 
and AH for sheet reinforcement are presented, and important results are high
lighted. 

Walls 3.1 m (10 ft.) Hiqh 

Strip Reinforcement 

The required length of embedment is controlled by the recommendation 
that the length of strip reinforcement be no less than 3,1 m (10 ft.). At the 
top of the wall, b/AB is controlled by the Coulomb analysis (Case III) for 
tie pullout. From 0.46 m (1.5 ft.) to 2.0 m (6.5 ft.). Case II (the unloaded 
condition) controls. Finally, from 2.3 m (7.5 ft.) to 3.2 m (10.5 ft.), the 
reinforcement strength, fg, controls b/AB. 

Sheet Reinforcement 

The sheet reinforcement actually required a somewhat longer amount of 
embedment, 3.2 m (10.25 ft.), in order to meet the unloaded condition. Case 
II, which controlled the design of the top-most reinforcement. The value of 
AH is rather large at 1.07 m (3.5 ft.) but the required allowable stress, fg, 
is almost 33% less than that required for the strip reinforcement. 

Discussion 

The designs shown represent only one of the many possible for both 
types of reinforcement. The controlling factor for the strip reinforcement 
length is the 3.1 m (10 ft.) minimum length recommendation reported in the 
literature, and developed from pullout tests performed on relatively narrow 
strips. The b/AB ratios necessary for the internal stability of the wall 
are much greater than conrnon values reported in the literature, and con
sequently, it is uncertain whether this modification of b/AB (increasing 
the width or decreasing the spacing or both) would have some effect in 
modifying the 3.1 m (10 ft.) minimura length requirement. 

During the design of the sheet reinforcement in the unloaded design 
(Case III), it was necessary to make a choice which affected the minimum 
reinforcement length requirement. The authors chose to lengthen the rein
forcement, rather than decrease the vertical spacing in an attempt to con
serve reinforcement material. If embedment length was extremely critical, 
then AH could be reduced to reduce the embedment length required. However, 
under no circumstances could the total sheet reinforcement length have been 
less than 2.3 m (7.4 ft.). At this length, AH would have been 0.61 m 
(2 ft.) instead of 1.1 m (3.5 ft.). 
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Walls 6.2 ra (20 ft.) High 

Strip Reinforcement 

The embedment length is controlled in this case by the external stability 
due to sliding and 4.3 m (14 ft.) is necessary. To accommodate this minimum 
length requires a significantly large value of b/AB in the top levels of re
inforcement. The levels from 0.15 m to 1.4 m (0.5 ft. to 4.5 ft.) are controlled 
by the Coulomb Analysis (Case III) for tie pullout. In the midpart of the wall, 
frora depths 1.7 m to 4.1 m (5.5 ft. to 13.5 ft.), the b/AB ratio is controlled 
by the unloaded design (Case II). The final 1.8 m (6 ft.) from 4.4 m to 6.3 ra 
(13.5 ft. to 20.5 ft.) is controlled by the strength of the reinforcement, f^. 

Sheet Reinforcement 

In this case, the embedraent length for sheet reinforcement is also con
trolled by sliding and is equal to that for the strips. The total number of 
reinforcement levels is controlled by the Coulomb Analysis (Case III) for 
reinforcement pullout. The required strength of material, fg, is significantly 
less than with the strip reinforcement. 

Discussion 

The 6.2 m (20 ft.) wall designs shown represent only two of the many 
possible. However, both designs represent the minimum reinforcement lengths 
which can be achieved using the soil properties and design parameters, as 
shown in Table 1. In both cases, the embedment length is controlled by the 
external stability necessary to resist sliding. 

The Coulomb method of analysis. Case III, becoraes very important in the 
design of the topmost levels of reinforcement in walls higher than 3.1 m (10 ft.) 
and its effect becomes greater as the height of wall becomes greater. As the 
wall height increases, the total tensile force as deterrained by the Coulorab 
analysis increases and the assumption regarding the allocation of this force 
becomes more and more important. If a uniform distribution is assuraed, then 
this portion of the analysis (Case III) becomes the overriding consideration 
in the top levels of reinforcement. 

Because of the importance of this assumption and its effect on design, 
the authors suggest that an important modification to the procedure proposed in 
this paper would be the allocation of total tensile force based on a trial and 
error procedure of moment calculation, using all the forces involved. . 

General Discussion of Example Walls 

The designs shown are only four of the many which could have been developed 
using the same soil properties and design parameters. The values of fs, AB, 
AH, and L can all be varied by the designer to meet the requirements of a specific 
application. Situations raay exist in which any one or combination of the 
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following factors may be most important: the amount or availability of rein
forcement material, strength of the reinforcement material, amount of excava
tion, quantity of backfill raaterial, or quality of backfill material. 

The particular designs in this paper were developed on the basis of 
limiting reinforcement embedment length and thereby minimizing the excava
tion and backfill quantities. Three of the four designs represent the rainiraum 
possible reinforcement lengths possible for the soil properties and design 
parameters assumed. 

One of the major difficulties encountered in the design of reinforced 
soil walls is the achievement of a reasonable, balanced, economical design. 
Theoretically, a more balanced design is possible by specifying different 
values of fs, A B , b and L at each level of reinforcement. This would not 
appear economical from the standpoint of construction, however. 

CONCLUSIONS 

As a result of the initial investigation for low retaining walls with 
high live loads, where minimizing the length of embedment if of priraary import
ance, the following preliminary conclusions can be drawn. 

(1) Low reinforced soil retaining structures subjected to significant 
non-uniform live loads appear outside the realm of past experience in pre
sently used design methods for reinforced soil walls, as reported in the 
literature. 

(2) Most design methods imply that the effect of live loads is usually 
small or is considered "offsetting" (i.e. the increased horizontal pressure 
is offset by increased vertical pressure on the reinforcement,) This may be 
true for continuous reinforcement or relatively wide reinforcement strips 
spaced closely together. However, for widely spaced, narrow strips, the 
increased vertical pressure does not assist significantly in resisting the 
increased horizontal pressure. 

(3) With heavy truck traffic, the live loads on walls designed for 
low standard roads are indeed extremely important in the design of the top 
3.1 ra (10 ft.), and are critically iraportant in the top 1,5 m (5 ft.). 

(4) A coherent design technique with reasonable design pararaeters for 
situations involving significant live loading, such as that discussed in this 
paper, is lacking in the literature. 

(5) There is disagreement in the literature relative to earth pressure 
distributions, lateral earth pressure coefficients, and soil-reinforcement 
friction appropriate for wall designs. 
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(6) Low retaining walls utilizing strip reinforcement and rather short 
embedraent lengths can be successfully designed. However, significantly wider 
strips than values reported in the literature are required. 

(7) The apparent advantage of shorter embedment lengths for sheet rein
forcements does not appear to be significantly great. However, much weaker 
raaterials can be utilized in the construction of walls using sheet reinforcement 
than in walls using strip reinforcement, resulting in more nearly balanced 
designs. 

RECOMMENDATIONS 

Research is needed to define the failure raechanisras and to further de
velop and validate a coherent design technique for low reinforced soil walls 
with heavy live loads. 

DEVELOPMENT OF DESIGN EQUATIONS 

Equations which simplify the design process and yet allow sufficient 
latitude to the designer in the choice of soil parameters and reinforcement 
materials are developed in the following sections. The notation common to 
all of the wall designs is illustrated in Figure 6. 

Strip Reinforcement 

The development of design equations for strip reinforcement for Cases I, 
II and III follows. 

Case I 

For a unit length of wall: 

T' = / ah + { 1/2 (dl -i- d2) Y K } AH 

'1 

{2} 

where: d-|, d2 = the upper and lower limits of the influence of 
reinforcement 

/a^ = the integral of the horizontal live load pressure 
distribution 

Y = the unit weight of the soil 
K = an appropriate value for coefficient of lateral 

earth pressure. 
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If the strip reinforcements are spaced horizontally sorae distance, AB, apart, 
then the total horizontal force applied to one reinforcement strip, F^, is: 

T' AB {3} 

The value of F^ is limited both by the strength of the reinforcement material and 
by the pullout resistance which can be mobilized by the strip reinforcement. 

If fs is the allowable stress in the reinforceraent, expressed in terms of 
some value of force per unit of strip width, then the thickness of the reinforce
ment, t, can be eliminated from consideration in any design equations and is 
implicit in the designation of fs. 

With the application of an appropriate factor of safety against reinforce
ment rupture, FSRR, then: 

Fh 1 
''SRR 

{4} 

Substituting from Equation {3} 

T' AB fsb 
f'SRR 

{5} 

T' < r ^ ^ - F % AB {6} 

The limitation of F^ due to embedment requirements can be expressed in the 
following manner: 

h 1 2 b + Y d L tan 6 {7} 

where; 
L 

0 ^d 
the integral of the live load vertical pressure 
distribution on the strip between the wall 
face and the distance L from the wall face at 
depth d. 

the angle of friction between the soil and the 
reinforcement. 
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If: 

Then: 

Recall: 

Therefore; 

/ Oy -i- Y d L 
0 d 

tan 6 

Fh 1 2 b L̂  

Fh = T' AB 

T' < 2 b 
A. B 

{8} 

{9} 

{10} 

If an appropriate factor of safety for pullout resistance, FSpR, is applied, 
then: 

T' < _i b L 
- FSpp AB T 

{11} 

Note that b/AB can also be expressed as a function of the parameters given 
previously. From Equations {6} and {11} : 

b/AB 1 
T' (fS,,) 

{12} 

T' (FSOD) 

b/AB > ^ PR 
2 L* 

{13} 

Case II 

For Case II, the live loads are not taken into account and the equations 
are much simpler. If the case of pullout is investigated, the horizontal 
force, F^, acting on one reinforcement strip, can be written as: 

Fh = Y (d - a) K AH AB 

This is resisted in pullout by the force FpQ, where; 

FpQ = 2 b (Y d Lg) tan 6 

{14} 

{15} 
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The^factor of safety against pullout must be less than the ratio of Equations 
{14} and {15} : 

•"SpR 1 
2 b (Y d Le) tan 6 {16} 
Y (d - a) K AH AB 

Therefore: 

b/AB > (d - a) K AH X !!Ei {17} 
- d Lg tan 6 2 

Tie-breaking does not have to be considered in Case II because any configuration 
of reinforcement which is sufficient to withstand the horizontal forces due to 
both line loads and soil loads is- sufficient for soil loads only. 

Case III 

The development of equations for Case III is very sirailar to that for 
Cases I and II. In Case III, the horizontal force acting on any reinforcement 
strip is: 

Fu = I AB {18} 

where: T = the total tensile force, as determined by the Coulomb 
analysis 

N = the total number of levels of reinforcement 

At certain reinforcement levels, the tensile force, F̂ ,, calculated from 
Equation {18} may be greater than that calculated from the Case I analysis and 
and deterrained in Equation {3}. Consequently, the adequacy of the reinforce
ment material strength must be rechecked using the following equations: 

{19} 

{20} 

h <-

T AB 

b/AB 

T<5 D 

''^RR 

< f s b 

•̂ ^RR 

> T ""̂ RR 
- N f3 

{21} 
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In addition, the horizontal force, F^, is resisted by a shear force developed 
along both sides of the strip, extending past the failure plane. If the force 
resisting pullout is termed F'pQ, then: 

F' 
PO 

2 b 
L2 

"-l 

Y d L, tan 6 {22} 

where: Li = the distance from the wall to the failure plane 
at depth "d" 

L2 = the total length of the reinforcement strip 
Lg = L2-L-| = the effective length of the reinforcement 

behind the failure plane. 

If the factor of safety against pullout is termed FSpR, then 

/. + V d Lg 
FSpR 

2 b 
L2 

Lkl 
I AB 
N 

tan 6 
{23} 

and if: 

Le. 
1-2 
/ a 
Ll 

Vd 
+ Y d L, tan 6 

then: 

FSDD T/N 
b/AB > PR 

2 Lef 
{24} 

Sheet Reinforcement 

The development of equations for determining the functional relationship 
of the design parameters proceeds in a manner similar to that for strip rein
forcement. This development is not necessary, however, if one recognizes the 
fact that b/AB is one for sheet reinforcement. Using Equations {12}, {13}, 
{17}, {21}, and {24} and setting b/AB equal to one yields the following 
equations for sheet reinforcement. 
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Case I 

Reinforcement Rupture: 1 > 
T' (FSRR) 

{25} 

Reinforceraent Pullout: 

Case II 

Reinforcement Pullout: 

Case III 

Reinforcement Rupture: 

1 > T' (FSpR) 

- -T-n— 

1 > 

{26} 

d - a 
d 

1 > I !1RR 
^ - N f3 

K AH 
Lg tan 6 

FSpRl {27} 

{28} 

Reinforcement Pullout: 1 > 
FSpR T/N 

"2Te7~ 
{29} 

DESIGN PROCEDURE FOR EXAMPLE WALLS 
» 

The parameters used in the design of the example reinforced soil walls 
in this paper are given in Table 1. In addition, the thickness of the soil 
berm above the top of the wall (Figure 6) is assumed to be 0.15 m (6 in.), the 
value of fc is assumed to be constant for all reinforcement layers, and AH for the 
strip reinforcements is assuraed constant at 0.30 m (1 ft.). 

The limitation of embedment length was considered one of the most important 
factors in design and therefore, miniraization of the reinforcement embedment 
length was achieved in all but one of the designs presented. Minimization of 
reinforcement material was achieved in the 3.1 m (10 ft.) wall, using sheet 
reinforcement. 

Calculator programs were developed which evaluated T' (Equation {2}) for 
any one line load located at any distance from the wall face between any values 
of d-[ and d2. Calculator programs were also developed to evaluate Lf (Equation 
{8}) at any depth for two line loads located any distance from the wall. In 
addition, the program determined Lef for any Li, L2 and d. 
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The design procedure included the following steps: 

(1) The length of embedment for both strip and sheet reinforcement 
was minimized based on the requirements for external wall stability (sliding 
resistance). 

(2) A range of Lf values was determined for the depths encountered 
in the problem (See Equation {8}). 

(3) For strip reinforcemnt, AH was fixed; therefore, T' was known 
at various depths. By using T' values and Lf values at similar depths, a 
range of b/AB values were determined, using Equation {13}. For sheet rein
forcement, knowing that 2 Lf >̂  T' FSRR, reasonable values of AH were deter
mined, using Equation {26}. 

(4) The necessary value of fg was determined by use of Equation {6}. 

(5) For sheet reinforcement, the values of AH and fg were then ad
justed until a reasonably balanced design was deterrained. For strip rein
forceraent, the values of b/AB and fs were adjusted. 

(6) The unloaded condition (Case II) was then checked using Equations 
{17} and {27} for strip and sheet reinforcement, respectively. The failure 
surface used was assumed to be inclined at an angle of 45° -i- 41/2 at the base 
of the wall. 

(7) A Coulomb analysis was performed using the Culmann graphical 
procedure and "T" was determined. Case III was then investigated using 
Equations {21} and {24} for strip reinforceraent, and {28} and {29} for 
sheet reinforcement. 

(8) A final design which met all criteria was selected. 
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CHAIN-LINK RETAINING WALLS 

By 

Daryl R. Greenway' and Bruce C Vandre^ 

ABSTRACT 

Construction of low volume, low budget roads in mountainous terrain 
continues to be a raajor challenge. Steep and frequently unstable side-slopes, 
coupled with environmental concerns, create a need for earth retaining struc
tures that are inexpensive, easy to construct, and esthetic. Recent experience 
on the Siskiyou National Forest indicates that chain-link retainining walls may 
be one solution to this problem. 

Chain-link retaining walls utilize chain-link fabric layered with com
pacted backfill in a manner similar to synthetic fabric (geotextile) retained 
earth walls. The chain-link fabric provides continuous, flexible high strength 
reinforcement to stabilize the soil mass. This paper describes the design, 
construction, and perfonnance of four low chain-link walls and the supporting 
laboratory pull-out resistance tests. Cost data ia also presented, documenting 
as-built construction costs. 

INTRODUCTION 

Four experimental chain-link retaining structures were constructed on 
the Siskiyou National Forest during 1977 and 78. The four low retaining walls 
were constructed within a three mile section of an existing road to regain 
width lost from fill erosion. These installations provided the opportunity to 
develop construction procedures, check selected design assumptions, monitor 
performance, and compile cost data for chain-link structures, as well as pro
yiding an economic solution to a specific problem. 

Two earlier retaining walls on the Siskiyou National Forest provided 
impetus for these structures. A polypropylene fabric (geotextile wall was con
structed in 1974 on the Illinois River Rd. 3504 at Snailback Creek. The design 
and construction of this wall was reported by Bell (1). Then, a chain-link 
wall with "half culvert" facing elements was constructed in 1975 at the north 
abutnent of Winchuck River Bridge 3907-1.0. The construction feasibility of 
the chain-link walls was evaluated during construction of these earlier walls.-

The chain-link walls, built 15 miles east of Brookings, Oregon, were 
approved Forest Service trial-use installations (3,7). These walls were in
strumented with strain gages and pressure cells to evaluate the nature of 
load transfer from the soil to the chain-link fabric. Large scale laboratory 
pull-out tests were performed on the chain-link fabric at the California 

^ Siskiyou National Forest, Gold Beach, Oregon 

2 Intermountain Region, USFS, Ogden, Utah 
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Department of Transportation "CALTRANS" Materials Laboratory at Sacramento. 
The corrosion potential of these sites was studied by a corrosion consultant. 
Data obtained during construction and testing are summarized herein, and the 
design procedures and short term performance are discussed. 

WALL DESIGN 

The design procedure used for the chain-link walls relative to internal 
stability was based on the reinforced soil analysis method developed by Lee (4) 
and adapted to fabric reinforcement by Bell (1). The internal stability is 
dependent on the fabric not rupturing or pulling out. External stability of 
the wall, including overturning, base sliding, and foundation bearing, was 
assessed following standard procedures (6). These structures were designed 
with a minimum safety factor of 2.0 under full live load. The critical live 
load used was a logging yarder-tower combination (gross weight 205,000 pounds) 
passing one foot from the wall face. This vehicle loading was used to evalu
ate chain-link stresses only. For fabric layers directly beneath the vehicle, 
added pull-out stresses are cancelled by higher confinement of the fabric; 
design for adequate pull-out resistance was therefore based on a dead load 
condition. Sacrificial steel was provided for safety against corrosion over 
the design life of the structure. 

A typical wall cross section is shown in Figure 1. The salient feature 
of the design is that only chain-link and earth materials were used in the 
structure. The chain-link fabric provides structural (internal) stability as 
well as retaining backfill materials at the wall face. Coarse rock, 2 inch 
to 6 inch size, was placed near the wall face to prevent loss of particles 
through the openings in the chain-link mesh. Where coarse rock fill is 
expensive or unavailable, a finer mesh or synthetic fabric could be used at 
the face of the wall to retain the backfill. The finer mesh should be placed 
between the backfill and the chain-link. 

Wall dimensions are summarized in Table I. Because of the experimental 
nature of the project, the chain-link walls were arbitrarily limited to 14 
feet or less, necessitating a steel binwall be constructed beneath the chain-
link wall at site 3. It should be noted that no intrinsic height limitations 
otherwise exist in the design procedure. 

Two types of 6 gage chain-link fabric were used in three of the walls. 
The principle type used was zinc coated steel, while a small amount of vinyl 
coated steel was used. (These fabrics correspond to AASHTO M 181-74 types 
I and IV, respectively.) The fourth wall was constructed of 9 gage zinc 
coated chain-link. All the chain-link used had 2 inch mesh openings. 
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TABLE I 

CHAIN-LINK WALL DIMENSIONS 

Wall 
Site 

1 

2 

3 

4 

Mile 
Post 

1.35 

1.70 

2.80 

0.36 

Wall 
Length (ft.) 

130 

65 

115 

78 

Maximum 
Height (ft.) 

10 

12 

12* 

14 

Face Area 
(sq. ft.) 

1,040 

500 

1,110 

650 

total height, including steel binwall, was 22 feet. 

WALL CONSTRUCTION 

Three chain-link walls were constructed on Mt. Emily Road 3983 in 
August, 1977, to restore road width where sidecast fill material had eroded 
or slid downslope. A fourth wall was constructed in September, 1978, to 
repair a sirailar failure that occurred in December, 1977. 

The construction sequence involved excavation of a foundation bench, 
layer placing the chain-link fabric and backfill, and compaction. Twelve 
foot wide chain-link segments were placed transverse to the roadway on the 
approved foundation, allowing for a 1 foot overlap between pieces. Coarse 
rock fill was then placed along the face of the wall, the chain-link fabric 
was folded over the rock berm, and common backfill was placed to complete the 
layer. Details of construction and three completed walls are shown on Plates 
1 and 2. 

Two of the walls (at sites 1 and 2) were backfilled with weathered 
dacite fragments. Weathered dacite bedrock, from an intrusive igneous forma
tion, is exposed adjacent to these wall sites. The backfill varied from a 
well graded silty gravel (Unified Soils Classification GW-GM) to a silty 
sand (SM).. The other two walls were backfilled with silty gravel (GM) 
composed of weathered sandstone fragraents. Corapaction to 95 percent of 
AASHTO T 99 was accomplished by repeatedly tracking the area with a front 
loader. 

The contractor developed a simple method for forming the wall face as 
shown on Plate 1. A row of steel fence posts were driven along the wall 
alignment initially. Plywood sections two feet high were then placed against 
the posts, and a 2x4 (not shown) was fastened to the top of the posts. This 
arrangement supported the chain-link and rock fill until the backfill was 
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WALL CROSS SI-XTION 

y ^ > f -Agg rega te S u r f a c e | 

\ 

\ Common Bafi^LI 1 

Temporary . > ^ ^ 
Excavation-^ • •' 

Coarse Rock Fi^l 

\ 

Chain-Link Fabric—^ 

NOTE: Maximum Height for Section Shown=12' 

FIGURE 1 
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WALL CONSTRUCTION 

PLATE I 
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SITE 2 

SITE 3 

SITE 4 

mm 

COMPLETED 

CHAIN-LINK WALLS 

PLATE 2 
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in place. The contractor placed'the rock berm approximately 6 inches above 
the plywood form to allow for settlement when the form was removed. On suc
ceeding layers the fence posts were driven into the outermost edge of the 
layer below. This method entirely circumvented the need for exterior bracing 
supported from the steep slope below the wall, but the resulting batter was 
closer to 4:1 than the 6:1 designed. 

An important advantage to this wall type was evident during construction 
when the contractor was able to open the road to pickup traffic at nearly any 
intermediate stage of wall construction. After any layer was completed, the 
ends of the work area could be gently ramped, and light trucks could be accom
modated through the site. 

CONSTRUCTION COSTS 

The contract bid price for the chain-link walls was $12.00 per square 
foot of face area compared to $20.00 per square foot for steel binwalls in
cluded in the same contract. (Bid date was June 16, 1977). This contract 
price included the wall materials and installation costs. The total wall 
cost, including structural excavation and backfill was $18.30 and $29.40 per 
square foot for chain-link and binwall, respectively. 

The total "as-built" cost was estimated to be $11.60 and $21.80 per 
square foot for chain-link and binwall, respectively. This estimate was pre
pared considering materials cost, equipment used, and installation time. A 
tracked loader, backhoe, and durap truck were used during construction. 

These comparative costs may have been somewhat more favorable to binwall 
had equal araounts of the two wall types been installed. Under this contract, 
approximately ten times more chain-link wall was constructed than binwall. 

FIELD INSTRUMENTATION 

Two of the chain-link walls were instrumented to obtain performance 
data. The instrumentation program included strain gages welded to the chain-
link, and earth pressure cells and corrosion monitoring coupons embedded in 
the backfill. 

The strain gages were Ail tech Weldable Flexlead gages (model SG16S), 
and were spot welded to the top of the chain-link wires. A file was used to 
make a sraall flat spot, free of zinc coating, for each gage. This method pre
cluded quantitative interpretation of the data as it was not possible to 
separate bending effects from the measured tensile strains. A pair of gages 
attached to opposite sides of the same wire, would be required to differen
tiate tension from bending. Qualitatively, the strain gages aided in the 
interpretation of the earth pressure data and soil-structure interaction. 
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Three Slope Indicator Company "SINCO" total earth pressure cells (model 
51482) were installed to measure horizontal pressures and two cells were 
installed to measure vertical pressures. The pressure cell readings for 
various depths of overburden are plotted on Figures 2 and 3 for vertical and 
horizontal pressures, respectively. 

The measured vertical pressures were equal to or less than the pre
dicted earth pressures in all cases. Values less than theoretical may be 
attributed to localized arching around the pressure cell. The coarse granular 
backfill and the presence of angular rock fill nearby in the face of the wall 
could readily create such arching effects. 

The measured horizontal pressures. Figure 3, were largely equal to 
or less than the theoretical "at rest" lateral earth pressures. (An effec
tive friction angle of 41° was selected for the backfill based on laboratory 
tests). Measured pressures considerably less than theoretical can also be 
attributed to arching in the backfill. For Cell D, for which pressures in
creased from "active" to "at rest" with increasing overburden, adjacent 
strain gages indicated the surrounding chain-link was intension, suggesting 
load transfer to the fabric had occurred. For Cells C and E, which measured 
decreases in pressure, the surrounding strain gages had negative (bending) 
readings, suggesting arching was caused by fill settlement. 

The classification of earth pressures as being either "active" or "at 
rest" based on field instrumentation is complicated by variations in shear 
strength within the backfill, particularly the occurrence of apparent co-
hension. Localized arching caused by backfill settlement also complicated 
data interpretation. Earth pressure "at rest" appears to be a safe assump
tion for the design of chain-link walls, however. Chang (2) and others 
have recommended "at rest" design pressures based on field studies of Re
inforced Earth, A design based on "active" pressures would not result in a 
significant economy in the construction of low retaining walls, in any case. 

LABORATORY TESTS 

Laboratory tests performed included direct shear and triaxial strength 
tests on the coinnon backfill, and pull-out resistance tests on the chain-link 
fabric. 

Direct shear tests were performed on 1/4-inch minus fraction of the 
fill soil compacted to approximately 90% of AASHTO T 99 maximum density at 
moisture contents between 8 and 12 percent. The results are plotted on 
Figure 4 for tests which peaked at 15 percent strain or less. Two direct 
shear strength envelopes are also plotted on Figure 4 which bracketed the 
observed data. These envelopes have friction angles of 42° and cohesion of 
950 to 1,600 psf. 
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A consolidated-undrained triaxial test with pore pressure measurements 
was also run on the backfill soil. The resulting strength envelope is in
cluded on Figure 4. The effective friction angle from this envelope is 41°, 
with zero cohesion. 

Three laboratory pull-out tests were performed to evaluate pull-out 
resistance and ultimate strength characteristics of the chain-link fabric. 
The test device consisted of a rigid steel box 18 inches high, 36 inches 
wide, and 54 inches long. Backfill soil was compacted in the box, with a 
24 inch wide by 48 inch long piece of 6 gage chain-link fabric placed at 
mid-Keight of the box. (Compacted soil densities were slightly higher than 
that of the samples tested for shear strength.) Vertical pressure was 
applied to simulate overburden. The chain-link was gripped in a vise and 
pulled at variable rates of deformation. 

For pull-out tests 1 and 3, the front face of the box was removed 
during the entire test. The front face was left in place during test 2 
until the chain-link wire broke at the bise grip. The chain-link fabric was 
regripped, the front face plate was removed, and pulling was continued. 
Norraal pressures of 600, 300 and 1,000 psf were applied to tests 1, 2 and 
3, respectively. 

Load-deformation curves for tests 1 and 3, and the confined portion 
of test 2, are plotted on Figure 5. The high deformations obtained were caused 
by the narrowing of the mesh. Figure 6 shows the deformed chain-link segment 
and the effective embedded area after test 1. The chain-link width reduced 
from 24 inches to approximately 9 inches under the pulling load of tests 
1 and 3. 

A highly disturbed soil zone caused by the fabric deformation was ob
servable as a cone shaped cavity. Estimates of the effective embedded fabric 
area resisting pull-out were made based on the location of the disturbed soil 
cone, the looseness of the soil, and the distorted width of the fabric. Strain 
gages mounted on the fabric during the pull-out tests indicated the pull-out 
load was not being transferred to the chain-link until the peak shear resis
tance of the adjacent soil had been reached. 

The envelope for the estimated pull-out stress versus normal pressure 
is included on Figure 4. The pull-out resistance is approximately twice as 
great as the soil shear strength. This suggests that a thin soil layer, 
extending above and below the wire mesh, is sheared on both surfaces. This 
raight be termed a "double shear" condition. For mesh openings considerably 
greater than two inches, this condition may not exist. 

From Figure 5, the ultimate strength of the 6 gage chain-link fabric 
was determined to be 5,000 pounds per foot of fabric; Figure 5 also clearly 
illustrates the two modes of chain-link failure (i.e. breaking and pull-out). 
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CORROSION CONSIDERATIONS 

Corrosion of the buried chain-link is of concern, as it directly affects 
the design life of the structure. The relative corrosion resistance of the 
two types of chain-link fabric was investigated, zinc coated (Type I) and 
vinyl coated (Type IV-bonded). (Fabric types follow AASHTO M 181-74). One 
hundred fifty square feet of wall at site 1 was constructed with vinyl coated; 
all other fabric used was zinc coated (galvanized). Corrosion monitoring 
coupons were also installed at site 1 -for long term monitoring. 

The chain-link walls were designed to provide sacrificial steel to 
corrosion attack while providing a safety factor relative to wire breakage. 
The design life was originally calculated to be 24 years assuraing a corrosion 
rate of 0.004 inches per year acting on the wire diameter. A corrosion 
consultant, Norton Corrosion Liraited, was engaged to refine the assumed 
corrosion rate. 

The corrosion rate initially assumed was 200 to 400 times greater than 
the rates recommended by Norton for zinc coated chain-link at these sites (8). 
While increasing the projected design life 200 to 400 times (to 4,450 or 
8,900 years, respectively) seems unreasonable, it does appear that satis
factory performance could be expected from the chain-link structures with 
respect to corrosion. For this reason, less sacrificial steel was provided 
in the fourth wall constructed; 9 gage wire was used rather than 6 gage at 
wall site 4. Norton also pointed out that vinyl coated chain-link, although 
initially more corrosion resistant than zinc coated, would not perform as 
well in the long run. They reasoned that the vinyl coating could be damaged 
by the backfill, proyiding bare spots where corrosion would concentrate its 
attack on the wire. In view of the construction procedures utilized, this 
appears entirely possible. 

Inspection of the exposed chain-link on the face of the corapleted walls 
in March, 1979, revealed three small spots of iron oxide staining and apparent 
corrosion at site 3. These stained spots, which are from 3 to 6 inches in 
diameter, appear to be occurring where rock fragments containing iron pyrite 
are in direct contact with the fabric. Weathering and oxidation of the iron 
pyrite produces an acidic condition which could greatly increase the corro
sion rate of both zinc and steel. The effect of weathering and oxidation on 
the backfill away from the wall face will probably be much less than that 
observed at the face. These spots will be observed periodically as part of 
the long term corrosion monitoring program. 

The corrosion potential of any specific site is related to the composi
tion of the soil and groundwater. The resistivity of the soil, the pH 
(acidity or alkalinity) of the soil and groundwater, and the presence of 
chlorides and sulfates have been identified as significant factors in 
corrosivity (5). Soils to be suspected as highly corrosive include clays, 
cinders, and organic "mucks". 

-77-



I 
Chain-Link Retaining Walls I 
By Daryl R. Greenway and Bruce C Vandre 
Page 16 

CONCLUSIONS 

The as-built costs of the chain-link walls indicate they are competitive 
to synthetic fabric (geotextile) walls, and a considerable savings over steel 
binwalls or other standard types. The walls were simple and expedient to 
construct, and the esthetic qualities were judged to be excellent once the 
contractor had perfected his construction technique. 

In light of the short term performance data collected, the design 
assumptions have been met. The existing design procedure appears to be ade
quate for this construction raethod. Available data on chain-link character
istics is liraited at this tirae, and warrants further investigation. Design 
economies could be achieved by further study of the optimum wall batter rela
tive to excavation costs and fabric embedment lengths. 

From the foregoing data, the Mt. Emily chain-link walls were highly 
successful based on economics, construction expediency, predicted design life, 
and esthetics. It is recommended that future designs be based on the existing 
procedures, utilizing the chain-link strength and pull-out data contained 
herein. The corrosion potential of each proposed site should also be 
properly evaluated. 
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ABSTRACT 

The complex geologic framework of the Western Phosphate Field in 
southeastern Idaho produces an equally complex pattern of ground water flow. 
Knowledge of this flow pattern is of importance in minimizing water resource 
impacts on and from open pit phosphate mining. 

Previous research at the University of Idaho has indicated that 
individual geologic formations produce patterns of ground water flow that 
are consistent over a large part of the potential mining area. Data were 
gathered on stream gain and loss and spring location and discharge during 
the "drought" summer of 1977 to test these hypotheses of ground water flow. 

The "phosphate sequence" of geologic units, the Dinwoody, Phosphoria 
and Wells Formations, exhibit a predictable pattern of ground water flow 
systems in the areas examined. The Phosphoria Formation, particularly the 
Meade Peak Member, appears to severely limit water movement from the Dinwoody 
Formation into the Wells Formation. Most of the gaining streams and the 
springs are from the Dinwoody and Thaynes Formations stratigraphically above 
the Phosphoria Forraation. Most of the strearas lose flow into the strati
graphically lower Wells Forraation. 

This pattern of ground water flow has iraportant implications for 
mine operation and water resource irapacts from such operation. 

INTRODUCTION 

Phosphate has been surface rained in southeastern Idaho since 1945 
but additional deraands for the ore will require that new areas be mined. A 
comprehensive understanding of the hydrogeology and hydrology of the area 
is required both from a mining and a regulatory standpoint. The intercep
tion of a significant ground water flow system by a mining operation could 
be very costly due to pit flooding. A prior knowledge of the ground water 
flow system regimen could provide a means of circumventing such a problem, 
as with drainage well. Regulatory agencies are also concerned with the 
possible disappearance of existing springs and gaining reaches of streams 
from the alteration of ground water flow systems. 

Past hydrogeologic research efforts have been site specific but the 
results a re similar. Ground water flow systems exist in the Thaynes and 
Dinwoody Formations that occur stratigraphically above the Phosphoria 
Formation that contains the phosphatic ore beds. The Phosphoria Formation 

-81-



Ground Water Flow Systems in the 
"Phosphate Sequence" of Southeastern Idaho 
By Gerry V. Winter and Dale R. Ralston 
Page 2 

was not found to support any major ground water flow system but the Wells 
Formation that underlies it was found to support such a system (Ralston 
and others, 1977). 

The general objective of this study was to test the hypothesis that 
similar ground water flow systems exist within the phosphate sequence 
throughout a large area of the Western Phosphate Field in Caribou County, 
Idaho. The location of this study area is shown on Figure 1. Specifically, 
the objectives were to test the hypotheses' that major ground water flow 
systems exist in both the upper and lower merabers of the Dinwoody and Wells 
Formations and that no major ground water flow systems exist in the members 
of the Phosphoria Formation. 

Stream gain-loss measureraents across formation members provided the 
bulk of the data used for this study. These data were analyzed in conjunc
tion with existing geologic maps to determine whether the formation member 
has either a low or high hydraulic conductivity. A significant change in 
streamflow across a formation member indicates that the member has a high 
hydraulic conductivity. Geologic conditions must be evaluated if there is 
no change in streamflow to determine if the lack of change is due to a low 
hydraulic conductivity or geologic conditions. The basic concepts of 
stream gain-loss conditions are illustrated on Figure 2. 

A reconnaissance survey was also made of numerous springs in the 
study area. The existence of a spring indicates that the formation it 
issues from has a high hydraulic conductivity and supports a ground water 
flow system. 

Field work was conducted during the summer of 1977 which was particu
larly advantageous for this type of study. Precipitation during the recharge 
period prior to this summer was well below normal as illustrated by Figure 3. 
Streamflow for the Blackfoot River is also plotted on Figure 3 which more 
accurately reflects the effects of the low precipitation period. Only 
those ground water flow systems of significant length or storage capability 
would continue to discharge during this period. 

This study was funded through the Water Resources Research Institute 
located at the University of Idaho. This paper was derived from a Master of 
Science thesis (Winter, 1979) at the University of Idaho. 

HYDROGEOLOGY 

The formations comprising the ground water flow systems encountered 
in this study are sedimentary in origin as described in Table 1. The 
Dinwoody Formation consists of an upper and lower raember that is occasionally 
mapped with, the Woodside Shale separating the members. Three members com
prise the Phosphoria Formation but frequently the cherty shale and Rex 
Chert Members are mapped as one unit. The Meade Peak Phosphatic Shale 
Member contains the phosphatic ore beds of economic interest in the area. 
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FIGURE 1 - Location Map of Study Area 
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TABLE 1. Geologic Section 

Age 
F o r m a t i o n 

Name U n i t Nane Symt>o1 
T h i c k n e s s 

TTtJ wr Descript ion 

Quaternary 

(Juaternary 
or 

Te r t i a r y 

Te r t i a r y 

Upper 
Tr iass ic 

Lower 
Tr iass ic 

Basalt 

Sa l t Lake 

Hlgham G r i t 

Thaynes 

Lower 
Tr iass ic 

Lower 
Tr iass ic 

Ankareh 

Thaynes 

Timothy 
Sandstone 
Member 

Upper Part 
of Portneuf 
Limestone 
Member 

Qal 

Qtb 

Tsl 

Trh 

T r t t 

Tr tpv 

Varies 

Lanes Tongue Tra l 

200 
to 
250 

200 
to 
250 

250 
to 
300 

500 

Lower Part 
Portneuf 
Limestone 
Member 

Nodular 
S i l t s tone 
Member 

Black Shale 
Member 

T r t p l 

Tr tn 

Tr tb 

300 
to 
400 

400 

300 

Platy 
S i l t s tone 
Member 

Black 
Limestone 
Member 

Tr t s 

T r t l 

650 
to 
750 

550 
to 
800 

Al luvium or col luvium 

Ol i v ine basalt 

L ight -gray f ine-gra ined 
pebble conglomerate 
mostly chert and l ime
stone 

Sandstone-conglomeratic, 
l i g h t - g r a y , p ink , buf f 
and pale green, medium to 
coarse grained 

Buff to gray and maroon 
sandstone 

Dark-gray and gray l ime
stone, t h i n to th ick 
bedded wi th ye l lowish-
gray to yellowish-brown 
sandstone 

Red to reddish brown, 
very f i ne grained to 
f i ne gra ined, t h i n 
bedded sandstone 

Gray, f i n e l y c r y s t a l l i n e , 
massive limestone and 
gray to yel lowish-gray 
and f i n e grained sand
stone 

Ol ive to brownish-gray 
s i l t s t o n e and shale, 
contains small dark-gray 
limestone nodules: i n t e r 
bedded wi th sandstone 
and limestone 

Gray to b lack, f i s s i l e , 
hard p laty shale; i n te r 
bedded wi th th in dark-
gray limestone and brown
ish-gray s i l t s t one in 
lower pa r t ; a few th i n 
bedded shaly and s i l t y 
black limestone beds in 
upper part 

Yellowish-brown to o l i v e -
gray, calcareous, t h i n 
bedded, p laty s i l t s t o n e ; 
a few th in beds of shale 
and limestone 

Dark-gray to black shale 
and s i l t s t o n e interbedded 
w i th dark-gray to black 
limestone over dark-gray 
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TABLE 1. (Continued) 

Age 

Lower 
Triassic 
(cont'd) 

Formation 
Name 

Thaynes 
(cont'd) 

Unit Name 

Black 
Limestone 
Member 
(cont'd) 

. Symbol 

Trtl 
(cont'd) 

Thickness 
(ft) (mr 

550 
(cont'd) 

Description 

to black limestone with a 
• few thin beds of dark-

gray shale over dark-gray 
to black shale and silt
stone over gray limestone 
with Meekoceras ammonite 
zone at base 

•2 

Permian 

Permian 
and 
Pennsylvanian 

Pennsylvanian 

Mississippian 

Dinwoody 

Woodside 

Dinwoody 

Phosphoria 

Park City 

Wells 

Monroe 
Canyon 
Limestone 
(also refer
red to as 
Brazer 
Limestone) 

Madison 
Limestone 
(or Lodge-
pole 
Limestone) 

Upper 
Member 

Lower 
Member 

Cherty 
Shale ,, 
Member •" 

Rex Chert 
Member*'' 

Meade Peak 
Phosphatic 
Shale 
Member 

Grandejjr 
Tongue ' 

Upper 
Member 

Lower 
Member 

Trdu 

Trw 

Trdl 

Ppc 

Ppr 

Ppm 

Ppg 

PPwu 

Pwl 

Mb 

Hn 

700 

150 

500 
to 
900 

170 

80 

100 
to 
200 

100 

1000 
to 
1400 

500 
to 
950 

800 
to 
1600 

1000 

Gray fossiliferous lime
stone Interbedded with 
soft olive-brown calcar
eous siltstone, contains 
tongues of Woodside Forma
tion as red siltstone or 
green and maroon shale 

Olive-brown calcaroous 
siltstone and shale with 
thin bedded limestone 

Thin-bedded dark brown to 
black cherty mudstone, 
siliceous shale and 
argillaceous chert 

Thick-bedded black to 
white chert with some mud
stone, some limestone 
lenses near top and bottom 

Dark-brown to black mud
stone, limestone, and 
phosphorite 

Light-gray dolomite and 
cherty dolomite and minor 
amounts of sandstone 

Light-gray to reddish-
brown sandstone, some 
interbedded gray lime
stone and dolomite 

Medium bedded gray cherty 
limestone, some inter
bedded sandstone 

Light-gray limestone with 
Interbedded sandstone, 
occasionally with gray 
and green shale 

Oark-gray to black finely 
crystalline to aphanitic 
limestone in thin beds 

Note; *1 = Appear on geologic maps, not of importance to study. 
*2 • Occasionally mapped as one unit (Trd). 
*3 " Occasionally mapped as one unit. 
•4 •• Usually mapped as part of upper Wells. 

(Armstrong, F., 1969, 2 plates; Cressman, E., 1964, 105 p.; Cressman, E. and Gulbrandsen, R., 
18 p.; Gulbrandsen, R., and others, 1956, 23 p.; Lowell, W., 1952, 53 p.; Montgomery, K. and 
Cheney, T., 1967, 63 p.; Rioux, R., and others, 1975, 6 p.) 

1955, 
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No distinction was made betwen the Grandeur Tongue of the Park City 
Formation in this study. 

Geologic structure yiewed today is the result of major overthrusting 
associated with, the Bannock Thrust Zone, The synclinal-anticlinal folds 
and faulting that occurred during the Upper Cretaceous and Paleocene periods 
are a result of t M s thrusting. Additional faulting since the Oligocene 
corabined with differential subsidence and erosion has resulted in the 
current raajor valleys and ridges seen today (Cressman, 1964, p. 62-91). 

STREAM GAIN-LOSS CHARACTERISTICS 

Data for Wood Canyon is presented as Figure 4 and Table 2 as an 
example of a typical gain-loss situation. 

TABLE 2. Wood Canyon, Stream Gain-loss Measurements 

Flow Measurement 

Measuring Point 

A 
B 
C 
D 
E 
F 
G 
H 
I 

GP 

12 
10 
1 
95 
99 
95 
88 
4 
0 

liter/sec. 

0.76 
0.63 
0.10 
6,0 
6.2 
6.0 
5.6 
0.26 
0 

The lack of a significant change in stream flow across the black limestone 
member (Trtl) of the Thaynes Formation cannot be attributed to the formation 
having a low hydraulic conductivity since a static storage condition may 
exist. Stream flow decreased significantly across the upper member (Trdu) 
of the Dinwoody and then increased very significantly across the lower 
member (Trdl) of the Dinwoody Formation. Both members therefore, have a 
high Kydraulic conductivity and can support ground water flow systems. 
There was no significant change in stream flow across the merabers (Ppc, 
Ppr and Ppm) of the Phosphoria Formation; hence it has a low hydraulic 
conductivity and cannot support a ground water flow system. All stream 
flow was lost across the upper member (PPwu) of the Wells Forraation indi
cating that this raember has a high hydraulic conductivity and can support 
a ground water flow system. The stream gain-loss characteristics of all 
the streams studied are shown on Table 3. 
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WOOD CANYON 

PLAN VIEW 

Ppm 

SECTION VIEW 

FIGURE 4 - Geologic Plan and Section Views of Wood Canyon 
Showing Stream Measurement Sites and Spring 
Locations (Modified After Gulbrandsen and 
Others, 1956 Plate 1) 
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TABLE 3. Stream Gain-loss Characteristics 

Subarea 

Aspen 
Range 

Wooley 
Range 

Webster 
Range 

Site 

Wood Canyon 
T8S, R42 S 43E 

Unnamed 
Tributary to 
Johnson Creek 
T95, R43E 

Sheep Creek 
T6S, R44E 

Smoky Canyon 
T8S, R45 i 46E 

Sage Creek 
T9S, R45 J 46E 

Formation 
Evaluated 

Thaynes 

Dinwoody 

Dinwoody 

Phosphoria 

Phosphoria 

Wells 

Dinwoody 

Dinwoody 

Thaynes 

Dinwoody 

Woodside 
-Trw 

Dinwoody 

Phosphoria 

Phosphoria 

Dinwoody 

Woodside 
-Trw 

Unit 
Evaluated 

Black Limestone 
Member - Trtl 

Upper Member -
Trdu 

Lower Member -
Trdl 

Cherty Shale S 
Rex Chert Members 
- Ppc i Ppr 

Meade Peak 
Phosphatic Shale 
Member - Ppm 

Upper Member -
Ppwu 

Lower Member -
Trdl 

Upper Member -
Trdu 

Black Limestone 
Member - Trtl 

Platy Siltstone 
Member - Trts 

Black Shale 
Member - Trtb 

Modular Siltstone 
Member - Trtn 

Upper Member -
Trdu 

Lower Member -
Trdl 

Cherty Shale 
Member - Ppc 

Rex Chert Member 
- Ppr 

Upper Member -
Trdu 

Stream Gain-Loss 
Characteristics 

Indeterminate 

Losing 

Gaining 

No gain or loss 

No gain or loss 

Losing 

Gaining 

Gaining 

Losing 

Gaining 

No gain or loss 

Gaining 

Gaining 

Indeterminate 

Gaining and 
losing 

No gain or loss 

Losing 

Gaining 

Unknown 

Coranents 

Lost all surface flow 
in the vicinity of a 
fault 

Fault intercepts part 
of stream channel 

Validity of measure
ment questionable at 
Trtl-Trts contact 

Validity of measure
ment questionable at 
Trtl-Trts contact 

Fault intercepts 
Stream 

Magnitude of change 
in flow insignificant 

Unable to measure flov 
at Trw-Trdl contact 
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TABLE 3. (Continued) 

Subarea 

Webster 
Range 
(cont'd) 

Site 

Sage Creek 
(cont'd) 

Unnamed 
Tributary to 
Deer Creek 
T9S, R45E 

South Fork 
Deer Creek 
T9 » IDS, 
R45E 

Formation 
Evaluated 

Dinwoody 

Phosphoria 

Phosphoria 

Phosphoria 

Wells 

Dinwoody 

Phosphoria 

Phosphoria 

Phosphoria 

Wells 

Monroe 
Canyon 
Limestone 
-Mb 

.Wells 

Wells 

Phosphoria 

Unit 
Evaluated 

Lower Member 
Trdl 

Cherty Shale 
Member - Ppc 

Rex Chert Member 
- Ppr 

Meade Peak 
Phosphatic Shale 
Member - Ppm 

Upper Member -
PPwu 

Upper Member -
Trdu 

Lower Member -
Trdl 

Cherty Shale 
Member - Ppc 

Rex Chert Member 
- Ppr 

Meade Peak 
Phosphatic Shale 
Member - Ppm 

Upper Member -
PPwu 

Lower Member -
Pwl 

Lower Member -
Pwl 

Upper Member -
PPwu 

Cherty Shale 
Member - Ppc 

Stream Gain-Loss 
Characteristics 

Gaining 

No gain or loss 

No gain or loss 

No gain or loss 

Losing 

Gaining 

Gaining 

No gain or loss 

No gain or loss 

No gain or loss 

Losing 

Unknown 

Unknown 

Unknown 

Unknown 

Gaining 

-and-
Losing 

Comments 

Flow measurement made 
approximately midway 
through member 

Lost all surface flow 
crossing this member 

No stream flow 

No stream flow 

No stream flow 

No stream flow 

Contact between Ppr 
and Ppc was estimated 
in field, member 
assignment not definite 

Thin (?) exposure 

Phosphoria 

Phosphoria 

Wells 

Rex Chert Member Losing and 
- Ppr gaining 

Meade Peak No gain or loss 
Phosphatic Shale 
Member - Ppm 

Upper Member 
PPwu 

Losing 

Wells Canyon 
TIOS, R45E 

Phosphoria 

Phosphoria 

Wells 

Rex Chert Member Gaining 
- Ppr 

Meade Peak No gain or loss 
Phosphatic Shale 
Member - Ppm 

Upper Member -
PPwu 

Losing 

Alluvium at site may 
have created low 
surface flow 

All surface flow lost 
approximately 1,100 
feet downstream of 
Ppm-PPwu contact 

Note: Formations listed in sequence proceeding downstream. 
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SPRING CHARACTERISTICS 

Numerous springs were located during this study, a number of which 
are not shown on existing topographic raaps. The priraary information derived 
is the formation that supports the spring. Figure 5 summarizes the forma
tions that were found to support springs and hence ground water flow systems. 
The majority of the springs occur in the Thaynes and.Dinwoody Formations 
and have a raean discharge of 25 gallons per minute (1.6 liter/sec). Few 
springs were found in the Phosphoria Formation and the Wells Formation 
but the mean discharge from the Wells Formation was 130 gpm (8.0 liter/sec). 

CONCLUSIONS 

The original hypotheses were basically confirmed by this study. The 
upper and lower merabers of the Dinwoody and Wells Formations support major 
ground water flow systems, but no major ground water flow system exists 
in the cherty shale or Meade Peak Phosphatic Meraber of the Phosphoria 
Formation. The Rex Chert Member supported a ground water flow system in a 
few instances. 

Ground water flow systems in the area are separated by the Phosphoria 
Formation into one of two categories due to its low hydraulic conductivity. 
Those formations above the Phosphoria Forraation support short ground water 
flow systeras and numerous springs and gaining reaches of streams. Stream 
flow was always lost to the Wells Formation that underlies the Phosphoria 
Formation. 
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ABSTRACT 

The purpose of the investigation was to help the city of Elk River, 
Idaho find a new water well. The acquifer was believed to be closely 
related with an ancient valley bottom, now being covered by clays of an 
average thickness of 70 m. The resistivity method was chosen to determine 
the bedrock topography. Observations at an existing well, were used for the 
interpretation of 5 sounding profiles parallel to the striking direction of 
the valley. The resulting cross section is presented. Its significance with 
respect to the underlying ground water problem as well as correlations with 
drilling results will be discussed. 

INTRODUCTION 

Elk River is a small town located about 50 miles east of Moscow. Geo
logically, this puts it on the eastern margin of the Columbia Plateau Basalts. 
Since one year. Elk River lacks a satisfying water supply. At this time, 
the old city well., drilled in 1966, stopped functioning. Despite various 
engineering efforts, it couldn't be brought back into production. A new well, 
drilled 15 m aside the old one, did not find water. This led to a more de
tailed investigation of the geohydrology of the area. 

The general geologic setting is typical for the marginal area of the 
Colurabia Plateau Basalts. Sorae basalt flow entered the historical Elk Creek 
valley and dammed the stream. Thus, a lake was created and slowly filled up 
with sediments. Meanwhile, this lake has dried out and only its clayey and 
sandy sediments are reraaining. They are up to 70 m thick. The geohydrologist's 
assessraent of this situation is that the safest place for finding water is 
the ancient, now buried streara bed (D. Ralston, personal communication). There 
the river gravels could act as an aquifer. Thus, the problem of finding a 
suitable location for a well was reduced to the problem of determining the 
bedrock topography, or simply to find the deepest point of the granite surface. 
To those ends, a geophysical approach should be used. 

APPLIED METHOD 

The setting seemed to be ideal for any geophysical method, due to the 
simple, at least partly understood structure, which consists of two clearly 
contrasting materials, clayey sediments above granitic bedrock. The decision 
which method to apply was partly based on the equipment being available. Partly, 
however, it was hoped that an electrical resistivity sounding would not only 
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yield the bedrock contact but additional information, with respect to the 
transition from clay to granite, especially whether there are any hints for 
a possible aquifer. 

The resistivity unit used was a regular, battery-powered ABEM Terrameter. 
Generally, electrical sounding means that a current is fed into the ground 
through two electrodes while the voltage between two other electrodes is.ob
served. The reading gives a kind of spatial resistance of the ground. By 
considering for the geometry of the electrode set-up, this may be transformed 
into an apparent resistivity. The way how this apparent resistivity changes 
with increasing electrode spacing allows one to draw conclusions about the 
distribution of electrical resistivity in the subsurface. For simple struc
tures, like horizontal two or three layer cases, the depth-resistivity function 
is found by comparing the observations with master curves. For raore compli
cated cases, an indirect interpretation is applied whereby apparent resistivity-
distance functions are computed for geologically reasonable models. Those 
models then are improved or adjusted until a satisfactory match is reached 
between the observed values and the computed model curve. This model is then 
accepted as the resistivity-depth distribution at the center point of the pro
file. A computer program has been developed to calculate such model curves 
for horizontally layered structures. It is based on the method given by 
Mooney et al. (1966), which was discussed and checked for its reliability by 
Inman et al. (1973). The such determined best model, however, only yields 
information concerning the depth-resistivity distribution. Resistivity, 
however, is not typical for a specific material. Generally, each material 
may vary widely in its resistivity, mainly due to its grade of consolidation 
and properties of its water content. In the case presented here, additional 
information helped to override this drawback. This information was con
tained in the driller's log, recorded for the old city well. By observing 
one sounding profile across this well, it could be determined which material 
belongs to which resistivity, a valuable help for interpreting five profiles, 
which were to be observed in the valley (Figure 1 ) , parallel to the striking 
direction. 

The costs for the project included two field days for two persons, 
half a day of processing and interpreting the data, and equipment rental. 
They remained well below $1,000, which has to be compared with the price of 
$10,000 for one drill hole. 

RESULTS 

The test profile at the old city well could only be observed over a 
length of ± 100 m from the center point, due-to buildings. Figure 2 shows 
the best model chosen as an interpretation in the lower part. It consists 
of 2 m with a resistivity of 170 nm followed by 3 m with 20 nm, then 60 ra 
with 70 Qm, then the end value of 500 fim is reached. The low resistivities 
of 20 and 70 fim are typical for clayey sediments. The bottom of the sedi
ments is marked by a sharp increase in resistivity. The match between 
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observations and model curve is excellent in this case, indicating that the iiiodo! 
represents a realistic possibility. Because of the profile's limited length, 
no conclusions can be drawn with respect to the structure below the granite 
surface. The model simply assumes the 500 fim extending infinitely deep. The 
effect of this layer, however, is only.weakly visible at the very end of the 
model curve. 

The value of this sounding interpretation becomes clear when compared to 
the driller's log of the well, as shown in Figure 3. The driller's classifica
tion of dirt and clay for the top 2 m coincides nicely with the 170 fim layer of 
equal thickness. Below this zone, the driller's log reports one layer of fine 
sand and clay, 65 m thick, interrupted only once by a thin bed of coarse sand. 
The resistivity sounding yields a similar picture, beneath 3 m of obviously 
rather pure clay (20 fira) the whole clay and sand zone is lumped together into 
a single 70 fim layer. Of course, this sediment zone is well structured as 
described e.g. by Jones (personal communication).- He lists up 13 different 
layers - sandy clays and clayey sands - for this zone. As this sedimentary 
filling itself is of no interest for the investigation, it is a special advan
tage that it can be treated as one homogeneous layer. The bottom of this 
overburden, the beginning of the water zone in the driller's log and the re
sistivity increase to 500 fim coincide in depth. So the significance of this 
test profile for the investigation is that it shows what type of resistivity-
depth structure is to be expected at the sounding sites in the valley: a 
varying cover (soil, sand or gravel) above a consistent 70 fim - layer, the 
bottora of which should be marked by a sharp increase in resistivity. A bed
rock aquifer should show up as a resistivity around 500 fim. For dry, sounder 
bedrock materials even higher values are to be expected. 

Figure 4 to 8 show the results for the sounding sites. Profile 2 
(Figure 4) is described by a model consisting of 2 m with 350 fim and 2 ra with 
700 fim overlaying 35 m of clay sediments. The transition to the bedrock here 
is sharper than at the city well. The 1,000 fim resistivity indicates that the 
granite here is in a sounder condition and probably doesn't act as an aquifer. 
The match between model curve and observations is quite satisfactory, devia
tions at medium distances could be controlled by varying the top materials. 
The contact between clay and granite is well determined in depth as well as 
in sharpness. 

A similar structure is found at profile 3 (Figure 5). Under 2 m of 
120 fim, 5 m of 400 fim, and 35 ra of 70 fim, a sharp increase to 1,000 fim explains 
the observations. 

The model at site 4 (Figure 6) varies in overburden and in the transition 
to the bedrock. It consists of 1 m with 6,500 fim (dry sand), 5 ra of 2,500 fim 
(gravel), 5 m of 700 fim (clayey gravel), 5 m of 70 fim (clay zone) above a 
500 fira material. A nearby Forest Service well reported cemented conglomerate 
under "muck" and called it an aquifer. This kind of material could explain a 
resistivity of 500 fim, it could however, as well be a fractured granite which 
increases in quality with depth. 
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A similar transition is encountered at profile 5 (Figure 7), Here, 
under 4 ra of 2,000 fim (gravel), 2 m of 300 fim (clayey gravel), 15 ra of 70 fira 
(clay zone), 5 m of 500 fira are reached. At a depth of 26 ra, the sound granite 
starts with a resistivity of 1,000 fim. The above mentioned Forest Service 
well, located close to this profile, gives a depth of 25 m to the conglomer
ate. The model curve further shows the influence of a variation in the bed
rock resistivities between 1,000 and 2,000 fim. 

Profile 6 (Figure 8) is explained by 3 m of 2,500 fim, 40 m of 70 fim 
and again, 5 ra of 500 fim above the 1,000 fim material. Despite the poor fit 
of observations at short distances, the character and depth of this 500 fira 
transition is well secured. Because the profile is located on the same side 
of the valley as the city well, it is assumed that here 500 fim mark the sur
face of the granite, jointed as at the city well. 

JOINT INTERPRETATION 

The models for all profiles are combined in the cross section shown 
in Figure 9. The various covers are left white as they are not significant 
for the goal of the interpretation. The clay zone is marked by black. Be
low this sediment filling an extrapolation is proposed for the bedrock sur
face by the black line. The resulting deepest point of the granite surface 
is located right beneath the center of profile 6 and 3, Choosing the upper-
boundary of the 500 fim material at profile 5 as granite surface, the extra
polated deepest point would be shifted slightly towards profile 3. An 
additional sounding over the here assumed deepest point of the bedrock, 
would help to confirm the exact location and also the character of the 
transition. It was not observed because of terrain conditions. 

The results presented in Figure 9 were regarded as reliable enough 
to recommend the center point between profiles 6 and 3 as a drilling site. 
An encouraging confirmation for the findings came from a later found well 
log for an abandoned well at profile 3. The log reports a depth of 42-45 m 
to the granite, the prediction given by the sounding model is 42 m. The 
final value of this resistivity interpretation will be determined as soon 
as the well will be drilled. 

CONCLUSIONS 

Concluding it shall be pointed out that an electrical resistivity 
survey gave good and inexpensive results in this environment of highly 
contrasting materials... The depth penetration to more than 50 m did not pose 
a difficulty. The interpretation was largely facilitated by incorporating 
information from an existing well. 
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ABSTRACT 

A physically based mathematical model has been developed that estiraates 
landslide potential. Because uncertainty exists in the input variables, a prob
ability of failure reflecting this situation is also computed. The model was 
applied to a forested watershed in Oregon, Results indicate the model provides 
a realistic approach for determining landslide hazards. A limitation of this 
method is encountered in providing actual input data for soil parameters and 
vegetative strength. Although these values are often hard to obtain, realistic 
estimates can provide a relative classification of landslide hazards in the 
watershed. Examples demonstrate the use of the model in delineating hazards 
under varying groundwater conditions and timbering activities. The landslide 
hazard delineation model can provide an effective methodology for assessing the 
relative stability of a watershed under various dynaraic conditions. 

INTRODUCTION 

Landslides pose an ever present threat to man's activities in hilly or 
raountainous watersheds. In addition to interfering with timbering, road building, 
mining, recreation, or second home development, landslides can provide large 
amounts of sediment to stream channels. This sediment can then lower water quality, 
increase flood hazards, and affect fisheries. Landslides are often initiated by 
raan's activities or by natural events such as rainfall or earthquakes. In order 
to avoid triggering landslides and provide better scheduling of watershed activi
ties to bypass potential landslide sites, methodologies are needed for delineating 
landslide hazards. 

Landslides in watershed soils are a result of a combination of several inter
acting factors including soil strength, soil depth, groundwater, slope inclination, 
and vegetative influences. This paper presents an approach for delineating poten
tial landslide areas based on such factors using a coiranon geotechnical model. Using 
a watershed modeling approach the model, based on physical characteristics is de
veloped and applied to a selected watershed. The results are encouraging sug
gesting that this approach .may prove useful to the land use manager. 

CURRENT APPROACHES 

There are many approaches to landslide potential delineation. These app
roaches include on-ground monitoring, remote sensing techniques, factor overlay 
methods, statistical models, and geotechnical process models. 
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On-ground monitoring consists of utilizing installed measuring devices 
such as strain gages and down hole tilt meters. This type of approach is ex
tremely useful for checking suspected landslide zones but is limited in aerial 
coverage because of cost of installation and maintenance, Chang (1971) sum
raarized raany of these techniques. Takada (1968) and Takeuchi (1971) provided 
two examples of applications of different methods. 

Remote sensing coupled with pattern recognition techniques provide a 
means for surveying large areas. In this approach, remotely sensed data, 
particularly aerial photography such as black and white, color infrared, and 
multiban spectral, can be analyzed for features distinctive of landslide haz
ards (Liang and Belcher, 1958; Poole, 1969, 1972; McKean, 1977). This analy
sis, a type of the more general pattern recognition, can be quite effective 
if landslide hazards are manifested in surface characteristics that can be 
photographed. However, it is not always the situation since landslides often 
result frora deep seated factors not visible on the ground surface. 

The most common delineation method concurrently in use is factor over
lay or a combination of landslide producing elements. Krynine and Judd (1957) 
noted that landslides occur in a regional framework, or that certain factors 
common to a region contribute to landsliding. Baker and Chieruzzi (1959) ex
panded this concept to develop a physiographic classificatioh of landslide 
hazards based on topography, erosional development, and associated rock types, 
Blanc and Cleveland (1968) were two of the first to attempt delineating land
slides by use of selected factors, Evans and Gray (1971) presented a method
ology for mud slide risk delineation in Southern Ventura County, California, 
Cleveland (1971) summarized and presented those factors important in regional 
landslide prediction. His factors include precipitation, rock strength, vege
tation effects, slope, and stream pattern. The approaches described by Nilsen 
and Brabb (1973) and the Building Research Advisory Board (1974) follow this 
systematic methodology using landslide factors. In this approach, certain 
factors related to landslide occurrence are individually delineated. For ex
ample, if landslides occur where steep slopes, weak earth materials, and water 
are all coincident, then these factors should be used as slope stability in
dicators. Areas where factors coincide can then be classified as a hazard 
potential. Simons and Ward (1976) summarized this approach as the factor over
lay raethod or set theory approach to hazard delineation as presented in Figure 
1. Although not explicitly stated in delineation schemes, this idea is the 
basis for raost techniques. 

The factor overlay approach is conceptually correct since it recognizes 
that landslides are a combination of different factors. However, this approach 
is subjective and nonsensitive to dynamic inputs. Subjectivity results from 
a lack of defined guidelines for developing and weighting various factors. Non-
sensitivity occurs because static factors are usually considered while dynamic 
factors, such as groundwater fluctuations, are excluded. Factor overlay can 
be improved if standardized guidelines are developed, dynamic factors are in
corporated, and realistic weighting functions are used. Simons and Ward (1976) 
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presented a numerical approach to the factor overlay technique that may help 
quantify the relative importance of each factor. 

Another method of potential delineation is use of empirically developed 
models. These models, developed through statistical analyses of measurable data, 
attempt to provide a numerical value related to slope stability. Multiple re
gression and discriminant function analyses are coraraon techniques for developing 
such relationships (Jones, Erabody and Peterson, 1961; Waltz, 1971). Empirically 
derived relationships have a major drawback since they require large amounts of 
data to develop the equations. Such data is usually temporally and spatially 
static. Temporally static implies the developed relationship is applicable to 
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a limited time span during which data was collected and, therefore, does not 
represent changing conditions. Spatially static implies the method is applic
able to a limited area and transfer to other areas may not be warranted, 

A final type of landslide hazard delineation methodology is based on 
geotechnical models. Geotechnical models are derived from observed natural 
phenomena and basic laws of physics, and are representative of the physical 
process being studied. Geotechnical models of slope stability relate the 
forces acting on the hill slope. One set of forces, predominanted by gravity, 
acts to raove earth materials downslope. The other set of forces, predominated 
by the shear strength of the earth materials, resists the driving gravity 
forces. When driving forces exceed resisting forces, a landslide occurs. Geo
technical raodels have been developed and modified to account for primary factors 
in landslide occurrence such as soil strength, groundwater influences, vegeta
tive effects, and slope inclination. Because geotechnical models represent 
actual field conditions they can be used to analyze the response of a hill slope 
to temporally and spatially varying factors. Simplifying assumptions can yield 
a method for determining the probability of a landslide. Because of the ability 
to account for several temporally and spatially varying contributing factors 
in a nonsubjective, physically meaningful manner, geotechnical models are pro
mising methods for landslide potential delineation. 

FACTOR OF SAFETY DELINEATION MODEL 

Model Selection 

The analysis presented in this paper is applicable to translational or 
planar types of landslides in soil masses. Rock masses require a more complex 
analysis because of their response to the geometry of failure planes, and are 
not considered here. 

Various types of slope stability models exist. Two basic types are the 
infinite slope and finite slope models, each derived by a different set of 
assumptions (Lambe and Whitman, 1969). Common to both types is the formation 
of a factor of safety equation that consists of a ratio of resisting to driving 
forces of 

FS = R (1) 

where FS = factor of safety; R = resistive forces; and D = driving forces. 

Resistive forces are related to soil strength and vegetative parameters 
while the primary driving force is the downslope weight of the soil raass. If 
resistance is less than the driving force, then the factor of safety is less 
than one indicating failure. 
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The infinite slope model of slope stability is primarily applicable to 
failure occurring along planar type surfaces such as translational slides. The 
raodel presented in this paper consolidates and refines ideas presented by several 
researchers (Brown and Sheu, 1975; O'Loughlin, 1974; Simons, Ward, and Li, 1976; 
Swanson, et al., 1973). These developments were further studied by Ward (1976) 
to yield the model's present form. Because finite slope formulations also re
late the same resisting and driving force elements, the model can estimate the 
failure potential for other landslide types such as rotational slumps. 

Derivation of Model Equations 

Derivation of the equations of static equilibrium for an infinite slope 
is relatively easy (Brown and Shen, 1975; Lambe and Whitman, 1969; O'Loughlin, 
1974). The derivation presented here is similar to those given by previous 
authors but with changes in the formulation and simplification of the basic 
model. An idealized infinite slope consisting of a single soil type with iso
tropic properties resting on a bedrock interface is shown in Figure 2. This 
situation is similar to residual soil slopes found in forested watersheds and 
raost hilly or raountainous terrain. 

FIGURE 2 - Idealized Infinite Slope 
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The shear strength of a soil can be represented by the Coulomb equation 
of 

T = c + a tan ^ (2) 

where x = shear strength; c = effective cohesion intercept; a = effective 
normal stress; and ^ = effective angle of internal friction. 

Equation 2 is applicable to drained soil strength conditions and re
presents resisting forces contributed by the soil mass. Components of c and 
(fl (hereafter, the overbar will be dropped) are intrinsic strength character
istics of soil and represent interaction of soil factors. 

Analysis of Figure 2 aids evaluation of a. Normal stress on plane 
A' - B' located at a distance, Z, above the bedrock surface in the soil mass 
can be easily solved if the plane is assumed parallel to soil and bedrock 
surfaces and is located between Z = 0 and Z = Hŷ , The total normal stress, 
a, on this plane can be written as 

n 
a = l Yi AZi (3) 

i=l 

where Yi = unit weight of layer i; and Az-j = thickness of layer i. 

In this case n = 2 for the saturated and unsaturated soils but can be 
expanded to a multilayer case. However, in many residual soils, assumption 
of a single soil type is often valid (Lumb, 1970). The geometry and other im
portant factors can be used to evaluate a. The normal stress on plane A' - B' 
is composed of stresses from soil weight and tree surcharge. Soil weight per 
area component is (H^ cos e Y ) for the soil above water table level and [(Hw-Z) 
cos 6 Ysat] for soil below water table level. Normal force per area supplied 
by tree surcharge is (qo cos 6). Assuming the contact surface as a unit 
squared the area enables the normal stress to be written as 

o = [qo cos B + ( H ^ - Z ) C OS B Ysat + H^ cos B Y ] COS B (4) 

In Equation 4 the area upon which the normal force acts is defined as cos B 
times a unit area. Since H^ = H - Hy,, Equation 4 can be converted to 

a = H cos2 g [qo/H -i- ysat (M-Z*) + Y (1-M)] (5) 
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where M = ̂  = relative groundwater height and 1 * = I . - relative position 
H ^ 

from bedrock surface. 

Because groundwater is present, the buoyancy effect of pore water pres
sures raust be considered in Equation 4. From the effective stress concept the 
relationship between total and effective normal stress in soil mass coraponents 
is 

a = o - u (6) 

where u = the pore water pressure. Hydrostatic pressure can be formulated as 

u = H(M-Z*) (COS26)YW (7) 

Combining and simplifying Equations 5, 6, and 7 yields 

5 = Hcos^B [qo/H ^ (Ysat " ̂ w) (M-Z*) + Y ( 1 - M ) ] (8) 

Consequently, the shear resistance equation becomes 

T = c •»• HCOS2B [qo/H + (Ysat " ^w) (M-Z*) •»- Y ( 1 - M ) ] tan<t> (9) 

The cohesion term, c, in Equation 9 has two components in forested watersheds --
soil cohesion and tree root cohesion. Gray (1970, 1978) described several ways 
that vegetation enhances slope stability. One of these is anchoring soil to 
underlaying strata. Endo and Tsuruta (1968) and O'Loughlin (1974) showed that 
anchoring can be represented in the FS equation as a cohesion term, Cr. The ̂  
cohesion term, c, can then be replaced by terms for soil cohesion, Cs, and root 
cohesion, Cr. 

A similar analysis can be made for shear stress induced on the plane. 
Shear stress is composed of loads resulting from the weight of the soil mass, 
tree surcharge, and wind shear in trees imparted to the soil mass. Seismic 
loading is not considered. Because air flow usually conforms to ground sur
faces or treetops, adverse wind shear will be directed downslope parallel to 
the failure plane. Downslope components of tree and soil loadings are used 
except when groundwater flow is assumed parallel to the failure plane; then 
pore water pressure does not enter shear force computation. Shear stress can 
then be represented as 

X' = Hsin 6 COS 6 [3^ * Hsin Tcos 8^ ^ 5 " <"-^*' * ^<'-"» l^"' 
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If T = overall shear resistance and T' = overall shear stress, the 
factor of safety equation can be written as 

FS = i=I-. (11) 
D T 

Substituting shear strength (Equation 9) and shear stress (Equation 10) 
into Equation 11 yields a factor of safety equation of 

P3 ^ Cs•^Cr•^Hcos2B{(p ^ {y^^^ - Y^) (M-Z*) + Y(1-M)} tan* ^^2) 

H{(50) + (Tsw/HsinBcosB)+Y5at(M-Z*)-h'(l-M)}sinBcosB 

Parameters in Equation 12 can be placed into nondimensional groups as 

2(Cs-t-Cr) + i qo + (Ysat - i) (M-Z*) •«• 1-(1-M)] j M l 
YwHsin2B YwH Y ^ Yw ^ ^ 

50 + 2Tsw ^ (Ysat) (̂ .z*) + j _ ( L M ) 
Y / YwHsin2B Yw Yw 

As Equation 13 shows, the basic model contains variables for four 
factors present in a forested area. Representing soil factors are Y> Ysat» 
Cs, and ̂ ; all controlled by soil type, while H = a measure of soil depth. 
Topography is included as slope inclination, B. Vegetative factors are qo, 
Cr, and Tsw. Finally, a dynamic factor for relative groundwater level is 
included as M. This basic equation is used to derive a more simplified 
form. 

Using sensitivity and order of magnitude analysis techniques. Ward 
(1976) showed the factor of safety (Equation 13) could be reduced to an ac
curate, simpler form by determining that certain variables were relatively 
unimportant and others could be assumed as constants. Relative depth, Z*, 
was set at zero for the worst case. Wind shear, Tsw, was determined in
significant in magnitude, and soil mass and tree loading terms had little 
effect on the sensitivity of the equation. Soil and tree loading could have 
either positive or negative effects on slope stability depending on other 
factors. The simplified infinite slope factor of safety raodel used in this 
study for estimating landslide potential is then 
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FS = 

2(Cs -t- Cr) 

y j t \ sin2B 
qo 

L^w" 
/Isat. A M + l-(l-M)" 
V Yw / Y^ 

tan <)) 
tan 3 

(14) 

qo Ysat 

'w 
M -f 

Yw 
(1-M) 

Equation 14 defines the landslide potential of a slope in terms of a 
factor of safety value. For relative rankings of hazards, limits of factor of 
safety values can be established considering possible errors in the variables. 
Relative errors in factor of safety values can be approximately 20 to 30 per
cent (Ward, 1976), comparable to results of others (Feld, 1965; Singh, 1971). 
A realistic set of relative hazard levels is given in Table 1, Column 2. Al
though other limits could be selected, these values were considered most appro
priate for the cases under examination. 

TABLE 1 

Model Classification of Landslide Potential and Probability 

Classification 

QJ 

Landslide Potential 
FS 
(2) 

Landslide Probability 
P[FS < 1] 

131 

High 
Medium 
Low 

< 1.2 
1.2-1.7 
> 1.7 

> 60% 
30-60% 
< 30% 

Derivation of Probability Delineation 

Soil and root strength parameters are highly variable or uncertain. 
Other parameters such as soil depth, slope angle, unit weight of soil, and 
groundwater depth can be estiraated and set at sorae conservative value. If 
groundwater level, M, is assumed at a steady state, and H, B, and Y are 
known, the factor of safety equation can be simplified to 

FS = Li(Cs) •»• Li(Cr) •»• L2(tan<{.) (15) 

where 

Ll 
YwHsin2B (30 ) + (^^Mt)M + (^) (1-M) 

YwH Yw Yw 

(16) 
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and 
.Y { ^ ) + (-^- 1)M+ (L.) (l-M) 

L2=,;^^i^- '-^ '-^^i—^ (17) 
(SO ) + (Isat) M + r_ (1-M) 
Yw" Yw Yw 

tan 6 

If Equation 14 is rewritten in terras of random variables, it becomes 

S = LiX -t- LiY + L2Z (18) 

where S, X, Y, and Z are the random variables. The expected value, E[']. or 
the mean of a linear equation such as Equation 18 is (Benjamin and Cornell, 
1970) 

E[S] = Ll E[X] + LTE[Y] + L2E[Z] (19) 

If the strength parameters are considered,independent (Holtz and Krizek, 1971; 
Lumb, 1970), the variance, Var[*]> or standard deviation squared becomes 

. Var[S] = E[(S - E[S])2] (20) 

or 

Var[S] = E[S2 - 2E[S]S •̂  E2[S]] (21) 

Following the forra of Equation 19, Equation 21 becomes 

Var[S] = E[S2] - 2E[S] • E[S] + E2[S] (22) 

because 

E[E[S]] = E[S] 

Equation 22 reduces to 

Var[S] = E[S2] - E2[S] (23) 

The term S2 is defined as 

S2 = l.^^ [X2 + 2XY + Y2] + l^l^ZllYt + '{'] + V^V- (24) 

Substitution of Equation 24 into Equation 23 yields 

VAR[S] = Li^ [E[X2] •̂  2E[X] E[Y] + ^ \ f ' \ 1 
^ 2LlL2E[Z] [E[X] -H E[Y]] + L22 E[Z2] - E2[S] . (25) 
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Following the forra of Equation 22, the substitution for E[X2J can be made as 

E[X2] = Var[X] -F E2[X] (26) 

Similar substitutions are raade for Y and Z yielding 

Var[S] = Li2[Var[X] + E2[X] + 2E[X]E[Y] + Var[Y] + E 2 [ Y ] ] 

+ 2LiL2E[Zj [[E[X] + E[Y]] + L22 [Var[Z] + E 2 [ Z ] ] - E2[S] (27) 

The raean and variance coraputed from Equations 9 and 26 can be used to estimate 
failure probability. This is written as 

P[FS 1 1] = p (28) 

where p = probability of failure and P[FS l 1] = cumulative probability that 
FS is less than or equal to one. A reasonable distribution of failure prob
abilities is a normal or Gaussian distribution. Making this choice allows 
computation of the failure of probability. First, a nondimensional variate, 
U, is computed as 

U = -J-zJl (29) 
(Var [FS])1/2 

The value of U is used to compute cumulative failure, p, as 

p = 0.4 U if U 1 0.13 (30) 

or 

p = -0.01314 -I- 0.49494 U - 0.15804 U2 + 0.01661 Û  i f U > 0.13 (31) 

Equations 29 and 30 are approximations with errors less than one percent. 

From U and B the failure probability is found as 

P[FS <_ 1] = 0.5 -i- p if U > 0 (32) 

P[FS 1 1] = 0,5 - p if U < 0 (33) 

P[FS 1 1] = 0,5 if U = 0 (34) 

Similar to potential rankings, probabilities can be grouped into three 
hazard classes, as shown in Table 1, Column 3. These limits can be modified 
depending upon the case under examination. Please note, however, that a high 
potential is not necessarily identical with high probability. The levels in 
Table 1 are not one-to-one correlations. 
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The means and variances of Cs, Cr, and tan ^ must be known or 
estimated to find failure probability. Usually this type of information 
is not available to the engineer without extensive measureraents. Ward 
(1976) and Ward, Li, and Siraons (1978) suggest that input variables be 
assumed as uniformly distributed randora values. With this assumption, 
the mean of a random number is found as 

E[X] = a b 
(35) 

and the variance as 

Var [X] = (̂ b - ^a)^ 
12 

(36) 

where Xg, and X^ = lower and upper limits on the variable X. 

Ward, Li, and Simons (1978) used Monte Carlo generation techniques 
to demonstrate that the assumption of a uniform distribution provided a 
more conservative estimate or overestiraate of failure probability. Another 
appealing aspect of the uniforra distribution assumption is that a range 
of values can be chosen as the input. Ward (1976) presented tentative 
sets of ranges for Cs, <t) , and Cr based on the Uniform Soil Classification 
and vegetative characteristics. These values are guidelines and are sub
ject to modification by the user. 

Tree root cohesion represents the tensile and shear resistance of 
the roots and may vary significantly. Although some research indicates 
values up to 250 psf. Burroughs and Thomas (undated) suggest tree root 
strengths of 2856 psf for Douglas fir growing in Tyee sandstone basins. 
However, tree roots are only effective if the failure surface intersects 
them. In deep seated slides, the failure surface is often below the 
roots. In instances of planar type landslides, the roots are effective 
only if they connect the soil mass to the underlying stable strata. Al
though considered as a beneficial influence to slope stability, tree roots 
only enhance stability under certain conditions. 

Model Sensitivity 

An important aspect of any mathematical model is its sensitivity to 
various input variables. Often it is desirable to know how accurately an 
input must be measured or the effect of changing the value of a variable 
on a model's output. Ward (1976) used partial differentiation of the 
factor of safety equation to deraonstrate model response to changes in each 
input variable. 
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Under certain conditions, an increase in the value of an input variable 
can produce positive, negative, or no change in the FS value. These types 
of relationships occur for Y> Ysat» qo, and H, The soil depth measure, H, 
usually has a negative influence on FS except for a dry cohesionless slope 

tanj) 
where FS = tanB . It can be deraonstrated mathematically that increasing 
Y. Ysat» "̂̂"̂  1° "'ay beneficially effect slope stability under certain con
ditions. Mathematically, this would occur when 

Cs + Cr < YwHw tan()> cos26 (37) 

Theoretically, when conditions exist that satisfy this inequality, uni
form loading of a slope should increase stability. This result suggests that 
in some cases forests aid stability by adding a uniform load to the soil. The 
relative importance of each variable can be graphically displayed through nu
merical computation of FS values using different variable values. For a se
lected set of conditions, some inputs have a linear effect on FS values while 
others, notably H and B, have strong nonlinear effects. Graphs are useful 
for showing the relative importance of each variable as compared to others 
(Figure 3). Although this figure is for a selected set of values, computa
tions for other input sets show the same relative shapes. Sometimes Cs and 
Cr reverse their relative importance and qo, not shown, becomes slightly more 
important. In most cases, Y has only a slight affect as do Ysat and qo. 
These three variables have smaller effects for reasons previously exolained 
but also because they are included in the numerator (resisting force) and 
denominator (driving force) of Equation 14. This type of analysis is important 
in studying a new area since it indicates which input variables are most im
portant to measure and what variable changes most affect stability. 

COMPUTER MAPPING OF WATERSHED LANDSLIDE HAZARDS 

Background 

The landslide potential and probability model together with a realistic 
range of input Values allows analysis of slope stability. Such an approach is 
adequate for small areas but large areas require computer-based models to pro
cess extensive quantities of input data and simulate short- and long-term 
changes. Another desirable feature of computer-based system response models is 
the ability to process and utilize information from remote sensing sources. 

In the landslide mapping model, watersheds are segmented and digitized 
for analysis using a watershed segmentation model developed by Simons and Li 
(1975). With this model, a grid system subdivides the watershed into square 
or rectangle response units, also called cells. Cell size depends on the 
accuracy required for the output data, size of the area to be mapped, quality 
of input data, use of the output, and whether mapping will reflect land-use 
changes. 
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FIGURE 3 - Percent Change in Factor of Safety, FS, as 
Compared to Percent Change in Variable 
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Data input is fairly general. A cell size is selected and the corres
ponding grid is overlayed on the raw data maps (Figure 4). Some maps are com
posed entirely of code numbers that designate various characteristics. For 
example, if the raw data shows vegetation, code number 1 may indicate high 
root strength while nuraber 2 may indicate low root strength. Code data input 
at the grid line intersections or nodes allows assignation of values to the 
respective variables. This procedure is followed for vegetation and soil but 
other data such as elevation or canopy density (the relative amount of vegeta
tion) are input as raw numbers and are not coded. With data input and stored, 
the segraentation model computes several useful quantities. Elevation data is 
used to compute slope inclination and aspect of the cell. Slope aspect indi
cates the direction the cell slopes; that is, the direction of landslide move
ment in the cell. The watershed segmentation program organizes data on a cell-
by-cell basis for the watershed. The organized, coded, and averaged values are 
then output to a mass storage device or perraanent file where they are accessed 
by the landslide hazard mapping program. 

I 1 

Vegetation 

— Boundary 

I 2 

Vegetation ( I I , J l ) = 

Vegetation ( I 1, J2) = 

Vegetation ( I 2 , J l ) = 1 

Vegetation { ! 2 , J2) =2 

FIGURE 4 - Input Format to Segraentation Model 
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Landslide Hazard Mapping 

Output from the segmentation model (WASEG) is input to the landslide 
hazard mapping program (LSMAP). In the basic version, LSMAP requires input 
from program WASEG and the user. A more detailed version incorporates WASEG, 
LSMAP, and gray map printing routines into a method for delineating landslide 
hazards as well as other watershed characteristics. 

Program LSMAP analyzes the watershed on a cell-by-cell basis. Soil 
and root strength values and soil depths are averaged for each cell. Conse
quently, the factor of safety is based on the averaged values for each cell, 
rather than the average of the factors of safety at each node point. 

The landslide hazard mapping model presented here can provide a rapid 
raeans of assessing the irapacts of various land-use changes on slope stability. 
An application using actual field data is presented in the following section. 

APPLICATION OF MODEL 

Site Selection 

A heavily forested, landslide-prone watershed was selected for analysis. 
The selected watershed is located in the H.J, Andrews Experiraental Forest about 
50 railes east of Eugene, Oregon on the western edge of the Cascade Range and 
is shown in the topographic raap supplied by Fred Swanson, USDA Forest Service, 
Oregon State University (Figure 5), Watershed 2 with an area of approxiraately 
149 acres is located in the southwest corner of the Experimental Forest. Ele
vations in the area range from about 1,730 to 3,500 feet above mean sea level 
with slopes often in excess of 80 percent. 

Vegetation of the watershed is typical of the area. The canopy is pri
marily Douglas-fir in the 125-year age class (second-growth), 450-year age class 
(old-growth), or a combination of the two classes (Hawk and Dyrness, undated). 
In some locations, however. Western Red cedar and Hemlock are present. The 
geology of the watershed has been characterized as lava flows, welded and 
unwelded tuffs and pyroclastic flows, and water-worked volcanic sediments 
(Swanson and James, 1975). Almost all of the landslide activity is confined 
to the altered volcaniclastic rocks with little activity occurring in the lava 
flows (Swanson and Dyrness, 1975). Soils in this area are weathered from the 
underlying volcanic rocks (Dyrness, 1969; Hawk and Dyrness, undated; Paeth, 
et al., 1971) and can be grouped into five broad classes. Five groups were 
used to account for subtle but important variations in soil depth and rela
tive stability that produced unrealistic results when only three groupings 
were used. 
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FIGURE 5 - Topographic Map of Watershed 2 Showing Landslide Scars and Deposits 
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The estiraated Unified Soil Classifications for the soils were ML, CL, 
and CH. These assumed classifications were used for initial estimates of 
soil strength parameters as outlined by Ward (1976). Distribution of these 
soils indicates that two groups predominate in the watershed (Figure 6). 

A vegetation grouping was conducted on Watershed 2. Because the canopy 
is well developed, it was assumed the root system was also well developed. 
Therefore, classification of vegetation with respect to characteristic root 
strength was based on a corabination of the canopy cover densities of the 
larger overstory trees and the smaller understory trees and brush. Cover per
centages provided a method of classification for root strength. Most of 
Watershed 2 was characterized by vegetation groups of second and old growth 
plant communities (Figure 7). 

Runoff frora the watershed is controlled by groundwater discharge. 
Precipitation averages nearly 90 inches per year with about 90 percent of the 
total occurring as rainfall from October to April. Storms may last several 
days producing rainfall of several inches. Rainfall intensities are usually 
low and soil infiltration rates high, therefore, overland flow seldora occurs. 
Streamflow is fed primarily by saturated and unsaturated groundwater flow. 
Because of the importance of groundwater in slope stability, it was recognized 
that fluctuations in the groundwater table during a storm were important. 
Unfortunately, an acceptable, easily applied groundwater model was not avail
able for use in this application, therefore, only selected levels were utilized 
for comparison. 

The segmented watershed with the superimposed grid system is shown in 
Figure 8. Code values were input for the five soil classes and vegetation 
types along with elevations and cover densities. These codes start in the 
lower left corner and continue counterclockwise. For example, the vegetation 
code in Figure 4 is 1221. 

In Watershed 2, 78.5 cells (0.5 cells for a cell near a stream channel) 
of 181 cells in the segmented watershed were denoted as having mappable land
slide scars and deposits. These hazard cells were used as a guide to model 
performance and adjustment. If the model predicted a potential landslide 
hazard in these cells, it is accepted as a correct result. Overestimation or 
underestimation of the number of hazardous cells indicates: a) some hazardous 
cells may have negative characteristics and consequently are mapped as non-
hazardous, b) cells mapped as hazardous but not containing landslides may be 
near failure, or c) the model is incorrect due to erroneous data. Coraparison 
of the number of correct classifications with incorrect classifications for 
initial runs indicated the physical process model reflected the correct slope 
stability conditions. 

The model was adjusted through soil and root strength parameters to 
better match the observed data. Two criteria were established to this adjust
ment. First, under typical soil moisture conditions no cell should fail. 
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FIGURE 6 - Soil Classification Map of Watershed 2 (After Hawk and Dyrness, Undated) 
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Second, under saturated conditions all the landslide cells should fail. 
Although failure raay occur in all the landslide cells before saturation, data 
does not indicate at what level failure occurred. Using these two criteria, 
the input values were adjusted over realistic ranges. These values plus 
others used in the raodel are listed in Table 2. 

Low values of cohesion and friction angle for soil classes 2 and 3 were 
consistent with field observations of failures in these soils. Higher values 
for the other three soil classes reflect the relative stability associated 
with those groupings. Similar considerations were used when selecting proper 
ranges of root strengths. No formal raethodology was used for arriving at the 
adjusted values in Table 2. The values do, however, reflect the relative 
stability of groups they represent. 

The adjusted raodel indicated a total of 81.5 hazardous cells, 69 of which 
corresponded with the assumed hazardous cells, an 87.9 percent match. A total 
of 9.5 cells were classed as safer than assumed and 12.5 were classed as more 
hazardous. This is encouraging since it indicates the model represents the 
physical processes controlling landslide occurrence. 

The adjusted model was then used to study dynamic changes in the water
shed. The first application showed the change in landslide hazards under 
varying groundwater conditions. The potentially hazardous landslide areas 
and their estimated failure probabilities for a relative groundwater level of 
0.5 are shown in Figures 9 and 10. Even under these conditions there are 
nuraerous areas of high potential because of the overwhelraing driving forces 
brought about by the steep terrain. As expected, rising groundwater levels 
increase landslide hazards (Figures 11 and 12). If a real-time groundwater 
level model were available, daily or seasonal fluctuations in landslide haz
ards could be determined. Use of the model in determining relative hazards 
with respect to groundwater levels is important in planning watershed acti
vities. Based on model results, scheduling of activities may be better de
termined to coincide with lower landslide hazards. Roadways may also be 
better planned to avoid hazardous areas or indicate where stability enhance
ment is required. 

Timbering is another dynaraic watershed activity that can be assessed 
with the model. Landslide potential for a 50 percent clearing of the canopy 
cover is shown in Figure 13. Comparison of Figure 13 with Figure 9 shows 
adverse effects on slope stability produced by vegetation removal. Simi
larly, if the watershed is clear-cut, even more instability is produced 
(Figure 14). However, an instantaneous drop in root strength is assumed, 
which is incorrect. A more realistic approximation would be loss of strength 
with time. The model provides a method for assessing impact of this type 
of timbering activity on the watershed. 

An important aspect of the model is estimating landslide probability. 
Use of both the potential and probability maps provides the land use manager 
with another raeans fdr analyzing impacts of watershed activities. In addi
tion, the probability map aids interpretation of the potential map. 
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TABLE 2 

Input Values for LSMAP 

Soil porosity = 0.60 
Dry unit weight of soil =66.1 pounds per cubic foot 
Saturated unit weight of soil = 103.6 pounds per cubic foot 
Vegetative surcharge = 50 pounds per square foot 

Soil 
Group 

(1) 

1 

2 

3 

4 

5 

Soil 
Narae s 
(2) 

Rock outcrop 

Andesite series 

Budworm, Limberlost, 
Andesite 
(slope < 20%) 

Limberlost, Flunky 

Frissell 

Vegetation 
Group 
(1) 

1 

2 

3 

4 

5 

Cohesion Range, 
in pounds per 
square foot 

(3) 

1000-2000 

20-50 

0-5 

150-200 

350-400 

Friction 
Angle Range, 
in degrees 

(4) 

35-40 

5-20 

2-5 

25-28 

30-33 

Root Strength Range, in 
pounds per square foot 

(2) 

290-360 

220-260 

5-25 

100-125 

15-65 

Typical 
Depth 
in feet 
(5) 

5 

8 

10 

5 

4 
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FIGURE 9 - Gray Map of Potentially Hazardous Landslide Areas for Watershed 
2 with Relative Groundwater Level of 0.5 
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SUMMARY AND CONCLUSIONS 

This paper has presented the need for delineating the hazardous land
slide areas. Delineation techniques were discussed and a mathematical modeling 
approach was detailed. Application of the approach indicates its usefulness 
for determining landslide hazards in a watershed under varying natural and 
man caused conditions. 
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LIST OF SYMBOLS 

Cr = root cohesion 
Cs = soil cohesion 
£ = cohesion terra 
c = effective cohesion 
D-= driving forces 

E[] = expected value or raean of linear equation 
FS = factor of safety 
H = measure of soil depth 

Hu = unsaturated soil height 
Hw = saturated soil height or height to groundwater table 

• Ll = dimensionless grouping of parameters 
L2 = dimensionless grouping of parameters 
M = relative groundwater height 
n = number of soil layers 
p = cumulative probability 
P = probability of failure 

qo = vegetative surcharge 
R = resistive forces 
S = random variable 

Tsw = wind shear in trees 
U = nondimensional variate 
u = pore water pressure 

Var[J = variance 
x = variable 
x = mean of variable x 
Y = random variable 
Z = height above bedrock surface or random variable 

Z* = relative position above bedrock surface 
. B = slope inclination 
Y = unit weight 
AZ = thickness 

z = summation sign 
a = total normal stress 
a = effective normal stress 
T = overall shear resistance 

T' = overall shear stress 
4) = angle of internal friction 
$ = effective angle of internal friction 

Subscripts 

a = area; lower limit 
b = upper limit 
i = layer i 

sat = saturated 
w = water 

# 
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SUMMERLAND, BRITISH COLUMBIA 

By 
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Choteau, Montana 

ABSTRACT 

Between 1914 and 1917 early settlers of the area referred to as Paradise 
Flats (near Summerland, British Columbia) noticed an incipient slope failure. 
Subsequent movement in the area has continued for some sixty years and the 
failure has become known as the Perpetual Landslide. Questions have been raised 
about the slide as it affects watershed quality as well as land-use in the area. 
Hence, a study was undertaken to determine degree of instability of the slide 
and factors conducive to its failure. 

The Perpetual Landslide is located in the Okanagan Valley of British 
Columbia about 260 miles east of Vancouver, The slide spills into Trout Creek 
Canyon about 3-1/2 miles upstream from Okanagan Lake, Slide dimensions are 
1,390 feet in length, 1,370 feet in width, and 260 feet in estimated depth. 
Volume is estimated to be 7x10^ cubic yards. 

Analysis of the slide included study of surficial geomorphology, geology, 
and hydrology to assist in slope stability interpretations. Geomorphic study 
related landform feature to type of movement. Geologic study was carried out 
primarily to determine what materials were likely to form the failure plane(s). 
Because of the demonstrated historical significance of ground water flow to 
failure, a hydrologic study of the slide's drainage basin was also conducted. 
Finally, slope stability was analyzed in order to understand the mechanics of 
the slide. This analysis included monitoring of seasonal movement, measuring 
shear strength of gouge, and modeling equilibrium. However, any interpreta
tions about stability were limited by lack of subsurface data. 

Results of the study demonstrate that surficial investigation of a 
slide cari indicate type of movement and causes for instability. It is con
cluded that the Perpetual Slide is a composite landslide displaying slump 
movement in the body with a transition to flow in the toe area. The failure 
surface lies within Tertiary sedimentary rocks, primarily, claystone. The 
rocks have been remolded into a clayey gouge, likely near residual strength. 
The hydrologic and stability analysis indicate that ground water has critical 
influence on slope stability. Investigation of this slide has served to define 
the environraent for failure and would serve to guide any more comprehensive 
subsurface analysis. 

INTRODUCTION 

The Perpetual Landslide (Figure 1) is predominantly a slump failure. 
It has continued to move for some 60 years since its initiation between 1914 
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FIGURE 1 - Overview of the Perpetual Landslide 

and 1917. Concern has been expressed about safety of developed land and 
deterioration of water quality in the slide area. As a result, a surficial 
investigation of the slide was undertaken in 1975. The purpose of the in
vestigation was to understand the degree of instability of the slide and its 
environment of failure. It is hoped that the results of this study may guide 
remedial action and may confirm the importance of geologic and hydrologic 
studies to prevent slope failure in similar situations. 

Location 

The Perpetual Landslide is located in the Southern Interior of 
British Columbia. It lies just west of the town of Summerland, about 260 
miles (420 km) east of Vancouver (Figure 2). The slide spills into Trout 
Creek Canyon about 3-1/2 railes (6 km) upstream frora the mouth of the creek 
on Okanagan Lake. 
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FIGURE 2 - Physiography of Southwestern British Colurabia Showing Relative 
Location of the Perpetual Landslide (after Holland, 1964) 

Description 

Slide diraensions are 1,390 feet (424 meters) in length, 1,370 feet 
(418 meters) in width, and 260 feet (79 raeters) in estimated depth. Volurae 
is estimated to be 7x10^ yards^ (5.4x10^ raeters ). 

LANDSLIDE CLASSIFICATION AND GEOMORPHOLOGY 

The type of failure is that of a slide in the strict sense. The High
way research Board Landslide Comraittee in their Classification of Landslides 
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(1958, Plate 1) describe a slide as follows: "Movement caused by finite 
shear failure along several surfaces which are visible or whose presence 
may be reasonably inferred". In the Perpetual Slide, slickensided gouge 
surfaces are visible at the toe and flanks. Major faults divide the body 
of the slide into successive blocks. From these exposed shear surfaces 
the failure surface at depth can be inferred as shown in Figure 3. 

Further, because the slide has a dominant rotational character, it 
may be classified as a slump: "Movement only along internal slip surfaces 
which are commonly concave upward. Backward tilting of units is common." 
(Highway Research Board Landslide Committee, 1958, Plate 1). Many of the 
landform features in the Perpetual Slide are typical of slump failure (as 
described by Ritchie, 1958). The geomorphic map. Figure 4, shows concave 
scarps breaking the slide up into blocks. These blocks are coramonly back
ward tilted with grabens or depressions at their heads. In the toe sec
tion, upthrust, irapermeable gouge causes pond formation. As is common in 
slumps, break-up of coherent blocks and flow motion occurs in this toe 
area. Here, raoveraent raay be a corabination of shear on bounding slip sur
faces and actual flow which is described as "Movement within the displaced 
raass such that the form taken by the moving material, or the apparent 
distributions of velocities and displacements resemble those of viscous 
fluids," (Highway Research Board Landslide Committee, 1958, Plate 1), 
Relatively dry sand and gravel flows bound the toe section of the Perpetual 
Slide and are caused by springs undercutting loose bank material. Wet 
flows involve water-saturated sand and gravel masses pouring out from 
the toe and down along the slope below the slide. Another type of wet 
flow is in saturated gouge (exposed along the lip of the canyon) as it may 
flow rather than move with shear displacement. The clay masses which 
flow down the canyon wall fit Skempton's (1969) description of mudflow 
raaterial, commonly consisting of unsorted, clay-rich debris in a soft clayey 
matrix. Deposition of flow debris results in formation of fans along Trout 
Creek Canyon and degradation of water quality. 

GEOLOGY 

The geologic study was carried out to determine what materials were 
likely to form the failure plane(s). Geology in the immediate vicinity of 
the slide was mapped. (Refer to Figure 3 for location of units within slide 
longitudinal section). Deposits were divided into three basic groups; an 
older crystalline group (units 11 and 12, which are mainly Jurassic accord
ing to Peto and Armstrong, (1976), and younger volcanic and sedimentary 
sequence (units 6 and 7, Eocene according to Mathews and Rouse (pers. Coram.), 
and overlying unconsolidated deposits (unit 3, 4, and 5, of Quaternary 
age). 
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Crystalline Rocks & Tertiary Volcanic Rocks 

Exposed in Trout Creek Canyon, underlying and bounding the slide, is 
a massive body of granodiorite (unit 11) and a vein and dike complex, both of 
which enclose a competent unit of limestone-sandstone (unit 12). The grano
diorite is commonly ve ry friable and hydrothermally altered at vein contacts, 
jointed in exposure, and weathered on its upper surface (to form a saprolite 
and a weathered rock zone). Parts of these heterogeneities form conduits 
for ground water discharge in Trout Creek Canyon. Overlying the crystalline 
unit are Tertiary volcanic rocks (unit 7) which crop out on topographic highs 
surrounding the slide. Because the volcanics are commonly intensely brec
ciated, their strength is decreased and secondary permeability may be developed. 
However, neither the volcanics nor the crystalline rocks are observed to actu
ally be part of the sliding mass. 

Tertiary Sedimentary Rocks . 

The Tertiary sedimentary rocks (unit 6) form the failure plane of the 
slide and influence slope stability both hydrologically and lithologically. 
They consist of volcanic sandstone, claystone, and coal. At the present time, 
the sedimentary rocks are exposed only in the lower slide area. They are 
commonly intensely deformed as they are upthrust to the surface as a result 
of slide movement. Lack of strength in these rocks and their contrasts in 
conductivities produce a situation detrimental to stability. 

Quaternary Deposits 

The Quaternary deposits are divided into glacial till (unit 5 ) , glacio-
lacustrine silt and fine sand (unit 4 ) , glacial fluvial deltaic sands and 
gravels (unit 3 ) , and terrace (or raised channel) gravels (unit 2), The till 
is involved in failure at depth and consists of unsorted cobbles in a clay-
rich matrix. Because of this matrix, the till has low permeability relative 
to the other unconsolidated deposits. The clay's weakness is demonstrated by 
failure within the till in a strike slip fault on the southern boundary of the 
slide toe. This slip surface, laterally confines the slide and show mudcracks, 
slickensides, and brecciation. 

Late Glacial & Recent History 

In glacial and recent times, erosion operated to bring about slope 
failure of the Perpetual Slide. The downcutting of Trout Creek influenced 
stability in two ways: 

(1) It unloaded the toe of the potential slide by eroding part of the 
terrace deposits on the north side of Trout Creek, 

(2) It removed lateral support with downcutting and steepening of the 
valley walls. This excavated the unconsolidated deposits to a greater depth 
as well as exposed underlying Tertiary sedimentary rocks which became the 
failure material. The two raechanisras disrupted equilibrium and changed stress 
concentrations. 
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Slide Gouge 

Gouge is apparent at the toe of the slide along the canyon lip and also 
in an upward rotational thrust of the failure surface. It is a heterogeneous 
mixture of claystone, coal, sandstone fragments, and till gravels. Its 
gritty, clay matrix is derived from remolded claystone and clay-rich till. 
As the consolidated rock, predominantly the claystone, is progressively and 
repeatedly sheared, it is remolded into this gouge of lower strength. Be
cause of its clay fraction, the gouge is commonly mud-cracked on its sur
face. In places an abundance of cracks indicate marked volume change in the 
clay with change in water content. X-ray diffraction established the pre
sence of an expanding mixed-layered clay in three samples tested. Expansive 
clays readily absorb water (swell), with a consequent decrease in strength. 
However, the extent to which this takes place is not known, as the percentage 
of expanding clay in the failure material of the Perpetual Slide is not de
fined. Generally, the gouge is evidenced to be relatively impermeable. This 
affects ground water flow in two ways. The gouge promotes formation of an 
intermediate flow system, by forcing flow through overlying unconsolidated 
deposits. In addition, it confines the upward discharge from any underlying 
aquifers (likely weathered grandodiorite, volcanic sandstone, and perhaps 
jointed claystone and coal), thereby allowing high pore water pressures to 
be transmitted to the base of the slide. 

HYDROLOGY 

The ground water flow system exerts critical influence on slope 
stability. In the case of the Perpetual Slide, a change in the flow system 
resulting from initial irrigation of the terrace area above the slide (1903-
1906) was followed by incipient ground water discharge and failure in the 
slide area (sometime during the period from 1914 to 1917), Because of the 
deraonstrated significance of ground water flow to failure of the slide, a 
study of hydrology in its drainage basin was carried outa The main objec
tive of this study was to quantify water inflow and outflow and to attempt 
to find a correlation between thera. 

A siraplified equation: 

Precipitation •»- Irrigation - Evapotranspiration = Infiltration 

can be used to calculate the slide's hydrologic budget. Input and output 
parameters in the equation are expressed as rates (cubic feet/sec and 
liters/sec) over the catchment basin. By substitution of known parameters 
(precipitation, irrigation, and evapotranspiration) into the above expression, 
the infiltration rate is determined (Figure 5). 

A portion of the infiltration increases rates of ground water re
charge and consequent discharge. This casual relationship is observed as a 
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large water input above the slide results in several, high-discharge springs 
(Figure 4) occurring where gouge and bedrock are exposed below (in the slide). 
In Figure 5, overlain on the histogram of infiltration, are the spot dis
charges for the upper and lower springs. The high infiltration or recharge 
in the sumraer month, most of which is due to irrigation, is followed by maxi
mum spring discharge in November-December. In other words, irrigation re
charge creates a water table rise which is responsible for increased flow 
through and discharge from the systera. There is a two to three raonth time 
lag between fluctuations in this input and response of spring discharge to 
these changes. 

STABILITY ANALYSIS 

Two projects were undertaken in order to understand the mechanics 
of the Perpetual Slide. The first involved evaluation of short-term move
ment by surveying the slide during a period from the summer of 1975 to the 
summer of 1976. The second project, actual slope stability analysis was 
undertaken to gain insight into the conditions responsible for observed 
movement or failure. This analysis included testing the shear strehgth of 
gouge and equilibrium modeling the slide. 

Surficial Movement Survey 

The record of short-term movement was obtained from transit survey 
of the slide. Figure 6 shows the deflection of stakes off lines set across 
the upper part of the slide. These deflections were recorded by a stadia 
survey. Triangulation survey evaluated directional movement of stakes set 
on lines in the slide toe (Figure 7). 

Departures of stakes from the survey lines are listed in Table I. 
Reliable survey measurements demonstrate that slide movement is a function 
of location within the slide and time of year. 

The general trend of increased rate of movement downslope raay be 
attributed to conditions at the toe: (1) the mudflow type movement, (2) 
the maintenance of steep slopes by headward erosion of gullies, (3) the 
addition of flow and surficial movement on steep toe slopes (sloughing) to 
movement along the failure plane at depth, and (4) the large driving 
force behind, and lack of frictional resistance at the toe. 

Movement rates also increase toward the interior of the slide, as 
illustrated by Figures 6 and 7, and directions of movement vary within the 
slide. Modification of the general southeasterly trend of movement is 
observed (Figure 7) at the toe. Lower lines are found to converge toward 
gullies created by the springs. Short-term upward raoveraent is displayed 
by the eastern section of the toe and may result from backward tilting of 
coherent blocks. 
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TABLE I 

Horizontal Moveraent Rates of Stakes 
(Given as Averages for Each Line of Stakes) 

Apparent Downslope Actual Downslope 
Movement Rate Movement Rate 
(Perpendicular to (True Direction) 

Line Survey Line) 

Upper Part of Slide: 

NO 6/75 to 6/76 

LM 

RS 

JK 

WX 

Toe of Slide: 

TI' 7/75 to 5/76 8.12 m/yr 9a01 m/yr 

UV " 13.09 m/yr 15.90 m/yr 

TE 7/75 to 2/76 15.69 ra/yr 18.30 m/yr 

Seasonal fluctuations are particularly evident in toe stakeSa Their 
average monthly movement is at maximum in Novembera This correlates closely 
to the time of maxiraura discharge of the springs during November and December. 
The back-lines, also show increased movement beginning in October-Novembera 
This increase in movement with discharge reaffirms the earlier conclusion that 
ground water flow has critical influence on stabilitya 

Strength and Stability Evaluation 

In the second phase of the stability analysis, shear strength of the slide 
gouge was evaluated. This strength, as a constant, and assumed environmental 
pararaeters, as variables, were incorporated into equilibrium models. In this 
way an attempt was made to find the most critical situation for failure. 

.08 ra/yr 

.18 m/yr 

.13 m/yr 

.51 m/yr 

1.49 m/yr 

8.12 m/yr 

13.09 m/yr 

15.69 m/yr 
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The residual shear strength of the slide gouge was determined by 
reversible, drained, direct shear tests. Under expected loading conditions, 
4) residual was found to be equal to 18.5 degrees. This seems to be a reason
able value for the gouge when considering that its plasticity index is equal 
to 18 (Kanji 1970). 

The shear strength was incorporated into a slope stability analysis 
to define a reasonable environment for failure. Limit equilibrium methods 
were used. Rotational (moraent) equilibrium was analyzed by the Simplified 
Bishop Method of Slices. Stability was also evaluated using a transla
tional analysis developed by the Civil Engineering Departraent at the Uni
versity of British Columbia. Trial phreatic, piezometric, and slip surfaces 
were delineated by known geology and hydrology. The most critical combina
tion found is shown in Figure 8, and is, at best a probable situation for 
failure. However, the analysis does indicate that a high piezometric sur
face is critical for instability. 

CONCLUSIONS 

(1) From geomorphic considerations, it is concluded that the Per
petual Slide is a composite landslide consisting of slump failure with a 
transition to flow, in the toe section. Both types of failure were confirmed 
by the movement survey. 

(2) The geologic study shows that the failure surface lies within 
Tertiary sedimentary rocks, primarily claystone. 

(3) From the hydrologic and stability analysis it is concluded that 
ground water seems to be the controlling factor initiating slope instability. 

Investigation of this slide has served to define the environment for 
failure and would serve to guide any more comprehensive subsurface analysis. 
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EFFECT ON GROUNDWATER OF THE CAVALIER, NORTH DAKOTA, 
SANITARY LANDFILL 

By 

Alan E. Kehew^ and Gerald W. Knudsen'' 

ABSTRACT 

The Cavalier, North Dakota, sanitary landfill is located near the distal 
margin of an area of sandy silt (ML) and silty sand (SM) deposited as a hooked 
spit by longshore currents in glacial Lake Agassiz, The water table at the site 
ranges from 6-12 ft. (2-4 m) below land surface, with highest levels in the 
spring and summer resulting from recharge from snowmelt and precipitation. 
Groundwater in the aquifer is of calcium magnesium bicarbonate type with median 
hardness and TDS values of 192 mg/L and 251 mg/L respectively (Hutchinson, 1977). 

Uniined trenches filled with solid waste intersect the water table during 
at least part of the y e a r , thus providing optimum conditions for contamination 
of groundwater. Fourteen piezometers were installed around the site in order 
to sample groundwater from the waste cells and both up and downgradient frora 
the cells. Eleven of the wells are screened at the water table and three others 
with screened intervalls 15-20 ft, (5-6 m) below the water table are situated 
adjacent to shallow wells in various downgradient positions. Single well re
sponse tests indicate an approxiraate hydraulic conductivity for the site of 
1.6 ft/day (5,6 x 10"'* m/sec). Using an average gradient of .008, an average 
groundwater velocity can be calculated as 16 ft/yr. (5 m/yr). Greater sand 
percentages from the vicinity of the water table suggest that hydraulic con
ductivity in the shallow zone of the aquifer may be greater than the approxi
mate value given above. 

Water samples are analyzed for major ions and trace metals. Results of 
the monitoring indicate that shallow groundwater beneath the covered waste 
cells is highly polluted with specific conductances ranging from 3000-5000 
micromhos/cm. Downgradient frora the cells, a shallow leachate plume extends 
beyond the landfill boundary. Conductivity values in the shallow wells de
crease rapidly downgradient, reaching approximately 1000 micromhos/cm 50 ft, 
(15 ra) frora the edge of the waste cells, and approximately 800 micromhos/cm 
170 ft. (52 ra) from the edge of the waste cells at the landfill boundary. 
Major ion concentrations in the three deeper wells show no probable influence 
of contamination and are probably very close to background levels for this 
part of the aquifer. Therefore, the leachate plume probably consists of a con
centrated front moving at the average groundwater velocity with a thin dis
persed extension at the water table moving more rapidly than the concentrated 
front. 

^ North Dakota Geological Survey, University Station, Grand Forks, North 
Dakota 58202 

2 North Dakota State Dept. of Health, 1200 Missouri Ave., Bismarck, North 
Dakota 58505 
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Earth resistivity surveys detected the contaminated groundwater near 
the edge of the covered waste cells but indicated normal resistivities 150 ft, 
(46 m) downgradient. 

INTRODUCTION 

North Dakota is a sparsely populated agricultural state which is highly 
dependent upon its groundwater resources. Approxiraately 45 percent of water 
supplied to urban coraraunities and nearly all water obtained by the rural popu
lation is groundwater (U.S. Bureau of Reclamation, 1973). Therefore, it is 
important to protect this resource from contamination by poor waste disposal 
practices. Pleistocene glacial deposits, which cover about three-fourths of 
the state contain some of the most important aquifers. While most of the 
glacial sediment is relatively impermeable till, several types of permeable 
glacial deposits form aquifers of regional or local importance. These semi-
confined to unconfined Pleistocene aquifers constitute the highest potential 
for contamination by waste disposal practices. 

In order to evaluate the effect of solid waste disposal in landfills, 
a cooperative program between the North Dakota State Department of Health and 
the North Dakota Geological Survey was initiated to assess the hydrogeological 
setting and pollution potential of sanitary landfills in the state. First, 
all existing sites were rated by use of existing geologic and hydrologic 
information and reconnaissance field visits. Individual sites, such as the 
Cavalier landfill were selected for more detailed field investigations. 

The objectives of this study were to determine the geologic and hydro-
logic setting of the Cavalier sanitary landfill and to evaluate the chemical 
composition and movement of leachate produced at the site, 

HISTORY OF LANDFILL 

The Cavalier landfill was operated as a typical burning open dump for 
over twenty years. The normal operation for the dump was to place refuse in 
an excavated trench and burn daily. The trenches were 10-15 ft, (3-4,5 m) 
deep. The pattern of filling of trenches was probably from west to east 
because current trenches are now approaching the east boundary of the land
fill. Based on population estimates for the city and surrounding rural area 
and average waste production figures, approximately 1,400 tons of uncompacted 
refuse was placed in the trenches each year of operation. 

In order to comply with the North Dakota Solid Waste Management Regu
lations the city has discontinued its practice of burning the refuse. The 
landfill is now operated in the usual trench-fill method. The waste de
posited at the site consists of residential and commercial waste. Pesticide 
containers have been observed in the pits but the volume of such material is 
not known a 
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GEOLOGIC SETTING 

The landfiTl is located in Pembina County, in the extreme northeast corner 
of North Dakota (Figure T); Geologically, the site occupies a position near the 
djsta.l margin of an area of sandy silt (ML) and silty sand (SM) deposited as a 
hooked spit by longshore currents in glacial. Lake Agassiz (Hutchinson, 1977). 
Grain size in the nearshore deposits decreases eastward, grading into offshore 
clay and silt deposits. At the Cavalier landfill, the material consists of 
yellow-brown, thin-bedded, well-sorted, fine silty sand to sandy silt. The 
upper 5 to 10 ft. (1.5-3 m) of material are generaTly more sandy, ranging from 
40-70 percent sand. The sediment becomes more silty With depth with sand approx
imately 20-40 percent and silt 50-70 percent. Test holes nearby indicate that 
the .sandy silt is underlain by clay at an approximate depth of 30 to 45 ft; 
(9^14 m) (Hutchinson, 1973), but test drilling for this project was too shallow 
to encounter the contact. 

0 20 40 miles 

0 20 40 Kilometres 

FIGURE 1 - Map of North Dakota Showing Location of Cavalier Landfill Near 
the Boundary of Glacial Lake Agassiz Nearshore and Offshore 
Deposits 

I 
I 
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METHODS 

In order t o investigate the hydrogeology of the site, 14 piezometers, 
were installed at the landfill. Initially, 11 piezometers were iristalled 
in Novembe'r, 1977 With a truck-mounted power auger. These were screened 
at the water table due to inability to keep the hole open below the water 
table in the wet santdy silt. In June, 1978, three, deeper piezometers were 
installed using a ho.llo.w stem auger. The piezometers consist of 2 in. 
(5.08 cm) schedule 4.0 PVC pipe with 5 ft. (1.5 m) sections of ;020 in. 
(.05 cm) PVC screen at the bottom. After the piezometers were placed in 
the open" hole or through the hollow stem auger, sand from the cuttings was 
backfilled in the hole tq several feet above the top of the screen; The 
hole was then filled witli grout to the surface. 

The landfill and the piezometer locations were surveyed with plane 
table and alidade (Figure 2)=. The topography of the landfill changes con
tinually during operation of the s.ite. 

Resistivity profiles were made using a Soi 1 test R-50 Resistivity 
Meter, the Wenner electrode configuration was used with electrode spacings 
as indicated in Figures 6 and 7. 

Hydraulic conductivity was measured using single well response tests 
analyzed by the Hvorslev (1951) methoda 

Water sampling began during the spring of 1978 and will be continued 
on a quarterly basis. Wells are bailed several days prior to sampling so 
that represeritative groundwater samples can be obtained. Bailing immediately 
before sampling is also done if the well contains sufficient water for the 
sample. Conductivity, temperature, and pH are measured in the field. The 
samples are then taken to a motel room and filtered through .45 micron 
Gelmari filters which have been double rinsed with distilled water to minimize 
possible interferences.. Preservation, trarisportationj and analysis of 
samples are performed according to standard EPA procedures (U.,.S. Environmental 
Protection Agency, 1974), 

the parameters measured are shown in Table 1. Some of the samples 
shown on Table 1 are indicated ss .unfiltered. These samples were from the 
initial sampling period. When sampling began using the procedure described 
above, some of the shallow wells did hot contain sufficient water to obtain 
a sample'. Therefore, earlier unfiltered, analyses were included in the table. 
The unfiltered analyses should not be considered accurate, but most of the 
major ion values are probably close to their true values because the rela
tionship of TDS to conductivity compares well in both the unfiltered arid 
filtered samples. The,unfiltered analyses are thought to be reliable as- a 
general indication of major ion concentrations. 
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Well 
No. 

1* 

2* 

3* 

4* 

4a 

5 

5a 

6* 

7* 

8* 

9* 

ro 

11 

Ua 

Sp. 
Cond. 

560 

630 

650 

880 

620 

765 

650 

415 

480 

670 

5500 

4400 

1080 

600 

TDS 
(mg/L) 

348 

393 

358 

475 

391 

461 

408 

213 

262 

-

3777 

3417 

735 

380 

pH 
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HYDROGEOLOGICAL SETTING 

The Cavalier landfill is located about one-half mile (1 km) east of the 
boundary of the Icelandic aquifer (Figure 3 ) , as described by Hutchinson (1977), 
who interpreted the aquifer as a spit deposit in glacial Lake Agassiz, The 
surficial material at the landfill is continuous with and of the same origin 
as the Icelandic aquifer; however, the landfill is within the transition zone 
between nearshore and finer grainecl offshore lake deposits. 

The Icelandic aquifer is unconfined with maximum saturated thickness 
of 70 ft, (21 ra) (Hutchinson, 1977). Recharge to the aquifer is the result 
of rainfall and snowmelt over the surface of the aquifer. Water table fluct
uations measured in test wells correspond closely to precipitation variations 
with raaxiraum water table levels in the spring. Groundwater movement in the 
southern part of the aquifer is from west to east with discharge into adja
cent lake deposits and by evapotranspiration and pumpage from wells. 

Groundwater from the Icelandic aquifer is of calcium, magnesium, bi
carbonate type with raedian concentrations of TDS, 251 mg/L; sodium, 4 mg/L; 
sulfate, 20 mg/L; chloride, 3 mg/L; and hardness, 192 mg/L (Hutchinson, 
1977), 

The groundwater flow systera at the landfill is illustrated in Figure 4 
with 2 ft, (,6 m) contour interval equipotential lines on the water table 
surface. Local flow at the landfill has a greater southeasterly component 
than the easterly regional flow in the aquifer. The average gradient at the 
site is about ,008. Seasonal variations probably occur in the gradient. 
The significance of the water table depression in the vicinity of wells 9 
and 10 is not known. It may represent a permeability variation due to the 
refuse buried at that point or an error in elevation measureraent. 

Head raeasureraents of adjacent piezometers screened at different depths 
in the saturated zone are identical within the errors of surveying and water 
level measureraent. Therefore, the vertical component of groundwater flow 
is extremely small. Groundwater moves downgradient essentially parallel 
to the slope of the water table. 

Depth to the water table ranges from 6-12 ft, (2-4 ra) at the landfill 
with the highest levels during the spring and sumraer resulting from recharge 
from precipitation and lowest levels during the late fall and winter. Solid 
waste cells therefore intersect the water table during at least part of the 
year bringing groundwater directly in contact with the refuse. This situa
tion constitutes the greatest potential for generation and movement of 
leachate. The trenches contain no lining to isolate the waste from ground
water. 
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FIGURE 3 Location of Cavalier Landfill with Respect to 
Icelandic Aquifer.' (Modified from Hutchinson, 
1977) 
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In order to evaluate the movement of contaminants in groundwater, it is 
necessary to determine the hydraulic conductivity of the material. Estimates 
of permeability are available from the county soil survey (Thompson and Hetzler, 
1977). For the soil series involved, permeability was estimated at 12-40 ft/day 
(4.2 X 10"^ - 1.4 X 10"^ cm/sec). This is actually an estimate of velocity 
or flux because it estimates "the rate at which a saturated soil transmits 
water in a vertical direction under a unit head of pressure" (Thompson and 
Hetzler, 1977). The approximate hydraulic conductivity can be calculated 
from these estimates as 3.7-12 ft/day (1.3 x 10"^ - 4.2 x 10"^ cm/sec), 
assuraing a porosity of .3. This estiraate may reflect the higher sand per
centages in the upper 5-10 ft. (1.5-3 m) of raaterial. For the purposes of 
this study, a single well response test was perforraed using well 11a and analy
zed with the raethods described by Hvorslev (1951). The value obtained in this 
test was 1.6 ft/day (5.6 x IO"'* cm/sec). While single well response tests 
raeasure only the hydraulic conductivity of a small area in the vicinity of a 
piezometer screen, we consider the value obtained to be a more realistic esti
mate for the overall average hydraulic conductivity at the landfill site than 
the soil survey estimate. Once an estimate for hydraulic conductivity is ob
tained, groundwater velocity can be calculated using the Darcy equation. As
suming a porosity of .3 and an average gradient of .008, groundwater velocity 
is estimated to be 4.3 x 10"^ ft/day (1,5 x 10'^ cm/sec). Disregarding the 
effects of heterogeneity upon the flow system, groundwater and associated 
plume of leachate should be moving at an average ot 16 ft/yra (5 m / y r ) . 

Construction and filling of trenches during the landfill operation has 
proceeded from west to east, which is approximately the downgradient direction. 
Over the 20 year life of the landfill, the disposal operation has moved in the 
downgradient direction at an average rate of 30 f t / y r . (10 m/yr). Therefore, 
moveraent of leachate since the landfill began has probably been confined mostly 
within the filled areas. The leachate plume which can be detected downgradient 
from the raost recent trenches probably originates from those trenches and not 
from older waste cells to the west. 

INTERPRETATION OF CHEMICAL RESULTS 

The effect of the landfill upon the hydrogeologic environment is assessed 
by a variety of field and laboratory measurements. Figure 4 shows the position 
of the filled area, locations of the wells, and average conductivity of the 
groundwater samples in relation to the flow system. Eleven of the piezometers 
are screened at the water table and three (11a, 5a, 4a) are screened 15-20 ft. 
(5-6 m) below the water table. Conductivity values from wells along the west 
and north sides of the landfill are interpreted tb represent background condi
tions of the shallow groundwater. Piezometers 9 and 10 are completed in refuse 
and indicate that groundwater in the refuse cells is grossly polluted with dis
solved solids. Finally, a group of two-level piezometer nests exists down-
gradient from the refuse cells. The three shallow wells (4, 5, 11) all indi
cate contamination with reduced levels of leachate concentration corapared to 
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those completed in refuse. Piezometer 11, the well closest to the waste 
cells has the highest conductivity of the downgradient wells, a value of 
about 20 percent of the piezometers in the refuse. Shallow piezometers 4 
and 5 both have conductivity values slightly above background levels, indi
cating that the leachate plurae has: reached those wells. The three deeper 
piezoraeters (4a, 5a, 11a) have nearly idential low conductivity values. 
This contrast is raost evident in piezometer 11a which has a conductivity of 
about one half of the shallow well 16 ft. (5 m) directly above it (piezo
meter 11)a In addition, there is no downgradient decrease in conductivity 
between wells 11a and 5a to correspond with the conductivity decrease be
tween wells 11 and 5. Therefore, leachate is limited to the shallow zone of 
the aquifer downgradient from the waste cells. The reason for this may be 
the lack of a significant vertical component in the groundwater movement. 
Alternatively, hydraulic conductivity may be greater in the upper part of 
the aquifer because of depositional factors, thus causing more rapid hori
zontal movement. 

Chemical analyses of water samples from the piezometers (Table 1) 
support the pattern of conductivity values as being an accurate indication 
of contaminant distribution. TDS values for all the wells averaged 62 
percent of specific conductances in micromhos/cm with a range of 51 to 
77 percent. 

The test indicators of leachate are chloride, sulfate, and sodium. 
These ions show the greatest increases over background concentrations in 
the aquifer and also are the most conservative species, that is, are least 
affected by adsorption, exchange, and biochemical conversion reactions. 
The high levels of chloride, sulfate, and sodium present in wells completed 
in refuse are almost entirely derived from the refuse. Significant in
creases over background concentrations are also present with calcium, mag
nesium, potassium, and bicarbonate. These ions, however, are the principal 
ions present in natural groundwater in the Icelandic aquifer. 

The change in concentration for selected parameters in the down-
gradient direction is plotted in Figure 5. This interpretation assumes that 
leachate produced in the youngest waste cells at the eastern edge of the 
landfill is of approximately the same chemical composition as the water in 
wells 9 and 10. The values for chloride, sodium plus potassium, and sulfate 
indicate an extremely low percentage of the assumed original value at a dis
tance of 50 ft. (15 m) from the leachate source (piezometer 11). Because 
these ions are conservative and are not significantly attenuated by mech
anisms other than mechanical dispersion, it is concluded that the actual 
front of the contaminant plume has not yet reached well 11. This inter
pretation agrees with the assumed groundwater velocity of 16 ft/yr. (5 m/yr) 
and an approximate age of the recent waste cells of two years or less. The 
low concentrations of leachate which do reach wells 11 and 5 (Figure 5) are 
most likely the result of a dispersed part of the leachate front which is 
moving more rapidly than the average groundwater velocity because of hetero
geneities in the geologic medium. 
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The niore gentle decrease in calcium and magnesium concentrations shown 
in Figure 5 is probably the result of cation exchange reactions along the 
flow path in which calcium and magnesium are desorbed from clay particles 
in exchange for other leachate cations (U,S, EPA, 1977), The slight de
clining trend in solute concentration present between wells 11 and 5 (Figure 
5, Table 1) is not indicated in the corresponding deeper wells 11a and 5a. 
In fact, the deep wells have ve ry sirailar concentrations of all major ions. 
Therefore, the process which is causing leachate to reach the shallow down-
gradient wells is not affecting the corresponding wells. Possible explana
tions for this observation will be presented later. 

Concentrations of other parameters listed in Table 1-do not conform 
to the pattern described above. Nitrate is high in one of the refuse wells 
but not in the other. This suggests that nitrate levels may vary greatly 
within the refuse area. Trace metals are not enriched in the leachate 
samples. This indicates either low solubility of these ions or extremely 
rapid attenuation. 

RESISTIVITY PROFILES 

Two resistivity profiles were run (Figures 6 and 7) in the positions 
shown in Figure 2, Readings were taken every 25 ft, (8 m) along the profile 
at several electrode spacings. Results support the conclusions drawn from 
the chemical analyses. Profile A-A' was made immediately downgradient from 
the edge of the most recent trenches. The results (Figure 6) indicate the 
presence of highly conductive groundwater (low resistivity) along the pro
file. A difference in conductivity was also evident between trenches which 
were in the process of being filled at the time of the survey and those 
which had been previously completed. The older trenches would be expected 
to have better developed, farther advanced, and more highly concentrated 
leachate plumes than those under construction. This trend was noted using 
both the 10 ft. (3 m) and 20 ft. (6 m) electrode spacings. 

Figure 7 shoves the results of profile B-B', made across the extreme 
downgradient end of the landfill site. The results of this profile again 
support conclusions drawn from the water analyses in that no consistent 
trends of low resistivity suggesting the presence of a leachate plume were 
detected with any of the electrode spacings. The sraall concentrations of 
leachate present in wells 4 and 5 are not high enough to be detected by 
the resistivity method. This profile also confirms that a concentrated 
leachate plume is not present either below the levels of the shallow wells 
or between the wells. 

DISCUSSION AND CONCLUSIONS 

Contaminant plumes resulting from landfills are usually considered to 
m.ove as discrete raasses at the average groundwater velocity with relatively 
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rainor dispersion (U.S. EPA, 1977), Data gathered in this investigation in
dicate that the Cavalier landfill is causing gross pollution of groundwater 
in the vicinity of the waste cells. Shallow wells downgradient from the edge 
of the most recently filled trenches indicate the presence of leachate, al
though in greatly reduced concentrations, especially of conservative ions 
such as chloride and sulfate,. Assuraing that the groundwater velocity is 
16 ft/yr. (5 m/yr) and that 
recent trenches for 2 years 
be approximately 32 
cated 50 ft. (15 m) 
ft. (52 ra) from the 
respective positions 

leachate has been moving downgradient from the 
or less, the leading edge of the plume should 

ft. (10 m) from the edge of the trenches. Well 11, lo-
frora the edge of the trenches, and well 5, located 170 
trenches, both indicate that leachate has reached these 
. Therefore, some of the contaminants must be moving 

at a higher rate than the plume 
occurring by some raechanism. 

front. Dispersion of the leachate plurae is 

Cherry and others (1975) describe situations in which dispersion greater 
than that predicted by laboratory tracer experiraents can occur as a result of 
inhoraogeneity in the aquifer. The presence of lenses or beds of higher hydrau
lic conductivity than average for the material could explain the observed 
pattern at the Cavalier landfill. Material with a hydraulic conductivity less 
than one order of magnitude greater than the 1,6 ft/day (5,6 x 10"** cm/sec) 
value assuraed as average for the site could result in leachate raoveraent as far 
downgradient as wells 4 and 5, Because the near surface material at the site 
is more sandy than the deeper sediment, hydraulic conductivity in the vicinity 
of the water table is probably greater than at the depths of the deep wells. 

the higher solute concentrations in the 
the deep wells. The plume may therefore 
at the average groundwater velocity with 
near the water table moving at a higher 

This perraeability contrast can explain 
shallow downgradient wells relative to 
consist of a concentrated front moving 
a thin finger of dilute leachate at or 
velocity in advance of the main front (Figure 8), 
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Water Toblg J^ 
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'7, 

^ \ - n/^° 
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FIGURE 8 - Diagrammatic Interpretation of Leachate Plume (not to scale) 

•177-



Effect on Groundwater of the Cavalier, 
North Dakota, Sanitary Landfill 
By Alan E. Kehew and Gerald Wa Knudsen 
Page 18 

This hypothesis assumes that the solute concentrations measured in wells 
11 and 5 represent the groundwater quality over the entire screened area of 
the wells. If, however, the leachate were entering the well through a sraall 
portion of the screened area only, water analyses frora that well would repre
sent a mixture of the leachate and natural groundwater in the well. The 
analysis would suggest a level of contamination less than the actual leachate 
concentration entering the well through the thin zone of leachate raoveraent, 
because of dilution in the well bore. With existing instruraentation, the 
thickness of the contarainated zone in the near surface raaterial cannot be de
termined. Because there is a small but significant decline in solute concen
tration between wells 11 and 5, dispersion is probably occurring to some ex
tent in the material in the vicinity of the water table a Therefore, the thin 
diluted extension of the plume front (Figure 8) is the result of higher hydrau
lic conductivity in that zone and dispersion of the leachate componentSa 

As the concentrated front of the leachate plurae moves downgradient at 
the average groundwater velocity of 16 ft/yr. (5 m/yr), leachate concentrations 
will increase in the shallow and perhaps the deep wells. If no additional 
trenches are excavated in the downgradient direction, the concentrated front 
should reach well 11 in the next year or two and wells 5 and 4 in ten to twelve 
years. 
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•SEEPAGE FROM PARTIALLY SATURATED MINE 
WASTE DISPOSAL SYSTEMS 

By 

G.L. Bloomsburg^ and R.A. Bloomfield^-

ABSTRACT 

A finite element computer program, UNSAT2, simulating unsaturated flow 
conditions is described and applied to three types of mine waste disposal sy
stems. The first case involves the analysis of seepage from a typical tailings 
pond through a partially saturated foundation soil, resulting in the creation 
of a ground water mound above the water table. In the second case, seepage 
frora a filtration pond constructed of oil shale waste was siraulated under con
ditions of norraal ponding and infiltration due to rainfall, and the results 
compared to field measured values. The last case describes seepage related 
to a hypothetical shale waste pile under conditions of rainfall and ponding. 
Hydraulic properties for the last two cases include saturated permeability and 
relationships between relative perraeability, capillary pressure, and degree of 
saturation, which were determined from laboratory experiments on both field 
cores and laboratory packed samples. 

INTRODUCTION 

During the past decade, disposal of mine and mill waste material has be
come an increasingly important issue. Problems of structural stability and seep
age effects on stability have been welT addressed, and significant technological 
advances have been achieved (1, 2, 3). The primary problem currently facing 
industry in the waste disposal area is environmental protection. The greatest 
environraental concern is over the araount of seepage or leachate entering the 
ground or surface water systeras. Methods to determine the quantity of water 
seeping from a tailings pond has been covered in the literature ( 1 , 4 ) . This 
type of analysis, however, is only applicable to situations where fully satur
ated conditions exist. 

The partially saturated method of analysis which is discussed here is app
licable to most situations involving seepage from waste piles. In a conventional 
type of tailings pond, a slime layer is ordinarily built up under the ponded area. 
This material will consolidate to some extent due to seepage forces and the 
weight of raaterial deposited above it. In situations where this consolidation 
results in a slime layer of lower perraeability than the native foundation soil, 
a partially saturated flow condition is likely to exist in the native soil. This 
will result in a sraaller quantity of water entering the ground water systera than 
would be predicted by saturated flow analysis. 

^ Agriculture Engineering Department, University of Idaho, Moscow, Idaho 

2 Bureau of Mines, U.S. Department of Interior, Washington, D.C 
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Another common situation where partially saturated conditions occur is 
in a dry waste pile subject to rainfall. Depending on the material properties 
and geometry of the pile, the rainwater will either result in surface runoff, 
seepage through the pile, or seepage only into the upper layer which raay later 
be evaporated. 

The finite eleraent program used in this study was orignally developed 
by Neuman (5) and is called UNSAT2, The program will analyze problems of 
saturated or unsaturated, steady or non-steady flow and can be used with a 
variety of boundary conditions such as constant flux, constant pressure, maxi
mum flux, minimum pressure, and infiltration, evaporation and seepage sur
faces, the maximum flux and minimura pressure boundaries are used when maxi
raura or rainiraum conditions are controlled by exterior factors such as atraos
pheric conditions, but the actual flow in the porous raedia is deterrained by 
properties of the porous media. 

PRINCIPLES OF PARTIALLY SATURATED FLOW 

Richards (1931) was first to combine the Darcy equation 

Flow = q = -idH 

with the continuity equation 

to obtain an equation describing the unsteady flow of water under partially 
saturated conditions, 

9 ri/3H -1 _ , 9S 
9X 

I/O n -1 _ , d o 

W " * 9t 1 " " 1 

In the "Richards equation," K is effective hydraulic conductivity (a function 
of capillary pressure or saturation), H is hydraulic head, <̂  is porosity of 
the porous material, S is saturation, the Xi are the spatial variable (car
tesian coordinates) and t is time. This equation describes the movement of 
a single fluid in a multifluid systera if there is no resistance from the 
other fluid. In the case of the air-water system in the soil, it is commonly 
assumed that air does not affect the flow of water. This assumption in some 
cases is not valid but in the problems considered here it is reasonably valid. 
The form of the Richards equation used for the formulation of UNSAT2 differs 
from that above in the addition of a source or sink term and a term for cora-
pressibility of the soil matrix. 
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The value of effective conductivity is given by K = KgKp, where Kg is the 
saturated conductivity and K^ is the relative conductivity at saturations less 
than 1.0. 

Empirical or semi-empirical equations have often been used for the func
tional relationship between relative hydraulic conductivity, capillary pressure 
and saturation or moisture content. In UNSAT2, however, data values are used 
in a table of relative conductivity versus moisture content and capillary pres
sure versus moisture content. Intermediate values of relative conductivity or 
capillary pressure are then determined by linear interpolation. 

HYDRAULIC PROPERTY REQUIREMENTS 

In addition to the table of capillary pressure - moisture content - rela
tive conductivity values previously mentioned, it is necessary to have values 
of porosity and saturated conductivity for each material. Nodal point informa
tion includes initial pressures, boundary conditions and spatial coordinates. 
Element information includes soil identification number and direction of aniso
tropy. 

Capillary pressure - moisture content data are relatively easy to obtain. 
The raethod used here was essentially the "pressure cell" method described by 
Corey (7). In this raethod the saraple of porous material is placed in contact 
with a capillary barrier connected to a pressure measuring device such that 
capillary pressure in the soil water raay be measured. Starting with the sample 
saturated and then weighing the amount of water which flows out at various cap
illary pressures gives the saturation as a function of capillary pressure. 

Relative conductivity - moisture content data are more difficult to ob
tain, particularly in fine grained material such as retorted shale. The method 
used for the raeasureraents was the "Richards" method described by Corey (7), This 
is a steady flow method in which water flows downward through a vertical cylind
rical sample. Inflow, outflow and all pressure measurements are made through 
capillary barriers. Flow must be at a hydraulic gradient of 1.0 so that the 
capillary pressure is uniforra throughout the sample, giving uniform saturation 
and conductivity. As inflow and outflow are adjusted to give greater capillary 
pressure, the sample desaturates and values of relative conductivity are ob
tained as a function of capillary pressure. Since this process is very tirae con
suming, methods have been developed for calculating relative conductivity from 
capillary pressure - saturation data. The prograra given by Sinclair, et al., (8) 
was used for that purpose in the present work. If the relative conductivity is 
calculated, it is still necessary to raeasure the saturated conductivity. 

The values of saturated conductivity used in the siraulation of flow in 
retorted oil shale were deterrained in the field. The other hydraulic properties 
were determined in the laboratory. This procedure should work well in many field 
applications because the hydraulic conductivity of natural materials varies 
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over raany orders of magnitude while the capillary pressure - saturation -
relative conductivity relationships vary much less between different materials. 
In fact, it is more realistic in raost cases to assume values for the capillary 
pressure - saturation - relative conductivity relationships and use unsatu
rated flow analysis than to use saturated flow analysis, 

UNSAT2 PROGRAM DESCRIPTION 

A complete description of the program, including input-output description 
and a program listing is given by Neuman (5), The program can be used to in
vestigate probleras involving two spatial dimensions in the horizontal or ver
tical plane. Three-dimensional problems can be handled provided that the flow 
pattern retains an axial symmetry about the vertical coordinate. The flow 
region may have any complex shape and it may consist of different soil mater
ials arranged in arbitrary patterns. Each soil material may exhibit an arbi
trary degree of local anisotropy, with the principal hydraulic conductivities 
oriented at any desired angle with respect to'the coordinates, 

A wide range of time-dependent boundary conditions can be treated: pre
scribed pressure head, prescribed flux normal to the boundary, seepage faces, 
and evaporation and infiltration boundaries where the maxiraura rate of flux is 
prescribed by atraospheric or other external conditions, whereas the actual 
rate is initially unknown, A RESTART feature is included in the prograra 
which allows boundary conditions to be changed at any stage of the coraputation, 
Atraospheric conditions controlling maxiraura evaporation rate can also be changed 
at any time. 

The input used for the program is well defined. Material properties 
are assigned to each element by a material code number on the element input 
cards. Boundary conditions are imposed through a code number on the nodal 
point input cards. The initial value of positive head or capillary pressure 
is also input on the node cards. 

The printed output of the program consists of a listing of all input 
information, a complete description of the finite element network, the boun
dary codes of all nodes, and the properties of each material. During each 
step, the program prints a listing of total head values, pressure head values, 
moisture content values, and discharge into or out of the system at each 
node. The rate of convergence of the iterative procedure is printed during 
each time step together with additional information pertaining to the parti
cular problem at hand. Output information on pressure or moisture content 
at any particular tirae can be used as input for a plotting prograra. 

SEEPAGE FROM A TAILINGS POND 

In situations such as tailings pond where there is low perraeability 
material at the bottom of the pond and more permeable material below, it is 
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very common to have unsaturated flow in the more permeable material. This type 
of problem is shown in Figure 1, This is a tailings pond located about 1,524 m 
(5,000 ft,) from an open pit mine. The pond consists of 0.9 m (3 ft.) of slime 
with 6.0 ra (20 fta) of ponded watera An approxiraate analysis of this problera 
was made by considering only the flow downward through the slime layer and de
terraining how long would be required for this flow to saturate the region be
neath the pond. Neglecting the spread of the ground water mound and the outflow 
at the open pit mine this time would be approximately 20 years. 

To run the problem with UNSAT2, a mesh consisting of 120 node points and 
85 elements, as shown in Figure 2, was used. The initial conditions were a 
water table at an elevation of 42.7 ra (140 ft.), a negative pressure of 27.4 ra 
(90 ft.) at the bottom of the slime layer, and a water depth of 6.1 m (20 ft.) 
in the pond. 

The problem was studied for a period of five years. The region beneath 
the pond was still unsaturated at that time but the water table beneath the pond 
had increased in elevation approximately 2.7 m (8.9 ft.) due to downward flow. 
The original water table and final water table are also shown in Figure 2. 

The seepage at the open pit mine affected the water table for a distance 
of only about 304 m (1,000 ft.). This shows that the assuraption raade in the 
approxiraate analysis above that the flow into the open pit would have no effect 
on the flow under the seepage pond is certainly valid. 

SEEPAGE FROM A FILTRATION POND 

Several cases of seepage were analyzed using data from field permeability 
test ponds constructed of spent shale under a U.S, Bureau of Mines contract.' Re
sults of two tests on the pond are given here. The bottom area of the pond was 
187 m^ (2,017 ft.^), and the shale was about 1.1 ra (4 ft.) thick. The construc
tion, test procedures, and field results are described in detail by Holtz (6). 

The finite eleraent mesh for this pond is shown in Figure 3. The axis of 
symmetry for the pond is at the left side, and there are 130 node points and 
106 elements. 

This pond had a wide range of boundary conditions. At various times, as 
shown in Table 1, the upper boundary had conditions of constant potential, no 
flow, infiltration, or evaporation. The lower boundary was either a seepage sur
face or a no-flow boundary at all times. The seepage surface extended from node. 
1 to node 103. 

The hydraulic properties of the shale were not considered constant over 
the entire period of siraulation. When the pond was initially filled, the average 
raoisture content on a volurae basis was ,054 and the average porosity was .453 
which would indicate considerable trapped air in the shale, 
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TABLE 1 

BOUNDARY CONDITIONS AND VALUES OF PARAMETERS FOR SIMULATION OF POND 2 

Date AT 

Dec. 10, 1975 
30 hours 

Dec. 11, 1975 
120 hours 

Dec. 16, 1975 
21 hours 

Dec. 17, 1975 
21 hours 

Dec. 18, 1975 
50 hours 

Dec. 20, 1975 
21 hours 

Dec. 21, 1975 
24 hours 

Dec. 22, 1975 

May 11, 1976 
196 hours 

May 19, 1976 
7 hours 

May 19, 1976 
7 hours 

May 20, 1976 
6 hours 

May 20, 1976 

June 8, 1976 
170 hours 

June 15, 1976 
6 hours 

June 15, 1976 
16 hours 

June 16, 1976 
8.5 hours 

June 16, 1976 
961 hours 

June 26, 1976 
2,424 hours 

Nov. 4, 1976 
95 hours 

Nov. 6, 1976 

Top Boundary 
Condition 

H = 0.277 ra 

0.357 m 

0.282 ra 

0.183 m 

0.171 ra 

0.366 ra 

0.259 m 

0.817 ra 

0.817 ra 

0.488 m 

0.223 ra 

0.924 m 

0.677 ra 

0.283 ra 

0.030 m 

No Flow 

Evaporation 

Infiltration 

Bottom Boundary 
Condition 

Seepage Surface 

No Flow 

Seepage Surface 

No Flow 

No Flow 

No Flow 

Seepage Surface 

No Flow 

Seepage' Surface 

Seepage Surface 

Seepage Surface 

No Flow 

Seepage Surface 

Seepage Surface 

Seepage Surface 

Seepage Surface 

No Flow 

Seepage Surface 

Conductivity 
Used m/yr. 

37.9 

44.8 

52.9 

60.6 

60.6 

60.6 

68.0 

All other 
conducti
vities were 
200 m/yr. 

Porosity 

0.412 

All other 
porosities 
were 0.453 
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During the initial period of simulation, imbibition (rewetting) data 
for the shale were used. From laboratory data on imbibition, the moisture 
content was estimated to go to 0a412 without any influence of trapped air. 
Thus, the porosity used with the irabihition data was 0,412 for the first 30 
hours. After this tirae, a porosity of 0a453 was used so that the shale could 
become completely saturated. 

The value of hydraulic conductivity used varied frora 37.9 m/yr. to 
68.0 ra/yr. over the initial siraulation period of 287 hours. The reasoning 
for this is the sarae as above, initially the material contained trapped air 
but eventually it becarae corapletely saturated. The value of 68.0 ra/yr. was 
the value actually raeasured in the field in Deceraber when the water tempera
ture was r c 

Figure 4 shows the comparison of field measured and simulated flows 
into the pond during December, 1975. The agreement between siraulation and 
field data is excellent except after 265 hours when the measured flow was 
less than predicted. Thus, during the periods of 30 to 150 hours and 180 to 
270 hours when the outlet valve was closed there is still water moving into 
the shale increasing the saturation. This particular flow situation cannot 
be siraulated with a saturated flow program. 

During 1976 several other conditions were simulated as previously shown 
in Table 1. In general, the agreement between simulation and field data was 
very good. The last test run on this pond was seepage under rainfall condi
tions. The pond was sprinkled with 17,400 liters (4,600 gal.) over a 30 
minute period (4 inches per hour). The pond had not contained water for about 
4 months, so the moisture content of the shale was very low. This evapora
tion period was simulated to estimate the raoisture content at the start of 
the rainfall test. Table 2 shows the values for the cumulative seepage mea
sured in the field and calculated by the simulation. When considering that 
17,400 liters of water was applied to a volume of about 680 m^ (24,000 ft.^) 
of shale, and the difference of simulated seepage to measure was only 6.28 
liters (1-66 gal.), the correlation is quite good. 

SPENT SHALE WASTE PILE 

A series of coraputer simulations was carried out on a hypothetical 
spent shale embankraent using a valley fill profile as shown in Figure 5. The 
overall size was 573 ra (1,880 ft.) horizontally and 91 ra (300 ft.) vertically. 
The right side (to the right of nodes 76-84) consisted of shale corapacted to 
95 pcf. To the left of this line was 85 pcf shale and under the entire pile 
was a 1.5 ra (5 ft.) layer of free draining material. The initial moisture 
conditions (on dry weight basis) were 25%", 20% and 13% respectively. This 
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TABLE 2 

CUMULATIVE LEACHING AFTER SPRINKLING 

Tirae eifter ra in fa l l 
(hrs.) 

Cumulative 
Field Data 

.00 
,02 
.06 
,09 
,15 

5.59 
6,30 
6,99 
6,99 
6.99 

Leach (liters) 
Simulation 

0.000 
0.000 
0.000 
0.71 
0.71 
0.71 
0.71 
0.71 
0.71 
0.71 

0.0 
.6 

1.9 
3.2 
6.0 

22.7 
30.2 
46.7 
70.7 
94.7 

problera was studied under three boundary conditions: 

1. A 100 year 1 hour storra (intensity of .95 inches per hour) 
2. A 100 year 6 hour storm (intensity of ,25 inches per hour) 
3. A ponded condition of 1.5 m (5 ft.) of water on surface nodes 

3 through 84 and no infiltration or evaporation on the re
mainder of the pile. 

The 100 year storm data is applicable for Northwestern Colorado (9). 
A seepage surface was allowed at the right side of the mesh (Nodes 186-188) 
under all these conditions. 

The two storra intensities were selected to deterraine whether rainfall 
would infiltrate the waste pile, or run off the surface. Results of the two 
storra simulations were similar. There was no runoff at any time during either 
storra for the 85 pcf shale. The raoisture content in the upper layer increased 
by about 0.5 percent. This water would be held in the upper layer until eva
porated, since it did not seep down into the pile. In both cases there was 
substantial runoff frora the 95 pcf shale (infiltration rate was less than the 
rainfall rate), and therefore only a slight increase in raoisture content was 
detected. This result indicates a need for berms on the downslope side of 
the embankment for erosion control, and diversion channels for runoff control. 
Contamination of surface or ground water from leachate would not appear to be 
a problem. 
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In the analysis of the ponded boundary condition, the ponded area ex
tended over the entire surface of the 85 pcf shale (nodes 3 through 84), This 
problem was studied by simulation for a period of 1 year. The regions that 
became saturated are indicated in Figure 6, The saturated zone had moved 
into the shale as much as 12,2 m (40 ft,) from the surface and moved con
siderably deeper than that at the left end of the 95 pcf shale. With this 
type of situation, the simulation suggests that the impoundment would be
come saturated, and protection of surface and ground water would have to be 
considered. 

CONCLUSIONS 

The use of finite element simulation has proven effective in analyzing 
problems involving seepage under saturated conditions, build up of ground 
water mounds, infiltration due to rainfall, and evaporation from a soil sur
face. The analyses involving seepage frora a saturated pond, and infiltration 
due to sprinkling a dry pond, provided results which were corapared to field 
measured values. With environmental restrictions concerned with surface and 
ground water protection becoming more stringent, the methodology of analyzing 
partially saturated flow conditions will be valuable. Results of this type 
of analysis are much raore realistic than those obtained assuming saturated 
conditions, and the method allows for an accurate analysis of a wider range 
of problems, as shown in the example. The good correlation between the re
sults obtained frora the coraputer siraulation and the field values lend cred
ence to the overall methodology and provide a verification of the simulation 
approach. 
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ABSTRACT 

Ground-water basins on the Columbia basalt margins have posed interesting 
questions for the hydrogeologist to answer. Complex interrelationships of 
basalt flows, dikes, sediraentary interbeds and baseraent structure affect the 
ground-water flow regirae, Soraetiraes the collected hydrologic data is insuffi
cient to adequately define the ground-water flow conditions in a basalt raargin 
basin. 

The Pullraan, Washington - Moscow, Idaho ground-water basin was studied 
using surface and borehole geophysical methods. This study was undertaken to 
show that a combination of geophysical methods could define the structural 
relationships within the local geology which govern ground-water flow in the 
Basin. The geophysical methods used in the study area were gravity, resistivity, 
seismic reflection, raagnetics, aeroraagnetics and borehole geophysics, 

A coraposite interpretation of the geophysical data yields substantial 
inforraation about the Basin geology. The Bouguer gravity map generated from 
the gravity data indicate the basement topography while the aeromagnetics in
formation delineate basalt configurations. Resistivity soundings, seismic 
reflections and borehole geophysics can be correlated to locate sedimentary 
interbeds and associated aquifer zones. Gravity raodeling and trend surface 
analysis indicate pre-basalt drainages and sedimentary structures. The com
pilation of the geophysical data gives the hydrogeologist a unique picture of 
the geohydrology of the Pullman-Moscow ground-water basin. 

INTRODUCTION 

Purpose and Scope of Study 

The Pullman-Moscow ground-water basin has been the subject of intensive 
study primarily due to declining piezoraetric levels. Population growth asso
ciated with the cities and two raajor universities has caused increased demand 
for water supplies. Previous studies approached the problem from a geologic 
and hydrologic viewpoint in attempts to define the location and movement of 
ground-water in the basin (Lin, 1967; Walters and Glancy, 1969; Najjar, 1972; 
Barker, 1977). This study emphasizes a geophysical approach to the study of 
the ground-water occurrence in the Pullraan-Moscow basin. The Pullman-Moscow 
basin was chosen for the location of the study because of its close proximity 
to the university and the volume of available hydrologic data. The study was 
designed to delineate ground-water conditions using surface and borehole geo
physical techniques and then compare these conditions to known geohydrologic 
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features in the basin. Field work included conducting a regional gravity 
survey, electrical resistivity and induced polarization surveys, a magnetic 
survey and profiles, a regional well survey, a regional aeromagnetic survey 
and borehole geophysical logging of seTecteti wells. 

Location and Extent of Study Area 

The study area is located within two states, in the southeastern part 
of Whitman County, Washington, and west-central part.of Latah County, Idaho --
all within the Pacific Northwest (Figure 1). The basin is bordered by a 
surface exposure of Pre-Tertiary crystalline rocks on all sides except the 
west and encompasses approximately 250 square miles (647 square kilometers). 
The study area lies on the edge of the Columbia Basin Plateau within the 
"Palouse Country" where the rolling Palouse hills merge with the mountains 
of northern Idaho. 

General Geohydrology of Basin 

The basic geologic units in the basin are shown in Figure 2 and are 
broadly classified into four types: Precambrian Belt rocks, Post-Precambrian 
intrusive granitic rocks, basalt flows of late Paleogene-Neogene age, and 
surficial loessal sites of Holocene age. The Belt rocks originated in a 
nearshore intratidal environment which was uplifted and complexly meta
morphosed to produce argillites and quartzites. The Belt rocks were in
truded by silicic granitic rocks of the Idaho Batholith and the western Belt 
margin was inundated by basalt flows which issued intermittently from linear 
fissure systeras to the south and west. The geologic section in the study 
area is topped with a thick blanket of loessal silts which originated frora 
the southwest. 

The ground-water conditions within the study area have been described 
by Stevens (I960); Foxworthy and Washburn (1963); Crosby and Chatters (1965); 
Ross (1965); Sokol (1966); Lin (1967); Walters and Glancy (1969); Jones and 
Ross (1972); Najjar (1972); Brown (1976); and Barker (1977), Ground-water 
occurs in the study area in three general zones. Small quantities of ground
water are contained with the loess or the loess/basalt contact which are 
usually sufficient for domestic and stock supplies. The eolian deposits 
generally have high porosities and low permeabilities and tend to act as a 
barrier to vertical recharge to the underlying basalt. Primary ground-water 
occurrence is between basalt flows of the Columbia River Basalt Group. The 
principal basalt aquifers consist of upper broken parts of basalt flows, un
consolidated sedimentary raaterial between flows and basal parts of flows 
particularly in pillow structures formed where lava flowed into water and 
cooled rapidly. The thickness and extent of these sedimentary interbeds 
have been topics of much study in the Pullraan-Moscow basin. Generally, the 
thicknesses of sedimentary interbeds decrease from east to west in the 
Pullman-Moscow basin primarily because of thickening of basalt flows and 
increased distance from topographic uplands where the sediraents are derived 
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FIGURE 1 - Location Map of the Study Area 
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(Belt rocks and granitic intrusives to the east). The third zone of ground
water occurrence in the basin is associated with the fractured, weathered con
tact between the lower-raost basalt flow and crystalline baseraent. Very little 
hydrologic data have been collected from this zone because of the lack of wells 
which, penetrate to this zone. Figure 3 is a schematic cross section through 
the study area illustrating the hydrostratigraphic sequences. 

Analysis of the geohydrology of the Pullman-Moscow basin has been- "handi
capped" by lack of deep well data in the majority of the area. Deep wells which 
penetrate multiple aquifers only occur in the immediate vicinity of Pullraan and 
Moscow, leaving one to speculate on the variations of geohydrologic properties 
elsewhere within the basin. Sorae shallow doraestic wells are available for study 
outside of the cities' liraits, but they only provide geologic and hydrologic 
inforraation on a raaximum of the upper 250 feet (76 meters) of the hydrostrati-
graphic column. Consequently, basin-wide hydrogeologic conclusions to date have 
been drawn from a relatively narrow data base which may have led to a misleading 
assessraent of the total ground-water conditions. 

METHOD OF STUDY 

Introduction 

The field study consisted of extensive data collection using both surface 
and borehole geophysical instrumentation. Techniques used in the surface geo
physical study include gravity, magnetic, resistivity and induced polarization 
surveys. The following logs were taken during the borehole geophysical section 
of the study: gamma gamma, neutron gamma, neutron epithermal neutron, natural 
gamraa, caliper, fluid temperature and resistivity, single point resistance and 
spontaneous potential logs. The aeromagnetic survey was flown by Aerial Surveys 
of Salt Lake City. A well survey was done to substantiate published well log 
locations and to locate unused wells for borehole logging. The research effort 
was designed to generate an extensive network of surface geophysical data which 
could be interpreted with respect to the basin's geohydrology and substantiated 
with existing geophysical and well log data. 

Surface Geophysical Methods 

Three hundred and eighty-two gravity readings were taken in the study 
area during the summer of 1975. The stations were spaced approximately half to 
three-quarters of a mile apart and located using United States Geological Survey 
7.5 rainute quadrangle sheets. A temperature compensated Wordon Master Gravimeter 
was used for the survey while station elevations were deterrained with an alti
meter having a 1-foot precision. Compensations for meter drift were made by 
resurveying a reference point every two hours. 

Resistivity measureraents were taken using a Schlumberger electrode array 
and a 15 KW Scintrex IPR-8 receiver. Nineteen vertical soundings were completed 
in the study area over a three week period. 
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The induced polarization measurements were taken during the resistivity 
survey at all the same stations. The Scientrex IPR-8 receiver integrates the 
induced polarization response over four current cycles and stores the data in 
six tirae modes of 250 milliseconds each. This technique of data collection des
cribes the decay curve as a function of tirae and is termed tirae doraain or pulse 
transient raeasureraents. 

Borehole Geophysical Methods 

Borehole geophysical log inforraation in the Pullman-Moscow basin is con
centrated within the two cities. A few, shallow domestic wells have been logged 
in the outlying areas, but these only provide inforraation about the shallow 
aquifers. Radiation, fluid and electric logs are available on 11 holes in the 
study area. Of these, only three wells are deeper than 500 feet (152 meters). 
Geophysical logs can only be run in a hole without a pump, so this eliminates 
logging all wells used as a primary water source. Consequently, there is very 
inadequate subsurface geophysical control in the study area. 

Aerial Geophysical Method 

The aeromagnetic survey was flown by Gary Garner of Aerial Surveys of 
Salt Lake City. A GeoMetrics G-803 Proton Precession Magnetometer was used 
with digital and analog acquisition. The sampling rate was every one-half 
second with a track photo being taken every four samples for location. The 
aircraft cruised at an average speed of 175 mph (284 kph) and maintained an 
altitude of 1,000 feet (305 meters) above the terrain. The survey encompassed 
approxiraately 100 line-miles. North-south flight lines were four miles (6.44 
kilometers) apart with the east-west tie lines eight miles (12.87 kilometers) 
apart. 

ANALYSIS OF RESULTS AND DISCUSSION 

Gravity Survey 

Field gravity values are reduced for latitude, elevation and local topo
graphic effects. The reduced gravity data were contoured to produce a Bouguer 
anomaly raap shown in Figure 4. The Bouguer map shows a ve ry strong gradient 
of 23 milligals trending northeast to southwest. The gradient is steepest in 
the Moscow area and flattens as it approaches the Pullman area. Steep gravity 
gradients can be produced by an offset due to a fault or abrupt change in sub
surface density. This density variation could be due to compressional folding 
or shearing due to Yate's Trans-Idaho Discontinuity (Harrison et al., 1974) and 
Savage's (1973) Idaho-Washington Disturbed Belt which traverse the study area 
from Paradise Ridge to Smoot Hill. This discontinuity is all part of a large 
disturbed systera known as the Lewis and Clark Line trending southeast to north
west through northern Idaho. The Disturbed Belt is evidenced in the area as 
producing raajor fault blocks in the basement (Kamiak Mountain and Smoot Hill) 
(Savage, 1973), so possibly it could cause a 0.1 gra/cm^ density change in the 
basement. 
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The best fit trend surface for the study area appears to be of the third 
order with a correlation coefficient of 81 percent. Figure 5 shows the contoured 
residuals and associated local anomalies. The regional trend due to the basement 
has been removed and major highs are seen north of Albion and south of Pullman 
and Moscow. The high surrounding Kamiak Butte northeast of Albion is most pro
bably associated with recent valley filling basalt flows. The low in the central 
portion of the basin coincides with a drainage configuration superiraposed on the 
baseraent surface. 

Resistivity Survey 

Geoelectric models from resistivity soundings can be correlated within 
the study area. These responses can be correlated to show contacts of similar 
geoelectric layers. Correlation line X-X' (shown on Figure 4) parallels the 
Pullraan-Moscow highway and shows the configuration of the crystalline basement 
and uppermost basalt surface (Figure 6). Comparisons of the geoelectric raodels, 
available well and geophysical logs show good correlation. An east-west corre
lation line of well and geophysical logs along the Pullman-Moscow highway shows 
the thinning of basalt flows to the west and increased predominance of sediments 
in the Moscow area (Figure 7). Figure 8 shows a crystalline basement of con
siderable relief in the basin. It generally is steeply dipping from east to 
west, but rises again west of Pullman. This map was generated using basement 
elevations interpreted from resistivity and induced polarization soundings. 

The elevation of the uppermost basalt surface is shown in Figure 9. This 
surface was determined by resistivity and induced polarization soundings with 
quite a bit of well control. The basalt/loess contact is generally quite near 
the surface, so many domestic wells penetrate to this zone. The upper basalt 
surface shows considerable relief indicating a well developed east-west drainage 
system with a maxiraura relief of approxiraately forty meters. 

Induced Polarization Survey 

Field transient voltage curves were analyzed for chargeability variations 
with depth. Chargeability is a measure of the polarizability of a medium. In 
the study area, ve ry low, consistent chargeabilities are seen in the loess while 
very high chargeability gradients are typical of basalt. The crystalline base
ment chargeabilities are generally high, but irregular. A northeast/southwest 
correlation line (along Y-Y' in Figure 4) of induced polarization soundings 
shows very consistent responses across the study area (Figure 10). Contacts 
are very distinct and the basement configuration readily apparent. 

Figure 11 illustrates the variation in chargeability due to basalt in
fluences. The features of primary importance in Figure 11 are the high charge-
abilities associated with the greatest basalt thicknesses in the central basin 
and the low chargeability trends in the east and southwest. Basalt thicknesses 
are known to decrease in the Moscow area so a decrease in chargeability is ex
pected there, but the gradient of high to low chargeabilities in the southwest 
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corner of the study ^rea indicate similar basalt thinning. The chargeability 
gradient is hypothesized to be a function of basalt filling in the. ancient 
drainage channels on the crystalline basement. 

Ae romagne ti c Su rvey 

The aeromagnetic suryey was flown as a general reconnaissance technique 
to detect, major variations or trends in the study area. In general, the most 
obvious magnetic trend in the study area is the east to west increasing magnetic 
trend interpreted as a response to a thickening basalt sequence. Figure 12 shows 
a typical east/west aeromagnetic profile showing the consistent magnetic re
sponses of the Belt rocks and increased magnetic response due to basalt thicken
ing. 

Probably the most distinct feature of the aeromagnetic profile is the 
irregularity of the data which closely correspond to topographic irregularities. 
Positive or negative magnetic anomalies would be generated over an area de
pending on the exposure of normal or reversed basalt flows. In the study area, 
a reversed flow (Priest Rapids) overlies a normal flow (Grand Ronde) (Swanson 
et al., 1977) so positive anomalies correspond to eroslonal features which expose 
the noirmal flows. Figure 13 shows a comparison of the sub-loess basalt topo
graphy and aeromagnetic line three. A major positive anomaly occurs in the 
Pullman area as a function of the positive dike and eroslonal exposure of normal 
basalt flows. A depressed magnetic anomaly is associated with a reversed po
larity basalt high in the central basin. A very high magnetic anomaly is asso
ciated wjth the erosional feature of Rose Creek (past and present) and a de
pression of the measured magnetics occurs with a rise in basalt elevation and 
reversed flow. 

CONCLUSIONS • 

The composite geophysical analysis of the study area delineates the con
figuration of the major ground-water environments describecl by previous in
vestigators for the Pullman-Moscow area. The major ground-water zone (basalts) 
is shown to vary substantially in thiekness and have associated sediraentary 
zones which become less significant with distance westward from the eastern 
margins of the basin. The boundary between the basaltic ground-water zone 
and crystalline basement is not distinct due to substantiai erosion and relief 
of the lower unit. It is suggested that substantial ground-water may be asso
ciated with this zone particularly in the central and western areas of the 
basin where maximum relief occurs. 

The, geophysical data delineate a basement high in the southwest portion 
of the basin which m̂ ây be partially responsible for control ling ground-water 
flow In the lower aquifers.. The surficial survey techniques are not capable 
of tracing distinct aquifer zones within the basalts but, instead, delirieate 
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the configuration of the major hydrostratigraphic units defined earlier as 
the loess/basalt zone, interbasaltic zone, and basalt/crystalline baseraent 
zone. 
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SIMPLE STATISTICS FOR ELASTIC PROPERTIES 
FROM SEISMIC ANALYSIS 

By 

Lee Robinson 
Idaho State University 

Pocatello, Idaho 

ABSTRACT 

In last year's Symposium the speaker presented sorae simple statistics 
to estimate error in deterrainations of velocity and depth from refraction 
seisraic datta. This paper ^tends those methods to estimates of error in 
Poisson's Ratio, Modulus of Elasticity and Young's Modulus as calculated from 
seismic data. The error estimates thus calculated can help the user identify 
cases where results are inconsistent and can help him verify the assuraption 
of elasticity. 

INTRODUCTION 

The raost coraraon use of the refraction seismic timer is to deterraine the 
corapression wave velocity in soil layers by which the depth to underlying layers 
raay be deterrained. However, it is also possible with refraction equipraent to 
raeasure either the shear wave velocity or the Rayleigh (surface) wave velocity 
frora which elastic properties raay be determined. A previous paper (1) presented 
statistical methods for estimating error in velocity and depth determinations. 
This paper extends those raethods to estimate error in elastic property deter
minations. 

Elastic properties of soil or rock can be considered an interrelated 
set: the compression wave velocity, Vp, the shear velocity, Vs, the Rayleigh 
wave velocity, Vr, Poisson's Ratio, v, the modulus of rigidity, G, and the 
modulus of elasticity, E. In theory, if any two of these properties are known, 
the others raay be determined. Actually, the accuracy and validity of such a 
deterraination depends on whether the raaterial does indeed act elastically, and 
whether the elastic properties are constant throughout the material. 

The coramon raethod of seismic deterraination (2) is to raeasure Vp and V^ 
and calculate v, E and G. Either computation scheme of Table 1, Col. 2 may Be 
used; i.e., calculate G frora Vg then E frora G, or calculate E frora Vp then G 
from E. 

An alternate method (3) is to measure Vp and V^ and calculate v, E and 
G. Since the Rayleigh wave is a surface wave, this second raethod is liraited 
to the near-surface raaterial (approximately the upper 5 to 15 ft.). A con
venient approach to this raethod is to note that the elastic equations provide 
single-valued relations between Vy. and Vg (Figure 1). With Vj./Vp deterrained 
frora field data Vg/Vp and V^/Vg may be scaled from Figure 1. Vg can then be 
calculated and either of the coraputation schemes of Table 1 can then be 
followed. 

-219-



Simple Statistics for Elastic Properties 
From Seismic Analysis 
By Lee Robinson 
Page 2 

1.0 

a, 
> 

u 
o 
CO 

> 

0.8 

0.6 

0.4 

0.2 

/ 

4 

/ 

A 

/ 

/ 

/ 

/ 

/ 

^ ^ 

/ 

/ 

V 
r 

^s 

^ p 

0.2 0.4 0.6 0.8 

V /V 

FIGURE 1 - Relations Among Elastic Velocities 

-220-



TABLE 1 

Elastic Parameters and Their Standard Errors Estimated from Seismic Velocities 
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ERROR ESTIMATION 

The author's earlier paper (1) developed a relation to estimate the 
standard error in seismic velocity determination: 

Sy = 8.33V2 iLC [1] 

N2/r 

in which V is the velocity, u is the maximum time deviation of data points 
from the line on a travel time plot, N is the nuraber of points, and 5< is the 
average distance to the plotted points. The coefficient c is a constant 
related to point spacing (c = 0.67 for 10 unit spacing, 1.0 for 5 unit spacing, 
1.5 for 2,5 unit spacing). Eq. 1 applies to shear and Rayleigh wave velo
cities as well as corapression wave velocity. 

Relationships for the standard error in v, E and G may be deterrained 
by propagation of variance raethods (4), The analysis is complicated by the 
fact that the elastic properties are all interrelated. Thus, the deriva
tions' are too cumbersorae to present here. (The raethod of derivation is 
outlined in Appendix 1,) The results, however, are siraple and are given in 
Table 1, Cols, 3, 4 and 5. A group of terras used in determination of s^ has 
been grouped for convenience as a quantity. A, For ease of evaluation 
Figure 2 gives A as a function of Vg/Vp and Vy./Vp, 

If V is constant through the raaterial then it can be shown that 

!y£ = fvs. = fvv [2] 

Vp Vg V, 

Eq. 2 can be evaluated using Eq. 1 to estiraate the s's and taking the V s from 
the field data. (Norraally only two of the three ratios will be deterrained,) 
In such an evaluation, the three ratios will commonly be found to be unequal 
due to several possible reasons: 1) errors in estiraates of the s's and V s , 
2) non-constancy of v, 3) inelastic behavior of the raaterial. When Eq, 2 is 
raet, the error estimates frora Cols. 3, 4 and 5 of Table 1 give identical re
sults, otherwise each coluran gives a different estiraate. 

MONTE CARLO ANALYSIS 

It is instructive to apply siraulation techniques to some hypothetical 
data. If we assurae that field deterrained values of Vp and Vg are norraally 
distributed, then values can be selected at randora frora the norraal distribu
tions and used to corapute v, G and E. Histograras of the coraputed values raay 
then be constructed. 
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FIGURE 2 - Quantity A Expresses as a Function of 
Seisraic Velocities 
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Figure 3 shows the histograms for 1,000 random selections, for a case 
where Eq. 2 is raet. Mean values and standard errors as calculated frora Table 
1 (at top, with tildes), and mean values and standard errors as calculated 
from the sample are shown above each histogram. It is evident that for this 
case the saraple statistics correspond closely to the calculated estiraates 
frora Table 1. Note that although the Poisson Ratio histograra is narrow, large 
errors in G/p and E/p are quite common. 

Figure 4 shows what happens with the same case, except that Eq, 2 is 
not met. Here there are two Table 1 estiraates of error from the Col. 3 equa
tions and the Col. 4 equations. The sample standard error approaches the 
larger of the two Table 1 estimates for 6/p and E/p, while the standard error 
is about equal to the average of the Table 1 estimates for Poisson's Ratio 
standard e r r o r . Note that even though the sample mean corresponds quite 
closely with the Table 1 G/p and E/p values, a wide range of values are 
about equally coranon. There is, in fact, some question whether it is prac
tical to deterraine G or E in this case. 

Figure 5 shows another case, similar to that of Figure 3, but with a 
lower mean value of Vp. Eq. 2 is met. Here, it is evident that a wide varia
tion exists in the determined values of Poisson's Ratio. Negative v values 
occur a significant part of the time even though the correct value of v is 
about 0.3. The apparent skewness of the histogram also indicates that cal
culated V values are more likely to be larger than the correct value. But 
when they are smaller they may well be a lot smaller than the correct value. 
(In the previous examples, the probability density function is also skewed, 
but the fact is masked by the small variability.) The large variability of 
V does not seem to imply a proportionately large variability in G/p or E/p 
estimates for this case. 

Figure 6 shows what happens to the case of Figure 5 when Eq. 2 is 
not raet. The variability of v, G/p and E/p all grow so large that the 
practicality of estiraating any of thera with any degree of certainty becomes 
questionable. Again, as for Figure 4, the larger Table 1 estimates of 
standard error of G/p and E/p are similar to the saraple estiraates, while 
the average of the Table 1 estimates of Sy is reasonably close to the sample 
estimate. 

CONCLUSIONS 

1. If Eq. 2 is met. Cols. 3, 4 and 5 of Table 1 all give the sarae 
estimates of standard error. If Eq. 2 is not met, the average value of Sv 
from Table 1 should be used and the largest value of SQ and SE should be 
used to estimate reliability of results. 
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2. Eq. 2 riot being satisfied is presumptive evidence of non-constant 
elastic properties (non-homogeneity) or inelasticity of the material. How
ever, high measurement error could be indicated If any of the= standard error 
of velocity estimates is espeeiany large. 

3, When the equalities of Eq. 2 are. not met, the possibility pf not 
being able to reliably estimate elastic properties is raised. Table 1 esti
mates of the standard error can be used to decide whether calculation of the 
e la s tic proper t i e s is f e a si bl e. 

EXAMPLE 

Travel time plots for.two ends of a seismic line are shown in Figure 
7. The soil is a silt-stze loess. Lines were fitted to the data points by 
the method oi" least squares. Using Table 1, Col. 2 and Figure 1 elastic 
properties were calculated from the Compression and Rayleigh wave velocities. 
Using Eq. 1, syp and syr were determined.. Then, estimates of the standard 
e r r o r of elastic properties were computed from Table 1,, Cols. 3 and 5. As 
recoranended above, the average value of the Col. -3 and 5 estimates is adopted, 
for standard error of Poisson's Ratio, and the, maximum of the Col. 3 and 5 
estimates are adop.ted for sG and sg-. The results of these computations are 
listed In Table 2. 

Notice that although the plots are qualitatively similar, the accuracy 
of determination is much better for the left-end of the line. If an error 
analysis were not made, the elastic property estimates would proba.bly be con
sidered to be of equal accuracy. 

The standard error-velocity ratios are not equal for the right^end 
data (see Table 2). In this case the inequality is thought to be due to non-
homogeneous mate.rial or error in the velocity data, rather than inelastic 
behavior, since the left-end data exhibits standard^error-velocity ratios 
which are about equal. 
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TABLE 2 

Calculated •Elastic Parameters for Example 

Left: End Right- End 

Property jCyalue ±'Si) 

V 

G CPSFJ 

a CPSF) 

s,, / V 
Vp P 

s,, / V Vr' r 

:0.43 + 0..04 ' 

6.4 X 10^ ± 1.4 X lO^ 

.L. S4 X 1^^ ;+ -4 ..0 X 10^ 

0.108 

0.094 

•0.28 + '0 .41 

^.4 ;x i:tĵ  ± 5.J' X ID^ 

2.4 X 10^ * 1.-3' X 10^ 

0.15 

nV28' 

APPENDIX - METHOD OF VARIANCE PROPAGATION 

If a function can be written 

w = f(x,y) [3] 

an expression for the variance of w resulting from a large number of deter
minations using values of x and y with given variances can be obtained as 
foTloWs: 

Step 1: Determine the first and second partial derivatives of w with re-, 
spect to x and y. 
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Step 2: Write a Taylor expansion- in two variables for w - w = &w; i^e,, 

AW 5_W 

3X «* If .'̂  * h ( p '"'^'' ^ '-'̂  ' w . ^ ' ^ n ' • •' "̂  
in which AX = - x and Ay = y - y. 

step 3: Substitute the Taylor expansion into the definition of variance 
of w 

s2 = EJAvdi [5] 
" n 

in which n = number of values in summation. 

step 4: Expand the resulting expression to a form similar to Eq. 7B-2 in 
Ref. 4. Substitute in the expressions for the partial derivatives. 

Step 5: Neglect any terms which are at least one order of magnitude 
smaller than the largest term. If x and y are uncorrelated, the eross^ 
products tenns (containing both Ax and Ay)go to zero by definition. When 
x and y are correlated (as they are for the elastic properties considered 
herein), the cross-product terms only can be disregarded if they can be > 
shown of a smaller order of magnitude than the largest term. 

The expression which results frpm the five steps will be a first-
order approximation for the variance in w. 

NOTATION 

A = a convenient grouping of terms for Sy calculation (see Table 1} 

c = spacing coefficient 

E = modulus of elasticity 

G = modulus of rigidity 

N = number of points establishing line on travel time plot 

SE = standard error in modulus of elasticity 
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SQ = standard error in modulus of rigidity 

syp = standard error in compression wave velocity 

SYP = standard error in Rayleigh wave velocity 

svs = standard error in shear wave velocity 

s.y = standard error in Poisson's Ratio 

u = raaxiraura tirae deviation of points frora line on travel tirae plot 

Vp = corapression wave velocity 

V^ = Rayleigh wave velocity 

Vg = shear wave velocity 

X = average distance to plotted points on travel time plot 

V = Poisson's Ratio 

p = mass density (bulk) of soil raaterial 
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ABSTRACT 

Velocity ratios and elastic moduli have been shown to vary propor
tionately with different rock types. Our research has taken this one step 
further in an attempt to apply the concept to identifying site specific soil 
types, based on their physical properties. Through the use of seismic re
fraction techniques, compressional and shear wave velocities and bulk density 
were measured and these resulting data were used to calculate Shear, Young's, 
and Bulk moduli as well as Poisson's Ratio. These data were compared to the 
Unified Soil Classification for correlation. 

The test sites were located in Ada County, near Boise, Narapa, and Kuna. 
Selection was based upon the diversity of clay and sand content. The results 
showed that for an area, velocity ratios could be correlated to the relative 
percentage of clay and sand. With further testing, this process will be able 
to aid the engineer and the geologist in acquiring inforraation relating to 
slope and soil stability, and foundation or fill testing at greater cost 
savings than can now be realized. 

INTRODUCTION 

The classification of soils and the subsequent deterraination of their 
elastic pararaeters, is often the focus of raany geotechnical studies for engi
neering purposes. This paper presents an illustration of a technique which, 
with further study, raay prove to be a useful and cost effective tool for deter
raining soil type and character. 

The elastic moduli can be derived from coraplex relationships of the 
velocities of the compressional and shear waves, and soil density. The wave 
velocities and soil density are controlled by soil type, and the relative 
percentage of sand and clay. Therefore, the relationship of the elastic moduli 
should be useful in predicting the relative percentage of sand and clay in a 
soil. However, soil density is a laborious and expensive value to obtain. If 
a ratio of the shear and compressional wave velocities without density, ade
quately approxiraates the elastic moduli, the ratio should also predict the re
lative percentage of sand and clay in a soil. This would provide a direct and 
cost effective approximation of the elastic parameters of the soil. 

This study had two purposes -- first, to establish a correlation between 
the elastic moduli and the ratio of shear-wave velocity (Vs) to corapressional 
wave velocity (Vp). The second part of the project was to determine if cross 
plots of the elastic moduli and the ratios of Vs/Vp could predict the percent
age of sand and clay in a soil. 

-235-



Soil Classification By Seismic Refraction 
By Michael L. Hiner, Andres Garcia and Dan Herold 
Page 2 

METHODS AND PROCEDURES 

Eighteen sites in the Boise area, having contrasting soil types, were 
used in the project. The soils at nine of the test sites were predominantly 
sand. The soils at six other test sites had soil types composed of mixtures 
of sand and clay. At each test site three parameters were raeasured -- shear-
wave velocity, corapressional wave velocity, and soil density. Figure 1. The 
wave velocities were measured independently from analog wave forms recorded 
by a Nimbus six-channel engineering seismograph. The raethod of seisraic re
fraction was eraployed, using geophone spacings of both 1 and 5 feet. The 
different geophone spacings were used to deterraine soil depth, and first layer 
velocity. 

The shear waves were generated by striking the end of a shear wave 
generator placed at the end and perpendicular to the geophone spread. The 
shear wave generator consisted of pieces of 2-inch angle-iron bolted to the 
bottom of a 4 in. by 6 in. by 4 ft. plank. To further enhance the shear-
wave arrival, a technique using reversed wave polarity, and horizontal geo
phones was employed. The reversed polarity of the shear-waves was produced 
by-striking opposite ends of the plank. The horizontal coraponent phones, 
besides recording the shear-wave components, also minimized the vertical 
components of the signal. The compressional waves were generated by striking 
a shot put with a sledge hammer. Vertical component geophones were used to 
record the compressional wave. The density of the soil at each location was 
deterrained by a portable, nuclear-soil densometer. 

The shear and compressional wave velocities for each soil type were 
calculated by linear regression. Figures 2 and 3 show typical plots of 
velocity profiles for one location. Figure 3 also illustrates the effective
ness of shear-wave polarity reversal. The parallel slopes of the arrival 
times for normal and reversed records indicate that there was no change in 
the picked phase of the shear-wave arrival. 

The elastic parameters for each soil type were calculated using the 
relationship including the Lamfe coefficient (X) and the Bulk modulus or modu
lus of compression (K). From these two values, the other elastic parameters 
of Young's Modulus, Poisson's Ratio, and shear modulus can be calculated 
(Figure 4). The calculated values of the shear modulus for each location 
were then plotted as a function of the ratio of Vs/Vp. From the plot, dis
tinct zones were found to exist for each soil type, based on approximate 
percentages of sand and clay (Figure 5). Using classifications found in 
the Unified Soil Classification scheme, the boundaries of each zone were 
tested and verified by computer approximation of the constants in the elastic 
moduli. 

The next phase of analysis involved cross plotting the velocity of 
the shear-wave against the ratio Vs/Vp for each location (Figure 6). The 
resulting graph shows strong correlation, and suggests that interpretation 
of a particular soil type can be based upon the relationship of the velo
cities without going into a detailed calculation of the elastic moduli. 
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FIGURE 1 - DATA TABLE 

P-WAVE 

1000.0 
898.9 
714.3 
930.2 
909.1 
1363.6 
934.5 
992.5 
1000.0 
295.5 
631.5 
695.0 
495.0 
473.0 
684.9 
754.0 
666.7 
740.0 

Ft ./e 

S-UAVE 

526.3 
666.0 
465.1 
1095.9 
1081.0 
625.0 
405.4 
722.9 
461.5 
289.8 
336.1 
563.0 
326.0 
327.8 
300.0 
355.0 
363.0 
440.0 

•Ft . / « 

DENSITY 

122.5 
115.7 
122.4 
118.2 
117.2 
113.4 
115.2 
117.2 
117.8 
87.0 
88.0 
89.5 
91.5 
83.8 
93.9 

114.0 
116.8 
112.6 

p.c.-F. 

SHEAR MODULUS 

33931482.025 
51319429.200 
26477324.424 

141957822.942 
136955349.200 
44296875.000 
18933023.232 
61245198.386 
25089309.050 
7306611.480 
9940762.480 

28368725.500 
9724254.000 
9004547.992 
8451000.000 
14366850.000 
15390619.200 
21799360.000 

M-b 
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FIGURE 2 - TIME DISTANCE PLOT OF P-WAVE ARRIVAL 
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FIGURE 3 - TIME DISTANCE PLOT OF S-WAVE ARRIVAL 
AND REVERSED POLARITY ARRIVAL 
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FIGURE 5 - CROSS-PLOT OF SHEAR MODULUS VERSUS Vs/Vp 
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FIGURE 6 - CROSS-PLOT OF Vs VERSUS Vs/Vp 
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The concept was further tested by plotting both the bulk modulus and compressional-
wave against the ratio Vs/Vp. Again, distinct soil type trends in the data were 
found. The separation of the different soil types into distinct trends can be 
seen in Figure 7. These are further enhanced by linear, computer approximations 
of the trends. 

One area of concern is the validity of data that exceeds the theoretical 
liraits of Poisson's ratio at .7, and whether the data is due to the soil type 
being anisotropic and inelastic. It is suggested that plots of Poisson's ratio 
versus the ratio Vs/Vp for each soil type, will show such anoraalous data points 
as having negative values of Poisson's ratios. Such data points will also have 
Vs/Vp ratios greater than ,7 (Figure 8 ) . 

CONCLUSIONS 

Frora this study, it was found that plots of Vs versus Vs/Vp allows for 
soil typing in given locations. The ratios of Vs/Vp can then be used to di
rectly approximate the values of the elastic moduli. In addition-, it was found 
that density and raoisture content values were not needed for soil typing (Figure 
9 and 10). 

With further testing, this technique should prove useful in evaluating 
soil types in engineering studies for site selection and analysis, and will 
provide a means of .directly approximating the elastic parameters of different 
soil types with less time spent in the field and laboratory. 
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FIGURE 7 - CROSS-PLOT OF iBULK MODULUS VERSUS Vs/Vp 
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FIGURE 8 - PLOT OF POISSON'S RATIO VERSUS Vs/Vp 
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FIGURE 9 - PLOT OF DENSITY VERSUS Vs/Vp 
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FIGURE 10 - PLOT OF MOISTURE CONTENT VERSUS Vs/Vp 
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ABSTRACT 

Frequently consulting geotechnical engineers raust design foundations for 
relatively large in area, raoderately loaded warehouses, at sites that are under
lain by corapressible, normally consolidated alluvium. The alluviura can consist 
of loose silts, sands, and soft organic and/or non-organic clayey silts. In 
the raajority of cases structurally supporting an entire warehouse on pile founda
tions is expensive and preloading the building site is generally more cost effec
tive. 

This paper summarizes the procedures used in our office for designing 
preloads based on limited soil test data. The procedures in the design involve 
estimating allowable soil bearing pressures, determining preload dimensions, 
making initial approximate 'tirae-of-reraoval' estimates, corrections to 'time-
of-removal' based on field settleraent raeasureraents, and estimating the araounts 
of post-construction settleraent. Limited data is presented from an actual pre
load design. 

INTRODUCTION 

Frequently, consulting geotechnical engineers raust design foundations 
for relatively large area, raoderately loaded warehouses, at sites that are 
underlain by corapressible, norraally consolidated, alluviura. The alluvium can 
consist of loose silts, sands, and soft organic and/or non-organic clayey silts. 
In most cases, pile supporting a large warehouse is not feasible and preloading 
provides a more viable solution. 

The title of this paper is not to suggest that designing a preload is a 
simple procedure; it implies providing a client with a cost effective preload 
design within a limited budget. Consequently, the engineer must thoroughly 
research the geology of the area and use his experience in selecting the most 
effective boring locations, boring depths, and representative saraples for 
strength and consolidation tests. Before,raaking these decisions, however, it 
is advisable to find out the diraensions of the warehouse, maximum live floor 
load, interior and exterior footing loads, and finished floor grade. Without 
knowing these parameters before making the explorations, the soils engineer 
may find out later, during his studies, that borings have not been made deep 
enough. 

Boring depths should be (estiraated by distributing the live floor load 
over the warehouse area and deterraining the resulting stresses in the subsoil. 
In general, the depth to drill and saraple is that depth where the additional 
increase in stress is less than 10 percent of the existing overburden pressure. 
The depth of borings raay also be controlled by a raore shallow depth to bedrock, 
glacially preconsolidated soil, etc. 
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It has been our experience that settlements of normally consolidated 
soil can be estimated to a satisfactory degree by one-dimensional consolida
tion theory from oedometer tests for cohesive soils (8, 9 ) , and Standard Pene
tration Resistance (N-value, blows per foot) elastic modulus correlations (1, 
5) for cohesionless soils.. We generally estimate settleraents of a non-
preloaded site to eraphasize to the client that preloading is required prior 
to constructing a warehouse. The alluvial deposits we design for are gener
ally non-horaogeneous, i.e., various types of soils and thicknesses, making 
accurate settlement predictions difficult. With this in mind, sophisticated 
settlement analysis methods are usually not warranted. However, we do de
termine a maxiraum-minimum range of total and possible differential settle
raents. Note that for preloaded sites, the actual settlements with time 
would be measured from the settlement plates. 

The rate of settlement for alluviura is difficult to predict from lab
oratory tests. Many variables are involved, such as: (a) the ordinary theory 
of consolidation used for analysis applies essentially for vertical drainage, 
whereas alluvial deposits may also exhibit some horizontal drainage, (b) ac
curate layer thicknesses, length of drainage paths and the coefficients of 
consolidation of good undisturbed samples must be evaluated, (c) corrections 
for gradual load application and pressure distribution are needed, and (d) 
various types and thicknesses of soils are usually involved. Except where 
drainage is controlled, as in sand drain installations, the predicted time-
settleraent rate frora laboratory tests tends to be slower than the actual 
rate. However, a time-settlement design estimate for a preload can and 
should be made; this will be discussed later. Past experience with similar 
soils will generally prove to be the raost reliable estiraate. 

To estiraate allowable soil bearing pressures for shallow foundations 
founded within normally consolidated alluvium, we determine the undrained 
strength frora unconfined corapression tests, unconsolidated-undrained tests, 
pocket shear torvane and/or hand penetroraeter tests. Standard Penetration 
tests, and correlations thereof. We use a lower bound average to estimate 
bearing capacity. 

ALLOWABLE SOIL BEARING PRESSURES 

Quite often the near-surface soils will not provide enough strength 
to support conventional spread or wall footings and/or the soil is too com
pressible, yielding intolerable settlements, even after preloading. This 
problera is approached two ways: first, over-excavate enough soft or loose 
alluviura beneath the footing to produce a prisra of corapacted structural fill, 
which with sufficient thickness would lirait settleraents and not allow over-
stressing of the underlying alluviura beyond its allowable bearing capacity; 
and second, assuraing that the near-surface soils are uniform and normally 
consolidated, develop a representative undrained strength from, for example, 
a c/Pn ratio (6) in order to estimate the increase in strength frora the 
preload stress. For this latter approach, a series of consolidated undrained 
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triaxial tests raay be required to develop a strength envelope. Note that if the 
near-surface soils are variable across the proposed site, raore than one series 
of tests may be required. This can become costly. Alternatively, soil samples 
could be obtained from borings, or test pits excavated to test strength by hand 
penetrometer, torvane, unconfined compression, e t c , after the preload is re
moved. However, even with increased strength, settlement may control an allow
able bearing pressure and should be checked. 

With the majority of our preload designs, we establish the allowable soil 
pressure by the first method. We assume that net soil pressure for footings on 
compacted structural fill to be in the order of 1,5 to 3 kips per square foot 
(ksf), generally 1,5 to 2 ksf, and then size the footing from the column or wall 
load. Obviously the relatively low bearing pressure on the structural fill raay 
raean a large footing, but the lower pressure generally causes less settleraent 
in the underlying alluviura. Using the known footing size and bearing pressure, 
we estiraate the stress on the alluviura for different thicknesses of structural 
fill. The stresses within the subsoils are determined by conventional methods 
(7). The required depth of over-excavation is to where the stress at the bottora 
of the corapacted structural fill is equal to or less than the allowable soil 
pressure of the alluviura or to that depth where coraputed settleraents are within 
a tolerable lirait. It should be realized that the thicker the prism the less 
settlement, and as can be recognized later, the smaller the preload. 

DETERMINING PRELOAD DIMENSIONS 

Basically the preload serves three functions: first, to pre-settle the 
building site to reduce final building total and differential settlements to 
about an inch or less; second, to attempt to elirainate all priraary consolida
tion and sorae secondary corapression under final load (perraanent site fill and 
live floor load); and third, to accomplish the first two within a relatively 
short tirae frarae. Preload tirae-settlement will be discussed in a later section. 

A method to reduce structural settlement to an inch or less is presented 
on Figure 1. Included is a stress profile with depth at the center of a typical 
warehouse. The soil conditions depicted on the figure are hypothetical and 
are for the purpose of discussion. The near-surface soft, clayey silt is assuraed 
to have a relatively low shear strength. A structural fill prism is shown be
neath the footing only, in order to reduce the stress on the clayey silt. It is 
apparent from the stress distribution that the prism also reduces footing settle
raent. The prisra thickness can be varied to decrease settlements. However, this 
depth would depend upon the cost of over-excavation, backfill, corapaction and 
dewatering. The corabination of the floor live load, assuraed to be 600 pounds 
per square foot (psf), and interior footing load could cause substantial settle
ment. Assuraing that these settleraents are intolerable, preloading would then 
be required. The preload would be designed to eliminate most of the settlement, 
except for about an inch or less. This is illustrated on Figure 1, If column 
spacings are sufficiently wide, pyramids of fill could be designed and placed 
above the surcharge for the floor load at column locations to reduce footing 
settleraents. Continuous wall footing surcharges could be designed sirailarily. 
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A stress profile at the side midpoint of the warehouse is illustrated 
on Figure 2. The subsurface soil conditions are the sarae as on Figure 1. Nor
raally a loading dock will be along at least one exterior side of the warehouse. 
In this case, the wall footing would be deeper than an interior footing and raay 
possibly bear within the alluvium. For these deep exterior footings we norraally 
recoraraend a lower allowable soil pressure than for interior footings, in order 
to develop less stress and less settleraent. The stress caused by the same 
footing in Figure 1, with a soil pressure of 2 ksf, is plotted on Figure 2 for 
coraparison purposes; with this higher soil pressure, raore settlement and conse
quently more preload would be required. 

Another difference at the side midpoint of a warehouse is that only one-
half of the floor live load stresses the ground (flexible foundation assumed). 
However, if the preload were only to extend to the edge of the warehouse, only 
half of the stress would be effective and settlements greater than 1 inch could 
result from exterior footings. This is illustrated on Figure 2. Therefore, in 
order to provide raore overstressing for the wall footing, the surcharge raust ex
tend beyond the building line or "overlap" the building line, 

A raethod to determine the stresses from overlapping is illustrated on 
Figure 3. The method involves calculating the stresses with depth at the side 
of a strip for various widths of overlap B, and adding thera by superposition 
(8) to the side of the warehouse. It should be noted that if corapressible 
stratura is relatively deep, wide crest to crest overlaps could result. 

As illustrated on Figure 4, a crest to crest preload overlap of about 
10 feet would be required to reduce final building settlements to an inch or 
less. 

The method illustrated on Figure 3 could also be applied to preloading 
a warehouse in sections, if the availability of preload material is limited 
or construction schedule is short. For instance, after a section of the site 
is preloaded, monitored and removed, construction could start while the other 
section is being preloaded. It has been our experience that if compressible 
soil is deep and the warehouse large, crest to crest overlaps in excess of 
40 feet could result because the stress required near the center of the ware
house is higher than the side. Also, some soil would be stressed longer be
neath portions of the overlap and cause more settlement. If particular sec
tions of the warehouse carry different floor loads, various preload heights 
could be used. However, the section with a higher floor load will require 
sorae overlap. 

INITIAL TIME-OF-REMOVAL ESTIMATE 

Obviously, an important factor with a preload design is this question: 
how long would the site require preloading before the start of building con
struction? If the preloading time is too long, the site raay be deeraed unsuit
able. Also, if the approxiraate length of tirae needed for preloading is not 
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judged correctly, a site may not be ready when construction is scheduled to 
begin. However, with suitable evaluation made beforehand, the preloading 
time could be shortened when desired by adding more preload. 

With reference to Figure 5, a design tirae-of-removal estimate for our 
purposes means evaluating the time at which a specific degree of consolidation 
(Up+p) would occur under the final and preload fill (PF-I-P) which would eliminate 
all primary consolidation and some secondary corapression of the design final 
loading. The design final loading consists of perraanent site fill plus live 
floor load ( P F ) . With this specific degree of consolidation, an estiraate can 
then be made for the time-of-rempval, These estimates are possible if certain 
items are known or deterrained by testing, such as: 1) the coefficient of con
solidation corapatible with the raaximum effective stresses to be iraposed; 2) 
ppre pressure distribution; and 3) layer thickness and length of drainage 
paths. Without these items, an estimate of time is primarily a guess, although 
experience in an area can provide a satisfactory estimate for the time-of-
reraoval. 

A raethod to estimate tirae of removal is presented on Figure 5, This 
figure was adopted from Johnson, 1970 (3) and is presented elsewhere (2). As 
shown, at the time of preload removal, (tpR), all primary and some secondary 
settlement under final load (PF) had been eliminated. Note that the time to 
the end of primary consolidation (tp) is assuraed to be the same under the final 
load and final plus preload. An equation to estimate the degree of consolida
tion and hence, time-of-removal, under final plus preload is presented on the 
figure, Syrabols in this equation, not defined on Figure' 5, are as follows: 
Po - existing overburden pressure, eo - void ratio in situ, tSEC - tirae to 
corapletion of specific araount of secondary corapression, Cc - compression index, 
C - coefficient of secondary compression. It is apparent from this equation 
that the degree of consolidation can be varied with the araount of preload (e.g., 
raore preload less tirae). When estimating preload tirae-of-reraoval for a ware
house, at least one log cycle of tirae for secondary compression (tSEC) should 
be compensated. The preload as recommended in the previous section should be 
considered a rainiraum surcharge. With this minimura surcharge, a rough estimate 
of the time-of-removal can be made. 

One limitation of this method is that the shape of the time-settlement 
curve, after the preload is removed, is not usually evaluated by standard con
solidation testing. Special, long-term testing would be needed, using the 
proposed design loadings. In addition, it has been our experience that the in 
situ rate of secondary compression is generally greater than determined from 
short-term oedometer tests. Consequently, the actual rate from settlement plate 
readings during preloading should be used to estimate future settleraents. 

With respect to our experience in the Seattle area, we have found that 
preloads should remain at full height on typical warehouse sites for a period 
of about 1 to 3 raonths. 
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POST-CONSTRUCTION SETTLEMENT ESTIMATES 

One of the most important aspects of preload projects is monitoring 
settlement plates during filling and preloading. The plates should be located 
strategically, such as near the center, sides, and corners of the preloaded 
area. If settlement plates are not constantly raaintained and raeasured during 
filling and preloading, post-construction settlement estiraates and the tirae 
of preload removal cannot be accomplished. 

We determine the time of preload removal from the settlement plate 
readings. The preload is removed when settlements indicate a linear rate when 
plotted on a log time scale. This log time is adjusted, and then used to 
estimate post-construction settleraents. 

In order to theoretically predict post-construction -settlements, a cor
rection should be applied to the actual settlement plate readings to account 
for the gradual application of loads. The general theory of consolidation 
assumes instantaneous loading, so that an adjusted zero time is required. 
Various methods of determining this correction are available (2, 3, 8, 9), An 
approxiraate, siraplified raethod is presented herein. The results of typical 
settleraent plate readings before the preload was removed are presented on 
Figure 6. Two time-settlement curves are shown - actual and adjusted. Figure 
7 illustrates the approximate raethod of deterraining an adjusted zero time. The 
same settlement plate readings from Figure 6 are plotted on an arithmetic scale 
as shown on Figure 7, The adjusted zero time is approximate by drawing a con
tinuous curve up to the actual time scale. This tirae is the adjusted zero time. 
As shown on'Figure 6, the actual plate readings are then shifted left to develop 
the adjusted time-settlement curve. This adjusted curve is then used to esti
mate the post-construction settleraents. 

As raentioned, when the adjusted log time-settlement curve develops a 
linear relationship, post-construction settlements can be estiraated. Note that 
for this relationship the degree of consolidation for the final load and preload 
(Up-i-p) is assuraed to have reached 100 percent and secondary compression is 
assumed to develop. An approximate method for estiraating post-construction 
settleraents is illustrated on Figure 8. For this exaraple, it is assumed that 
the site is raised with fill to support the floor slab (site fill). At the 
time of preload removal (tpR), the settlements for the site fill only (PF -
floor), and site fill plus floor live load (Pp) are assumed to be directly pro
portional to the total settleraent (AHRR) frora the site fill plus preload (Pp+ Pp) 
Frora these estiraated settlements, log tirae-settleraent lines are drawn parallel 
to the developed adjusted curve. Where they intersect the total settleraent 
( A H P R ) , a construction period correction is applied as shown. From this, the 
post-construction settlements are estiraated. It is apparent frora this figure 
that the longer the preload reraains on the site, the lower the post-construction 
settlements will be, since the estimated tirae zero would be shifted further 
right on the log time scale. 
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The assuraption that these design load curves are parallel to the actual 
adjusted time-settlement curve is probably Gonservatiye. The probable time-
settlement curve is expected tp be as shown on Figure 5 and 8. The initial de
crease would be due to the stress reduction from the higher preload surcharge 
to the actual building load (3), The compressible layer would be in effect 
over - con s"o 11 da ted after the. preload is removed. With time, however, the rate 
of secondary compression is expected to increase and become parallel, to the 
original secondary rate. Data presented by Mesrl and Godlewski, 1977 (4) in
dicate that for an over-consolidated deposit, secondary compression increases 
with time. Considering the non-homogenitity of typical alluvial deposits and 
the present state-of-the-art. with respect to actual long-term settlement 
readings for preloaded sites, a more accurate prediction of the actual second
ary rate after preload removal is not justified at this tirae. It would be 
more appropriate at this time to estimate post-construction settlements as 
illustrated and assume that after about 20 years the actual settlements would 
be about 3/4 of the estimated values. 

To further the current state-of-the-art fo,r preload design j long-term 
building settlements should be maintained along with, sufficient subsurface 
soil data including oedometer tests with long-term tirae-settlement relation
ships. 

LIMITED PRELOAD DATA 

Limited results of two preload designs are presented. Limited implies 
that settlement plate readings were taken up to the time of preload removal. 
Settlement of the structures is hot available since they are still under con
struction. Also, due to time limitations of the design phase, long-terra oedo
meter time-sett!ement curves at various anticipated effective stress level.s 
were not accoraplished. 

A client wishgd to construct a grocery storage and shipping warehouse 
approximately 360 by 810 feet in plan dimension. About 7 feet of structural 
fill was required within portions of the warehouse area, to establish the grade 
desired for the slab-on-grade floor. The maximum live floor load for preload 
design was 750 pounds per square foot (psf). However, the post-construction 
settlements Were estimated from an estimated average floor load of 400 psf. 
Some of the eastern and southern sections of the site were previously filled 
with rubble, which was removed prior to construction. The. approximate loca
tions of the rubble- fillj the warehouse and the toe of the preload are shown 
on Figure 9a. 

Three borings were accomplished for this project. Their relative loca
tions and logs are presented on Figures 9a, 9bi 10a and 10b. Basically, the 
site consisted of three relatively distinct soil layers: an upper clayey silt 
to sandy silt with scattered fibrous organics, overlying fine to medium sand 
with local silt lenses, overlying clayey silt to silty clay with organic zones 
and shell fragments. The upper and lower cohesive soils were soft to medium 
stiff and the sand layer was generally medium dense with an average N-value 
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of around 20 blows per foot. A generalizGd subsurface profile is presented 
on Figure 11. 

Four consolidation tests were accomplished op re|Dresentative samples 
of cohesive soils. The results are .presented on Figure 12.. The variability 
of the physical characteristics of the alluvial deposits at this site is 
apparent from the range in compressibility indicated on the figure. 

Considering the variable soil conditions at the site., as revealed by 
the borings, and seven shallow backhoe. test pits, the alluvium was estimated 
to have a minimum allowablei bearing capacity of 800 psf before preloading. 
Without a structural fill prism,, footing settlements were estimated to be 
greater than 1,5 inches for the structure load only, even neglecting settle
raents due to site fill and live floor loads. Consequently, interior and 
exterior spread footings were provided with a 4.5-foot thick prism of com
pacted structural fill and designed for an allowable net soil pres.sure of 
2 ksf. An exterior loading dock continuous footing was designed for 1.5 
ksf with a 3-foot thick structural fill prisra. The decision was made to 
over-excavate and backfill any applicable footing pads duping initia,! site 
grading and filling. In this regard, accurate locations for the excava
tions were necessary. This scheme was deemed more eiconomical than excava
ting through all or part of the 7 feet of floor fill after the preload was 
reraoved. 

Withput preloading, untreated site settlements were estimated by using 
conventional one-dimensional consolidation theory based on the results of 
carefully conducted oedometer tests (Figure 12), and an assumed modulus fdr 
the middle sand layer. Total structure and floor settlements were estimated 
to range from 6 to 14 Inches for the interior, 5 to 8 inches along the side, 
and 3 to 5 inches at the corner. Differential settlement possibilities were 
numerous. These settlements assumed that the site fill, foundations and live 
floor load would be applied within a relatively short.time. 

An 8-foot high preload fill, equivalent to about 1,100 psf, was de
signed and applied to, the entire site as shown on Figure 9a, to reduce footing 
and floor differential settlements to approximately 1-inch. The crest of the 
preload was designed to overlap or extend beyond building lines by 15 feet 
with an exterior slope of 1 Vertical on 1.5 Horizontal. Based upon our ex
perience with similar soils and projects, and a rough approximation using the 
method previously described, a minimum preload period of'2 months at full 
height was estimated. 

The results of the settlement plate readings are presented on Figure 
13. As shown the total settlement at the various settlement plates ranged 
from 3.5 to 12.8 inches. The agreement with the untreated site settlement 
estimates was excellent. ,It took a month to reraove the preload and it re
mained on the site at full height for about 3 months instead df the estimated 
2 months.. As illustrated on Figure 13 this longer period^ was required in 
order to develop a linear log tirae-settlement curve for estimating post-
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construction settlements. As shown, plates 2, 3, 6, 1 and 4 started to deve
lop a linear trend after about 40 days at full preload height, but the other 
plates took longer. It was decided to remove the preload after adjusting 
all curves and estiraating future settlements, after about 80 days of pre
loading. 

After an estimated one year of construction and floor loading, vie -
estimated that settleraents could vary at plate locations from 1/2.tp 1 1/2 
inches. This includes footing settleraents Twenty years after corapletion, 
total area settlemerits could vary from 1 to 6.5 inches. In other words, the 
entire site would settle in a dish-shaped pattern. Although this area settle
ment would seem'intolerable, the maxiraura differential footing settlement with 
40-foot bays- would be less than about 1 1/2 inches, as determined for the 
two plates (3 and 5) which showed the maxiraura difference in estimated settle
ment after 20 years. 

Another .structure was also preloaded near the grocery warehouse. A 
brief sumraary follows. The building is 60 by 205 feet in plan dimension with 
a '300 psf floor live load. Soil conditions at this site were similar to the 
grocery wariehouse. Untreated site settlements were estimateid to vary from 
3.5 to 7.5 inches. The preload was overlapped 10 feet beyond the building 
lines. The site was preloaded with 5 feet of fill (675 psf) for 26 days., 
Settlements measured from three plates- ranged from 3,5 to 7 inches at'the 
time of preload removal. The results of the .settlement plate readings are 
presented on Figure 14. Post-cons'truetion total settleraents were estimated 
to vary from 3/4-1 nch after 2 years to 2 inches after 30 years.. Differential 
settlements were estimated to be about 1.3 inches along 60 feet in 30 years.. 

CONCLUSIONS 

Preloading is an effective means to provide foundation support for a 
relatively large, moderately loaded warehouse, upon what may appear to be an 
otherwise unsuitable site. The procedures described for designing a preload 
indicate that: . 

1. Proper footing sizes, allowable bearing pressures and thickness' 
of structural fill beneath a footing is an effective means of supporting 
structures on loose and/or soft compressible soil after preloading. 

2. A preload should, be designed to reduce future footing differential 
settlements to about an inch. Also,, the preload should overlap the building 
lines if the exterior footing settlemerits have not been compensated by the 
interior preload fill. 

3. Approxiraate preload time-of-removal estimates and adjustments 
thereof, can be made if the engineer has confidence in his data. Past ex
perience with similar soils would be more effective. 
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4. Preloads must be monitored effectively with a sufficient number of 
settlement plates in order to determine actual preload settlements, time for 
reraoval and to estimate future building settlements. 

5. The actual preload tiiiie-of-reraoval should be determined after the 
settlement plate readings develop a linear log tirae-settlement curve and the 
estimated post-construction settlements are tolerable. 

6. A simplified approximate method to estimate post-construction settle
ments is proposed. Long-term settlement records of structures on preloaded 
sites should be maintained to evaluate the proposed raethod and further the 
current state-of-the-art. 
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ACTIVE FAULT ZONES AND REGIONAL SEISMICITY 
IN WESTERN NEVADA 

By . 

David K, Rogers^, David B. Simon^ and John Stellar-^ 

ABSTRACT -

The majority of active faulting in Western Nevada, occurs along several, 
relatively wide structural zories. These consist of three major geomorphic and 
tectonic elements of the region (the Sierra Nevada frorital fault system, the 
Fairview-Dixie Valley fault zone, and the Walker Lane fault zone), and several 
minor trarisverse structural elements of the region (the Truckee-01inghouse fault 
zonei the Carson Lineament, the Yerington-Rawhide Lineament and the Mono Basin-
Excelsior Mountairis structural zone). Along the various fault zones, photogeo
logic interpretatiori of recent low altitude, low-sun angle aerial photography, 
high altitude color IR and RADAR Imagery reveals numberous, previously unde
tected fault segments displacing Quaternary alluvium and older bedrock. Com
parisons of scarp morphology between the various fault zones suggest that the 
transverse zones have the least amount of aetivity. Maximum credible earth
quakes in the range of 7.1 to 7.3 can be expected to occur along the major 
active fault zones while the minor, transverse fault zones are capable of gen
erating 6.5 to 6.7 magnitude earthquakes. 

INTRODUCTION 

This paper summarizes the results of a comprehensive literature review 
and remote serisiing analysis in Western Nevada. Field verification, and the 
remote sensing analysis covered two study areas at a scale of 1:250,000 con
sisting of more than 9,200 square kilometers which included four detailed areas 
at a scale of 1:12,000 covering about 4,500 square kilometers. The literature 
review, tectonic models and remote sensing areas are within a circular regional 
study area 320 kilometers iri diameter. Many of the features identified in the 
remote sensing arialysis have been yerified in the field. 

The types of remote sensing imagery analyzed included computer-enhanced 
LANDSAT scenes, high-altitude color infrared photography, Side-Looking Airborne 
Radar (SLAR), arid low-sun angle black and white photography. The fundaraental 
results of the imagery analysis are: 

1) the location of previously unmapped faults, 

2) the location of the boundaries of the active portions of major 
fault zones, and 

^ Converseaward-Davis-Dixon, San Francisco, California 

^ Harding Lawson Associates, Reno, Nevada 

3 Converse^Ward-Davis-Dixon,,Pasadena, California 
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3) the identification of lineaments that may or may not be 
asspciated with faulting. 

For clarification., the term "lineation" as used in this paper is defined 
by O'Leary and others (1976) as a geomorphic -feature: 

"A lineament is a mappablej simple or composite linear feature of 
a surface whose jsarts, are aligned in a rectilinear or slightly 
curvilinear relationship and which differs distinctly from the 
patterns of adjacent features and presumably reflects a sub-, 
surface phenomenon." 

TECTONIC. SETTING 

The two study areas are near the western edge of the seismically active 
Basin-and-Range Province, Figure 1 "Regional Geology," shows the location of 
the ranges (roek areas) and the-basins (alluvium), and the boundaries of the 
Copper Valley and. Churchill Butte study areas. Figure 2 "Regional Faults and 
Epicenters," shows the general location of major faults, fault zones and earth
quake epicenters as discussed in this paper. 

The western edge of the Basin-and-Range Province is dominated by struc
tural relationships that are described by various writers, including Shawe 
(1965), Gilbert-and Reynolds (1973), Steward (1973), Sleramons (1967). Wright 
(1976), and Sleramons and others (i'n press). Some of these relationships are-: 

a) a region characterized by progressive extensional break-up 
of the Basin-and-Range Province that was initiated about 15 
raillion years ago with the concomitant tilting and uplift 
of the Sierra Nevada to the west; 

b) a period of regional uplift that has been correlated by 
Atwater (1970) to the continental North America Plate over-, 
riding the East Pacific Rise with a change in tectonic style 
from compressional tectonics to one of extensional tectonics; 

c) three main geomorphic and structural elements of the region 
(the S ier f a Nevada t rdri tal f a u It s;y s tera; the Fal ry i ew- D i x i e 
Valley fauH zone;; and the Walker Lane fault zone (a right-
slip fault system within the Basin-and-Range Provinee); 

d) several minor transverse structural elements of the region 
(the rruckee-OlirighoUse fault zpne,, the Carson Lineament,. 
the Yerlrigton-RawKide Lineament and. the Mono Basin-Excelslor 
Mountains structural zone). 

These structural elements, described in the following sections, can be 
grouped into three categories: fault zones that trend north-south, northwest 
and riortheast. 
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North-South Trending Fault Zones 

The north-south trending fault zones include the Geripa-Jack Valley, 
McTarnahan Hill-Diamond Valley, Fairview-Dixie Valley, and Granite Springs 
Zones of active faul t ing. These, zones are described as follows; 

a) Genoa-Jack Valley Fault Zone 
The Genoa-Jack Valley fault zone is a. north-trending, zigzag 
pattern of faults along the east side of the Carson Range. 
These impressive fault scarps along the eastern flank of the 
Sierra Nevadas can be followed from the cotrmunity of Woodfords 
near U.S. Highway 88 northward where they splay into an en 
echelon pattern, near the-Mount Rose Highway, a few miles south 
of Reno, Nevada. 

On the- southern end, from Woodfords north to Stewart, an im-
iaressiye fault scarp several thousand feet high overshadows 
the Carson Valley. At the base of this scarp is a recent 
fault scarp about 13 meters high and inclined 36° to 60° 
east (Moore, 1969). This recent scarp is clearly visible for 
about 16 kilometers northward to the town of Genoa. According 
to Moore (1969), the time of the formation of this scarp is 
very recent, yet it was present In 1854 when the first sett
lers arrived. 

Aerial recorinaissance flights and imagery analysis show that 
the active fault traces of this zone are confined to a single 

- fault along the east flank of the Carson Range except where 
it splays into broad northeast-trending patterns through Carson 
City and'again towards the north near Reno, Nevada. 

Nprthward from the town of Stewart,, the faulting becomes more 
complex riear Carson City, Rather than a single fault scarp, 
a pattern pf en echelon, right-stepping fault scarps can be 
followed towards Lakeview Summit. Here the Hartford Hill 
Rhyolite Tuff (renamed by Bingler, 1977) has been displaced 
vertically about one kilometer since late Ollngocene time 
(Lageriheim and Larson, 1973), about 20 to 28 million years 
ago (Silberman and McKee, 1974). 

Slemraons and others (1977) believe that one-half of this de
formation :may have occurred within the last five million years. 

North of Lakeview Sunfiiit, the east front of the Carson Range 
appears, to be controlled by simple fronta.l faulting west of 
Washoe Lake. This normal faulting then splays into numerous, 
en echelon .faults that displace alluvial fans near the Mount 
Rose Highway. Many of these fault scarps are multi-faceted 
(Cordova, 1969), suggesting recurrent movement in the recent 
geologic past. 
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Greensfelder (1974) shows the Jack Valley fault with a maxi
mum credible earthquake of 7,0 magnitude. Using fault length 
and displacement relationships by Sleirniions (1977), the Genoa-
Jack Valley fault zone raay be capable of generating a 7.2 
magnitude earthquake. 

b) MpTarnahan Hill-Diamond VaUey Fault Zone 
McTarnahan Hill is the northern boundary of a zone of north-
south trending faults beginning near the CallfGrnia-Nevada 
border about 35 kilometers to the south. Numerous subdued 
and highly weathered north-south trending fault scarps are 
seen about 4 kilometers east of the Minden-Gardnerville area^ 
Mpst of these normal faults; are down-dropped to the east, 
having scarps several meters high. South of Hot Springs 
Mountain, several faults displace younger alluvium northeast 
of the Douglas-Tahoe airport. The McTarnahan zone appears 
much less active than the Gerioa-Jack Valley zone; however, 
the sediments and alluvial materials forming the fault 
scarps weather faster than bedrock and Pther alluvial scarps 
along the Carson Range front. Presently, detailed studies 
of the fault scarp morphology south of Carson City are being 
conducted by Pease (1979). 

Recent work by Van Wormer and others (1979) shows a clustering 
of microseismicity along north-south trends in the vicinity 
of the southern end of the McTarnahan-Diamond Valley Fault 
Zone. On September 4, 1978, an earthquake sequence began in 
Diamond Valley, California. The two largest events had a 
magnitude of 4.5 and 5,0 arid were felt in the, Carson Valley 
area. 

The largest recorded event possibly associated with the 
McTarriahan Hi 11-Diamond Valley zone is a 5.0 to 5.9 magni
tude earthquake with ari epicenter just south of Gardner-
ville. 

Based on worldwide relations, of earthquake magnitude to 
length of the fault zone, Individual fault rupture lengths 
within the zone arid displacements corapiled by Slemraons 
(1977), the McTarnahan fault zone may be capable of gener
ating a 6.0 to 6.5 magriitude event* An estimated slip 
rate of 0.01 cm per year is assumed due to the lack of pre
cise activity determinations. 

c) Fairview-Dixie Valley Fault Zone 
According to Coffman and Von Hake (1973), on December 16, 
1954,, two strong earthquakes of magnitude 7.1. and 6.8 were 
felt over a large area of the western United States. 
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The earthquakes of December 16, 1954, were accompanied by 
offsets along segmGnted faults in four main zones of a larger 
north-trending belt 96 kilometers long by 32 kilometers wide. 
Minor geologie effects included: ehanged flow of springs and 
wells, formation of water fountains and craters, landslips, 
landslides, mudflows, and rockfalls, arid secondary fracturing 
of unconsolidated sediments. 

The fault displacements were raalnly along normal, oblique-
,slip faults of the-Basin-Range type in the following zones: 

- west of Dixie Valley 
- southeast of Dixie Valley 
- east of FairView Peak 
- east of Stingaree Valley 

The maximum strike-slip component was 3.6 meters (right-
lateral) at Fairview Peak, and the maximum vertical-slip 
component was about 3.6 meters at Bell Flat. Most qf the 
faults are at or near the alluvium-bedrock contact. 

Although east of the study areas, aerial reconnaissance 
flights were conducted in Dixie Valley to compare the recent 
fault scarp morphology with other fault zones and selected 
detailed study areas. Iri addition, a comparison of LANDSAT 
imagery of the Fairview-Dixie Valley Fault Zone arid the study 
areas was raade. The main frontal fault scarp along the west 
side of Dixie Valley is clearly visible due to high sipectral 
reflectance in Band 7 of the LANDSAT scenes. Another major 
fault having similar LANDSAT reflectance and fresh scarp mor
phology was observed along the e.ast side of Granite Springs 
Valley in Pershing County. 

d) Granite Sjarings Valley Fault Zone 
A striking fault scarp bordering the east flank of the Shawave-
Hountains can be observed on LANDSAT imagery, from aerial re
connaissance fl ights> and from the grounds The north-south 
trending fault begins near Copper Valley where alluvium is 
displaced in a left-stepping en echelon fashion and continues 
northward in a zigzag pattern for about 45 kilometers. Towards 
the northern end, the fault trends riortheast, displacing allu
vium. Field irispection of the fault shows the scarp to be in
clined about 25'' and down-dropped to the east,; With the excep
tion of a short northeast-trending fault in Copper Valley, no 
other faults in the area of Granite Springs Valley have fresh 
scarps or appear to be aligned with any of the active fault 
traces. 
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Using the state-of-the-art fault length-displacement and 
earthquake magnitude relationships compiled by Slemraons 
(1977), the fault along the west side of Granite Springs 
Valley may be capable of generating a 7.0 magnitude earth
quake. An assumed slip rate of 0.01 cm per year is esti
mated for this fault. 

Other north-south faults with fresri bedrock scarps or dis
placements in alluvium are located both west and east of 
Granite Springs Valley. Along the western and northeastern 
flanks of the Nightingale Mountains about 16 to 25 kilo
meters west of Granite Springs Valley, less defined fault 
scarps appear on the LANDSAT imagery. .Apparently less 
active, the Nightingale Mountain faults may be capable of 
earthquakes in the sarae range as faults in Granite Springs 
Valley; i.e., about 7.0 magnitude. Wallace (1977, 1978) 
and Slemraons (1979) discussed a north-south trending frontal 
fault system along the west flank of the Humboldt Range 
which is located about 48 kilometers east of the Granite 
Springs Valley. The maximum credible earthquake associated 
with the faulting alorig the; west flank of the Humboldt 
Range has been estimated by Wallace (1978) tb be 7,3 mag
nitude. 

Northwest Trending Fault Zones 

The Walker Lane fault zone -is a major, but discoritinuous, right-slip 
fault zone of northwest trend, in the western part of the Basin-and-Range Pro
vince (see Figure 2). It extends more than 640 kilometers from the Likely 
Fault in northeastern California to the Las Vegas shear zone near Las Vegas, 
Nevada. The main effect of this zone is to separate the north-northeast 
trending, long horst and grabens of the eastern Basin-and-Range Province from 
a series of irregular but partly northwest-soiitheast trending blocks of the 
western Basin-and-Range Province. 

The zone has approximately 48 kilometers of cumulative right-slip off
set during the last 22 million years (Hardyman and others, 1975). The zone, 
appears to become more distributed in northern California (Pease, 1969).. Fault 
segments, lying within the Walker Lane are the Honey Lake-Pyramid Lake, Carson 
Sink and Walker Lake Segments, These are described as follows: 

a) Honey Lake-Pyramid Lake .Segment 
As reported by Bell and Slemmons (1977), the following conclusions 
relating to the Honey Lake-Pyramid Lake fault segment (shown on 
Figure 2) are; 
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1) The site-spGCific diagnostic evidence of late Cenozoic strike-
slip faulting Includes: sag ponds, en echelori fault scarps, 
elongate depressions and troughs, offset stream channels vege-" 
tation alignments, transcurrent buckles, arid rhomb- arid wedge-
shaped (depressions. 

2) The regional and site-specific major fault features disrupt 
late PTeistocene to Holocene and, possibly, historic deposits 
and landi'onns. 

-3) The fault zone has a similar orientation to the San Andreas 
fault system and displays right-lateral strike-slip displaee-
ments. 

4) The active portion of the fault zone has a maximum observable 
width of 4 to 5 kilometers and a raaximum observable length of 
60 kilometers. The Pyramid Lake lineament suggests a projection 
of the fault zone approximately 30 kilometers to the southeast, 
or 90 kilometers total length. 

5) The historic seismic activity in the vicinity of the fault zone 
includes microseismic events and several events of magnitude 4.0 
to 5.9. The mid-18,00's earthquake reported for the Pyramid Lake-
Stillwater area and estiraated to have had a Richter Magriitude of 
7.0 may also be related to this zone. Reconnaissanee examination 
of fault seairp morphology, however, suggests that displacements 
along the Pyramid Lake fault zone are neo-historic rather than 
historic. 

6) Based, on worldwide relations of earthquake magnitude to lerigth 
of the zone gf surface rupture, the fault zone is inferred to 
be eapable of generating a 6.7 to 7.2 magnitude event for a half-
length of approximately 30 kilometers. 

An earthquake, which may be related to the Pyraraid Lake fault zone, 
apparently occurred near Pyramid Lake in 1852 with an estimated Rich
ter Magnitude of 7.0 (Slemmons and other.s, 1965),. The location and 
date of occurrence of this event are based on Paiute Indian accounts 
of ground cracks, water spouts., and ground shaking observed in the 
Pyraraid Lake and Carson Sink areas, Ryall (1977) reports a date of 
1845 for the same earthquake and places the epicenter in the Still
water area based on an 1869 Gold Hill. News itetfi Indicating that the 
shock knocked down people iri the Carson Sink area, that river banks-
were shaken down in the vicinity of Stillwater, and that the river 
changed its course. 

A raoderate earthquake of magnitude 5.2 occurred on February 22, 1979 
in the southeast portion of Honey Lake Valley (Bryant, 1979). His-
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torical seismicity of the Honey Lake region prior to 1900 in
cludes a magnitude 6.0 in 1875i a magnitude 5.6 in 1885 and a 5.5 
magnitude in 1889 near Susanville and Jaraesyille (Toppozada. and 
others, 1979). In 19501, a magnitude 5.6 earthquake occurred in 
the Fort Sage Mountains, producing up to 20 cm of ground displace
ment. 

b) Carson Sink Segment 
The Carson Sink segment' (Figure 2) has many short faults of various 
orientations but has no. single, through-going faults exposed at 
the surface. There are a few, short fault scarps of possible Holo
cene age. the lack of surface expression and evidence of activity 
of this segment may be related to the tectonic activity bypassing 
this section via the. Fairview Peak, Dixie Valley and Carson Sink 
areas, or to detachment faulting of the type described by Hardyman 
and others (1975), for some of the Walker Lane branches in the 
Walker Lake area. The -short active faults of this segmerit of the 
Walker Lane could have developed from earthquakes o.f 6.5 to 6.7 
raagnitude, with raajor deformation bypassed through the Carson Sink.. 
If detachment faulting 'exists, this zone may be capable of gener-
atirig a 7.3 magriitude earthquake, based on half-length relation
ships for continuous segments. 

I 

Although there are no single through-going faults exposed at the 
surface, the combined analysis of LANDSAT, Radar and color Infrared 
imagery shows several long lineaments trending northwest within the 
Walker Lane. One linearaent starts in the center of the Dead Camel 
Mountains and is nearly continuous for 40 kilometers in a north
west direction. Several other Radar imaged lineaments are aligned 
extensions of mapped faults and show continuous trends of up to 
20 kilometers. Based on the Radar imagery and published geologic. 
reports, the Carson Sink segment of the Walker Lane is about 22 
kilometers wide between Fallon and Silver Springs. 

Many of the Radar imaged lineations which are located within the 
Walker Lane or northeast of Reno or in the Virginia Range, are 
aligned with elongate,-closed aeromagnetic contours (Nevada Biureau 
of Mines, 1977) or co1ri(:ide with truncated aeromagnetic contours. 
This correlation suggests that many of the lineaments may be 
associated with basement faulting, particularly those Ti.rieaments 
located within the Walker Lane. 

G ) Walker Lake Segment 
The Walker Lake segment Is shown on Figure 2. The data of Hardyman 
and others (1975) indicate a total strike-slip separation rate of 
over 2 mm/yr. across the section of the Walker Lane opposite the 
Walker Lake segment. At least five major strands of the Walker 
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Lane fault zone are present in the Walker Lake area, and the slip 
rates for individual branches are about 0,5 rara/yr,, averaged over 
the last 22,000,000 years. Current rates have not been established 
but raay be higher (Sleraraons, 1978), 

Transverse Northeast-Trending Fault Zones 

The western Basin-and-Range Province is a region 
faults (Wright, 1976) with northwest-trending faults ha 
placeraents sirailar to the San Andreas fault systera and 
haying left-slip coraponents sirailar to the Garlock faul 
and valleys of this area are controlled by short horst 
northerly trend and conjugate left-slip and right-slip 
northeast trend, respectively. The strike-slip faults 
raents of up to a few kiloraeters. There are three raain 
east trend in the study area. They include: 

of conjugate active 
ving right-slip dis-
northeast-trending faults 
t zone. The raountains 
and graben blocks or 
faults of northwest and 
have cumulative displace-
conjugate zones of north-

- the Truckee-Olinghouse zone of approxiraately 96 kiloraeters length 
- the Carson Linearaent of approxiraately 56 kiloraeters length 
- the Yerington-Rawhide zone of approxiraately 50 kiloraeters length 

Two other conjugate zones of northeast trend outside and south of the 
study area include the Mono Basin-Excelsior Mountains structural zone (Gilbert 
and Reynolds, 1973) which includes the Candelaria Hills faulting described by 
Speed and Cogbill (1979). 

The three raain conugate zones, 
follows: 

illustrated on Figure 2 are described as 

a) Truckee-Olinghouse Fault Zone 
The Truckee-Olinghouse fault zone is the raore structurally prorainent 
zone, with historic seisraic activity. This zone has a series of 
en echelon northeast trending faults with up to 3.7 raeters of left-
slip offset on the Olinghouse fault of 1869 (Sanders and Sleraraons, 
in press) and an associated 6,7 raagnitude earthquake. The Olinghouse 
fault can be traced for raost of its length frora its georaorphic ex
pression in the hilly terrain and is hidden only where overlain by 
recent alluvial sediments. Nuraerous features characteristic of 
strike-slip faulting can be observed along the fault, including: 
scarps, vegetation lines, sidehill and shutter ridges, sag ponds, 
offset streara channels and stone stripes, enclosed rhorabohedral and 
wedge-shaped depressions, and en echelon fractures. 

In the Truckee area where the 1966 raagnitude 5.7 earthquake occurred. 
Van Worraer and others, (1979) found a zone of current seisraicity dis
tributed over a northeast-trending zone about 25 kiloraeters long. In 
their report, they state: 
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"This zone follows a structural low from Donner Pass through 
Donner Lake, then turns north through Bennett Flat northwest of 
Truckee, and continues to the northeast through a structural 
depression north of Prosser Hill to Hobart Mills. There the zone 
is spread in a northwest-southeast direction, which raay be re
lated to the aftershock zone of the 1966 earthquake. The fault 
that runs northeast frora this epicentral zone is the one that 
ruptured in 1966; it passes through one of the abutraents of 
Starapede Dara and continues through Hoke Valley and Dog Valley 
for another 10 kra to intersect with the Last.Chance fault." 

b) Carsc)n Linearaent 
The Carson Linearaent has been referred to only briefly in the 
literature with regard to the regional Basin-and-Range tectonics 
by Shawe (1965), and Gilbert and Reynolds (1973). Shawe first 
naraed this raajor structural trend as the "Carson Linearaent." 
The southwestern end of the Carson Linearaent near Carson City 
and the coramunity of New Empire have been investigated by Rogers 
(1975), and Trexler and Bingler (1977). The first comprehensive 
investigation of the entire length of the Carson Linearaent was 
conducted by Siraon and Mason (1978) under the direction of Dr. 
David B. Sleraraons at the University of Nevada, Reno. Siraon is 
presently conducting detailed analysis of scarp raorphology along 
the Carson Linearaent (personal communication, 1979). 

There is no compelling geologic, geophysical or seisraologic evi
dence for designating the Carson Linearaent as a continuous fault 
zone. However, sorae evidence is suggestive that the discontinuous 
segraents are seisraogenic structures. The linearaent was first dis
cussed by Shawe (1965) raainly for its iraagery and topographic 
character. The current status of evidence relating to the linea
raent, including geophysical and seisraological evidence, is sura
raarized under each topic below. 

Geologic Evidence: The geologic map of Nevada (Stewart and 
Carlson, 1977) and the county maps of the Nevada Bureau of Mines 
and Geology covering the Carson Linearaent show no evidence of a 
well-defined fault zone for either the Truckee-Olinghouse zone 
or the Carson Linearaent. Both zones appear to change the overall 
pattern of distribution of geologic units to the north and south 
of each of these linearaents. The pattern and position of faults 
is changed; but the effect is a subtle, irregular one suggesting 
that the raain effect is the presence of less granitic and raeta
raorphic rocks in the area between the two lineaments. 
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Faults of the Zone: The geologic raapping and the imagery analysis 
of this zone cleaTly show a dispersed and irregular pattern of young 
faults, with no through-going faults of lengths more than about 10 
kilometers. The irregular pattern of short fault segraents suggests 
that there is not a deep baseraent fault, or the baseraent fault is 
detached frora the surface by horizontal or bedding plane detachraent 
faults, or by plastic deforraation and folding accorapanying the faul
ting. 

Seismicity: The historic seismic activity suggests a lower than 
norraal seisraicity along the zone. Recent work by Van Worraer and 
others (1979) shows that a cluster of epicenters located between 
1970-77 lies east and northeast of Carson City in the northern end 
of the McTarnahan Hill-Diaraond Valley zone. A few epicenters trend 
northeast along the Carson Linearaent; however, the largest swarra of 
earthquakes in July, 1976 occurred near Virginia City, north of the 
intersection of the north-south-trending McTarnahan Hill-Diamond 
Valley zone and the Carson Linearaent. Of additional interest is 
the lineament extension of several mapped faults based on the Radar 
iraagery interpretation near the end of McTarnahan Hill-Diaraond Valley 
zone and northward towards Virginia City. 

Gravity Anoraalies: The recent Reno Gravity Map (Erwin and Berg, 1977) 
shows a vague pattern that follows the Truckee-Olinghouse trend and 
the Carson Lineament. The gradients are broad and vague, suggesting 
that the effects of the three domains, north of the Olinghouse zone 
between the two lineaments and to the south of the Carson Lineament, 
are not sharp or major boundaries. The gravity data are not de
finitive but are suggestive of a non-fault origin for the Carson 
Linearaent. 

Aeroraagnetic Anoraalies: The recent Aeroraagnetic Map for the Reno 
Sheet (Nevada Bureau of Mines and Geology Map 54) shows a sirailar 
vague pattern.along the two raain linearaents: the Truckee-Olinghouse 
and the Carson. Neither has raajor gradients that indicate the pre
sence of shallow faults of any considerable length along these two 
zones, although lengths of up to about 10 to 15 kiloraeters are pre
sent. The data are not definitive but are suggestive of a non-fault 
origin for the Carson Linearaent. 

Although the Carson Linearaent raay not represent a through-going fault 
zone, the individual segraented faults have lengths up to 10 kiloraeters, 
suggesting a raaxiraura credible earthquake raagnitude of 6.2 to 6.5 
(using Figure No. 27 of Sleraraons, 1977). 

The raaxiraum earthquake for the Truckee-Olinghouse zone is assigned 
a value of 6.7, based on the 1869 earthquake. Due to similar tectonic 
features, the Carson Lineament is likewise assigned a raaxiraura value 
of 6.7, with associated left oblique-slip offsets. 
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c) Yerington-Rawhide Linearaent 
A northeast trending zone of discontinuous faults, sraall intrusives, 
and raajor raetallic ore deposits define a zone inforraally desigriated 
as the Yerington-Rawhide Linearaent by Bingler (1971). The active 
portion of the structure, sirailar to the Carson Linearaent, has a 
length of about 50 kiloraeters and passes just north of Wabuska 
(see Figure 2), The dorainant active faults within the zone strike 
northeast, dip steeply north and have an exposed strike parallel 
to Churchill Canyon for at least 15 kiloraeters. 

Essentially, the sarae geologic, aeroraagnetic, gravity evidence for 
non-continuity that was discussed for the Carson Linearaent can be 
applied to the Yerington-Rawhide zone. In addition, the lack of 
any raicro- or raacro-seisraicity suggests the two zones raay be tec
tonically sirailar. 

Based on this prelirainary analysis, the Yerington-Rawhide Linea
ment is assigned a raaxiraura credible earthquake raagnitude of 6.5, 

SUMMARY OF REGIONAL FAULTING IN WESTERN NEVADA 

Figure 2, "Regional Faults and Epicenters," shows the generalized lo
cation of the regional fault zones and the recor(ied epicenters frora 1932 to 
1978 for earthquake magnitudes of 3,8 and greater. Twelve historic earth
quakes have associated surface faulting in the Basin-and-Range Province. The 
active fault zones listed in Table 1, as follows, were selected as those most 
likely to influence a planned facility within the study area. To clarify 
definitions, an active fault, as defined in this paper, is "one that can be 
shown to exhibit displacement at or near the ground surface at least once 
within the past 10,000 years; i.e., Holocene displacement," 

The raaxiraum credible earthquake for a particular fault, as defined 
in this paper, is the largest magnitude event which can be reasonably pos
tulated to occur, based upon existing geologic and seisraologic evidence. 
Note: the raaxiraura credible earthquakes may not include the maxiraura possible 
earthquake because the known geologic fraraework raay not be coraplete. 

CONCLUSIONS 

The corabined use of special LANDSAT, Side-Looking Airborne Radar, and 
color IR iraagery with specially flown low altitude, low-sun angle aerial 
photography resulted in the detection of nuraerous, previously unknown active 
fault scarps in Western Nevada. Many of these features were checked by aerial 
and ground reconnaissance and found to offset Lake Lahonton age shorelines 
and sediraents (12,000 years before present). 
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TABLE 1 ' 

ESTIMATED SEISMIC CHARACTERISTICS OF ACTIVE FAULT^ ZONES 

NAME 

Genoa-Jack Valley 

McTarnahan Hill-Diaraond 

Fairview-Dixie Valley 

Granite Springs Valley 

Valley 

Walker Lane 
Honey Lake-Pyraraid Lake Segraent 
Carson Sink Segraent 

Walker Lake Segraent 

Truckee-Olinghouse 

Carson Linearaent 

Yerington-Rawhide 

T0TAL2 
ZONE 

LENGTH 
(KM). 

80 

35 

96 

45 

90 
85 

90 

96 

56 

50 

MAXIMUMS 
CREDIBLE 
EARTHQUAKE 
MAGNITUDE 

7.2 

6.5 

7.1 

7.0 

7.3 
7.3 

7.3 

6.7 

6.7 

6.5 

APPROXIMATE 
SLIP RATE 
(CM/YR) 

.01/.02 

.01 

.1 

.01 

.1 

.1 

.2 

.01 

.01 

.01 

- AGE 0F5 
MOST RECENT 
DISPLACEMENT 

Holocene 

Late 
Pleistocene 

Historic 

Holocene 

Holocene 
Late 
Pleistocene 

Historic 

Historic 

Late 
Pleistocene 

Late 
Pleistocene 

It 

5 

Active fault, as defined in this report, is one that exhibited displaceraent 
at or near the ground surface at least once within the past 10,000 years; 
i.e., Holocene. 

Due to raany discontinuous fault segraents, total zone length not used exclu
sively to deterraine maximum credible earthquake magnitude. 

Maxiraura credible earthquakes estiraated based on fault zone length, fault dis-
placeraent, historic earthquakes, experience and judgement. 

Slip rates estimated frora geologic evidence. 

Displaceraent age estiraated frora geologic evidence. 
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The identification of these fault scarps greatly refines the boundaries 
of the active fault zones from what is shown on Figure 2 when the scarps are 
located on base topographic raap at scales of 1:250,000 and 1:62,500. 

Projects located within the seisraically active Basin-and-Range Province, 
raay be subjected to ground raotion frora several structural zones. Three of 
the raajor zones are the Sierra Nevada frontal fault systera, the Walker Lane 
fault zone, and the Fairview-Dixie Valley fault zone. Transverse to these 
raajor areas of active faulting are zones capable of generating 6.5 to 6.7 
raagnitude earthquakes, while earthquakes along the raajor zones raay be in 
the 7.1 to 7.3 raagnitude range. 
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ABSTRACT 

Vibratory core sarapling is a raethod of continuous sarapling using a 
vibratory core barrel under water. Penetration of the sarapler is provided 
by corapressed air. This raethod was used to obtain continuous saraples of the 
bed raaterial of the Missouri River frora Yankton, South Dakota to Plattsraouth, 
Nebraska. The saraples are used to provide information as to the character 
of the bed material for a degradation study in this reach of river. The 
study is being conducted to determine the ultiraate bed levels of the river. 
This deterraination is necessary to assess the irapact these levels will have 
on bridges, decks, water intakes, and other river facilities. Vibratory core 
sarapling proved to be an excellent method of acquiring continuous samples for 
this project. 

INTRODUCTION 

.The Missouri River drains the upper Great Plains region, it is the 
second largest river in the United States being 2,315 miles long. The river 
provided a route for Lewis and Clark in 1804, Today, the main stem dams pro
vide flood control and vast araounts of electricity in Montana, North and South 
Dakota, The degradation study is being conducted to deterraine the ultiraate 
bed levels of the river. By contract, a sarapling prograra using a vibratory 
sarapler started at Yankton, South Dakota about 800 river railes above the raouth 
of the Missouri and continued 200 railes downstreara to Plattsraouth, Nebraska, 
see Figure 1. 

BACKGROUND 

Vibratory sarapling of sediraents is a method of obtaining continuous 
samples below the water bottora with vibration and weight as the driving raech-
anisra. Lt uses an air driven piston to provide the vibration and weight to 
drive the'sarapler into the river bottora raaterial. 

A vibratory sarapler consists of a core barrel powered by a vibrating 
head run by corapressed air. The core barrel has a plastic liner. The raech-
anisra.slides up and down on an H-beara. This raeans of sarapling has been used 
successfully for sorae tirae in coastal regions. 
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FIGURE 1 - Study Area Shown in Heavy Line 

The first use of vibratory sampling by the Corps of Engineers was in 
Savannah Harbor, Savannah, Georgia in 1967. It was an air powered vibrator 
and had a 20 foot long drive pipe sarapler. This project was successful with 
100 cores 20 feet long being taken in twenty days (U.S. Array Corps of Engi
neers, Savannah District 1967). 

Vibratory sarapling has been used predominately in the shallow regions 
of the ocean and in bays. It has been used for dredging exploration, sand 
inventory and foundation investigation. In dredging exploration, it is used 
to deterraine the type of raaterials to be dredged. Sand inventory is finding 
source areas of suitable raaterial to be borrowed for beach replenishraent. 
Foundation investigation involves exploration of underlying raaterials at 
the site of a proposed structure. Most of this work has been done in or 
adjacent to the ocean. Sand exploration has been done in Great Lakes. 

Vibratory saraplers now use hydraulic or electric power in addition to 
compressed air. Different lengths of sample pipe are used frora short 6' and 
10' lengths to 20', 30', and 40' lengths. The operating principles and geo
metry of the systera are the' same no matter which power system and what length 
sarapler are being used. 

The degradation study being conducted on the Missouri River will pre
dict the ultiraate bed levels of the river and deterraine the impact these 
levels will have on bridges, docks, marinas, water intakes, recreation areas, 
and other river facilities. The study is complex and involves many discip
lines such as hydraulics, sediraentation, and hydrology. These disciplines 
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require that the nature of the raaterial of the river-bed be deterrained. The 
HEC 6 coraputer raodel frora the Hydraulic Engineering Center of Berkeley, Cali
fornia, is being used in this study. The coraputer model requires input of the 
gradation of the bed raaterial. In order not to raiss any zone within the verti
cal coluran a continuous saraple is required. The vibratory sarapling technique 
can provide the necessary saraples. In addition, experience had been gained 
frora a previous sarapling program, a year earlier, which used a conventional 
truck-mounted drill rig on a barge and a 3" split spoon sarapler. This earlier 
prograra resulted in only sampling certain points along the vertical column of 
the site. One of the deficiencies in this earlier program was that only speci
fic intervals were sampled. Another deficiency was poor recovery. The point 
is that the Intervals not sarapled or recovered raay be the raost iraportant. 

OPERATIONS 

The work force required for this project consisted of an Individual in 
charge of the entire sarapling operation. One or two assistants were needed to 
take care of the logging and storage of the saraples and to put new liners into 
the sarapling barrel. The operation of the floating plant required a general 
foreraan, a push boat operator, crane operator, raachinery operator, a welder, 
and a driver who reraained on shore. The foreraan was in charge of all the 
floating plant and personnel. The raachinery operator ran the air corapressor, 
water purap and generator. The welder made repairs plus generally helped out. 
The driver would deliver everyone to the river near the barge in the raorning, 
and pick up everyone at the end of the day near where the work stopped for the 
day. 

The floating plant consisted of a barge with two spuds on one side, a 
push boat, a crane, air corapressor, large volurae water purap, and an electrical 
generator. Additional miscellaneous equipraent included a welding raachine, fuel 
tanks and shack. 

The vibratory sarapler is self-supporting with an alurainura H-beara forraing 
the support and guide tower for the vibrator. The H-beara is held vertical by 
four support legs and feet which extend in each direction, 10 feet frora the 
center of the bottora of the beara. The legs attach to a cross brace 12 feet 
up frora the bottora of the beara. The rear support foot and leg can be collapsed 
to allow the rig to lie flat on the deck. This permits removal of the saraple 
tube through the bottora of the base plate. The core pipe is driven into the 
sediraent by an air driven vibrator powered by the air corapressor (250 cfra, 100 
psi). The air is fed to the rig through a 1,25" ID hose and vented through two 
additional hoses of the sarae diaraeter, with all three bound in an array. The 
vibrator, working like a double action pile driver, drives a piston up and down 
about 600 strokes per rainute. The vibrator holds the core barrel and slides 
up and down on the front flange of the H-beara (Dill 1978), see Figure 2. 

Penetration both rate and absolute depth is raeasured electrically by a 
potentioraeter on the vibratory head and a strip chart recorder. The potentio-
raeter is a continuous turn potentioraeter connected to a sraall-link ladder chain 
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FIGURE 2 - Generalized Diagrara of a Vibratory Core Sampler 

•298-



I 
i 
I 
I 
I 
I 
1 
I 
I 
1 
I 
I 
i 
I 
I 
I 
I 
I 
I 
I 
I 
I 

Vibratory Core Sampling in the Missouri River 
By Marvin W. Taylor 
Page 5 

stretched the length of the aluminum H-beara. Each foot of penetration of the 
vibratory- head makes the potentiometer rotate one complete revolution. Each 
turn makes the needle on the strip chart move once across the chart. Thus the 
rate of penetratiori and depth of penetration oî  the core barrel are continuously 
monitored (Di,ll 1978). 

Typical operations at a drilling on a station was as follows: The station 
was selected by a scout boat ranging upstream and downstream from the designated 
point to find the low spot between the sand dunes along the river bottom. After 
having traveled downstream, the push boat would turn the barge around sb that it 
was pointed upstream. The upstream spud would be lowered into the river-bed 
followed by the downstream spud. The crane would lift up the assembly so that 
it was vertical on deck. It would then lift the assembly over the side and place 
it into the. water arid down onto the river-bed. 

After determining that the assembly was stable in the current, the air 
valve would be opened allowing the compressed air to drive the sampling barrel 
and tube into the river-bed the required depth. Upon reaching the full depth, 
the air valve would be closed and the barrel would be pulled out of the bed 
material. Pulling pf the sampler was facilitated by a 2 to 1 mechanical advant
age from a pulley and line arrangement between the top of the H-beam and the 
vibratory head. 

The assembly was then lifted up onto the deck and laid down on its collap
sible backleg. The drive shoe was unscrewed and the plastic liner removed. A 
new lirier and drive shoe was inserted and screwed onto the drive barrel and the 
mechanism was ready for another pperation. 

The time required to retrieve a sample was really quite short. It only 
took from 5 to 10 minutes for the complete operation for most single attempts. 
However, at most of the sites, due to the nature of the sediraents, it almost 
always took two to three attempts to get 20 feet of sample. When this occurred, 
the procedure was to require successive attempts.. The second attempt would start 
just above where the first atterapt left off. This would be accomplished by 
pumptng water down through the tube and drive barrel. This washed the drive 
pipe down to the proper level at which the pump would be cut off and the com
pressed air yalye turried on. This procieclure was followed on successive attempts 
until a satisfactory length of sample was obtained. 

When removed from the barrel, the sample within the plastic tube was ex
amined, briefly logged, cut into 4-foot lengths, capped, and then stored until 
transfer to the laboratory. 

In the laboratoiry the tubes were split in half lengthwise, photographed 
and a detailed log prepared. The material was analyzed by mechanical sieving 
and hydrometer analysis. 
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The greatest problera in drilling in the Missouri River was the; swift 
current. The current wo.uld cause the assembly to tilt as soon as it started 
into the water. Then, when it was setting on the bottom, it would tend to 
tip over. To correct this, a rope was tied to the top of the assembly. 
Duririg withdrawal from the water, the assembly would again tilt with the 
bottom sliding downstream. This placed a great burden upon the crane opera
tor to insure that the equipment was not damaged. 

Recovery was a prpbTem also as previously meritloned. The sampler 
would be driven to Its full 20-foot depth but core recovery would range from 
7 to 12 feet In spite of the core, retainer being in place. It was assumed 
that the top material was in the lirier and that the underlying material did 
not have enough ccnnpressive streng.th to push the material already in the tube 
upward. The sampler theri became a vibrating pipe pile. 

At a few locations where successive attempts were required to get a 
complete sample, overlaps in sample occurred. This was because the jetting 
down of the next attempt was always halted above the bottom of the previous 
sample to assure coverage. The overlap itself was. not a problem but in a 
few. instances different material was found in the overlap. 

At a few locations, rock layers were encountered at shallow depths. 

CONCLUSION AND RECOMMENDATION 

Continuous sampling by the. vibratory method proved to be an excellent 
method of obtaining the samples for this project. It provided a continuous 
sample of the material eiricountered. The early program of conventional drilling 
orily provided saraples frora part of the bed material. Vibratory sampling is 
a good method,when sample disturbance can be tolerated; 
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ABSTRACT 

Abandoned mine tailings in the Coeur d'Alene Mining District are a major 
non-point source of water quality degradation. The quality of the South Fork 
of the Coeur d'Alene River has greatly improved in recent years with the control 
of point sources of poor quality discharge. Continued improvement in water 
quality is dependent upon reclamation of abandoned mine tailirigs sites. 

A recently Completed study of abandoned mine tailings piles in the district 
included an inventory and classification of these wastes. Tailings piles Were 
classified as controlled or uncontrolled sites based upon evidence of an original 
dike or embankment. A total of seventeen controlled and fourteen uneontrolled 
tailings piles were Identified in the mining district. 

The sites were further classified based on the potential for physical or 
chemical transport. Sorae of the piles are eroded heavily by normal spring runoff 
while others are susceptible only to wind erosion. Only a few of the sites have 
an identified potential for raajor chemical leaching of metals. 

Plans for recTamation of abandoned mine tailings sites must be based upon 
an accurate identification of potential problems. This study has established 
that base for the wastes in the Coeur d'Alene Distriet. 

INTRODUCTION 

The Coeur d'Alene Mining District in northern Idaho is one of trie world's 
premium areas for the production of silver, lead and zinc (Figure 1). Mining 
and milling activity has been the dominant force in the regions economy since 
1884, when miners from the gold camps at Prichard and Murray first began to stake 
claims in the valley of the Sputh Fork (Hawley, 1920). Construction of ore con
centrating mills proceeded rapidly, and the South Fork and its tributaries be-, 
came convenient disposal systems for tailings, trie term for crushed-rock waste 
material from the concentrators. By 1943, partly as a result of the demand for 
metals to aid the war effort, a total of 30 mills were operating in the District 
(Campbell, 1943). 

These mills produced tailings of differing size arid chemical composition, 
depending on the type of metal recovery process employed and the mineralogy of 
the ore.' Early gravity-process mills used "jig" tables in which rather coarsely-
ground ore was separated by taking adyantage of the higher'specific gravity of 
lead-rich grains. Waste material from such mills was typically coarse-grained 
angular gravels, some with a maximum dimension of' 3/4 inch. These gravels were 
usually deposited in unprotected piles along stream beds and are frequently rich 
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in heavy metalS; By about 1916, millinci operations in the district, were using 
a Gpiiibi n.a tion of gravity and "froth flotation" techniques to recover metals. 
The flotation process produced tailirigs of a much smaller grain size which were 
transported by slurry pi pelirie front the mill and either piled behind a protective 
embankment or deposited directly in a stream. 

The aGcumulatioh of large quaritities of tailings in the valley which 
covered the natural river alluviura and the thoughtless discharge of other wastes 
from the mining and smelting activities before the 1960's resulted in heavily 
polluted strearas and unstable channel conditions. During high flows, the streams 
erode the loose tailings, carry and deposit thera downstream, thus creating physi
cal, chemical, and aesthetic problems. Some old tailings are rich in heavy metals 
such as cadmium, lead and zinc, and leaching through the tailings is believed to 
cause an increase in dissolved heavy metal ions in the river flow (Galbraith and 
others, 1972). 

Strict federal regulations halted direct discharge of tailings into 
streams in 1968 and thereby brought point discharges from milling operations under 
control; however, the remaining abandoned tailings represent a significant non-
point source of sediments and heavy metals which continue to pollute surface 
streams (Reec-e, 1974). 

This stu.dy, involving the inventory and classification of these abandoned 
tailings, is part of a larger research project conducted by the University of 
Idaho for the, Idaho Department of Health and Welfare in which-reclamation plans 
for abandoned tailing sites will be drafted. Reclamation of the abandoned sites 
will further improve water quality throughout the Coeur d'Alene River systera. 

INVENTORY 

An examination of the South Fork Coeur d'Alene and its tributaries was 
conducted during the sUrnmer of 1978 to locate and identify all abandoned tailings 
sites. The investigations included traveling along all the tributaries and main 
stream of the Coeur d'Alene River basin. Sites were also located using a small 
aircraft. The field Investigations were augmented with maps showing the distri
bution of the tailings prepared by Norbeck (1974), stereo air photos for the 
area taken in selected years since 1932, old photographs of the mills and waste 
areas,, and stereo oblique slides taken during the flights of the areas. Sites 
were located arid mapped using large scale air photos taken in 1976. A total of 
seventeen abandoned controlled tailing sites were found In the drainage of the 
South Fork of the Coeur d'Alene River. In addition.i fourteen abandoned uncon
trolled tailings sites were identified, inyentoried and mapped. Sites were de
fined as controlled if any remnants of constructed erabankraents could be found.. 

The controlled sites are iri various degress of site abandonment. Several 
"abandoned" sites haye recently raised embankments and are ready to receive 
tailings. Both of these serve active mills which have alternate tailings dis
posal sites and have not received tailings on a regular basis for at least a 
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year. These sites remairi "abandoned" only until the mining companies require • 
their use. A small accumulation of tailirigs In the braided floodplain of * 
the East Fork of Pine Creek represents the other end of the spectrum of con- ^ 
trplled "abandoned" sites. Whatever mill produced the tailings no longer I 
stands and only faint remnants of embankments have siurvived the series of • 
seasonal floods from which the site has no protection. This site is not .m 
likely to be pf any use for future' tailings disposal due to its precarious • 
location and would be of little ecoriomic interest to a mining company, even 
if metals concentrations were high due to the small volume involved, — 

All of the abandoned uncontrolled tailings sites are located along 
the course of thei South Fork of the Coeur d'Alene River or its tributaries. m 
The sites range from large flood plain deposits of as much as two square I 
miles to sraall tailings areas of less than 10,000 square feet. The cpmppsi-
tIpn of abandoned uneontrolled sites ranges from essentially all flotation m 
or jig tailirigs to nearly native sediments depending on the degree of mixing • 
with native alluviura. ^ 

PROCEDURE FOR CLASSIFICATION OF SITES 

The criteria fbr classification of the abandoned controlled and un
controlled tailings sites can be divided into three categories representing 
the ideritifled factors important in site abandpnment. Physical, chemical 
and aesthetic factors were considered separately in the examination of each 
site. The general classification system is outlined below. 

Chemical Factors 

(1) Acid production potential for the site based on the presence of 
pyrite in the mine wastes and the presence pf acid neutralizing 
agents withiri the tailings. This factor would be measured by 
the quantity of iron evident from chemical analysis of the sedi
ment and any historiciwater quality data or indications of 
drairiage water quality. 

(2) Presence of a fluctuating grpund water system within a tailings 
pile of knpwn chemical acid production potential. This factor 
deals with water as a flushing agent from either precipitation 
and direct inf11tratipn or frpm grpund water movement intp the 
tai1Ings. 

Physical Factors 

(T) The potential for an iraraediate and massive physieal failure pf 
the tailings pile thereby releasing all previpusly impounded 
se.diments intp a stream drainage area. 
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(2) The potential for the direct erosion of tailings by seasonal 
floodwaters from an established stream or streams. This is con
trolled primarily by the sites location within the floodplain 
and the structural integrity of whatever protective embankment 
exists, 

(3) The sites potential for sediment contribution to surface streams 
due. to sheet wash frpm hillsides ,pr direct precipitation on tailings 
surface and frbm wind erosion of the material. This reflects the 
amount and effectiveness of the vegetative cover on the site and 
the existence or potential of drainage bf the site which would 
facilitate the movement of sediment into nearby streams. 

Aesthetic Factors 

(1) Public visibility of the site reflected in its proximity to public 
roads and communities. 

(2) An assessraent of the visual quality of the si.te especially the 
presence or absence of vegetation and the overall shape and 
orientation with respect to .surroundi.ng topography. 

LOCATION AND CHARACTERISTICS OF ABANDONED CONTROLLED SITES 

The location of identified abandoned cpntrolled tailings sites within 
the drainage of the South Fprk of the Coeur d'Alene River are shown on Figure 
2. As may be seen, most of the abandoned controlled sites are located in major 
tributary valleys of the South Fprk ofthe Coeur d'Alene River. The elassifi-
eation of the seyenteen sites for physical and cheraical probleras is presented 
on Table 1, Potential physical hazards were sub-divided into: (1) massive 
failure, (2) erosion by surface streams., and (3) sheet wash and wind erosion. 
Each site was classified into one of five states based upon an on site field 
investigation. The potential was noted as follows: 

I. No significant potential for physical movement of wastes 
regardless of reclamatiPn condition. 

II. Potential exists, but present reclamation procedures are 
• adequate tp control any physical problems. 

IIL Potential exists, reclaraation is inadequate. 

IV. High potential exists, no reclamation attempted. 

V. Very high potential exists, need for corrective measures 
obvious. 
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TABLE i 

TAILING SITE; CLASSIFICATION ACCORDING TG HAZARD TYPE AND POTENTIAL FOR ROLLUTION * 
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As can be seen, most of the sites have a low potential for major massive failure; 
however, a number of the sites are susceptible to erosion by surface streams 
with potential for sheet wash and wind erosipn tp a lesser extent. 

The chemical hazards of these sites were similarly evaluated. An accur
ate assessment pf the chemical potential pf these sites was Timited because 
of an insufficient data base; One pf the three sites fpr which data were avail
able had a high potential fpr water quality problems. 

The tailings site classification according tp aesthetic factprs import
ant In abandonment Is presented in Table. 2, Each site was rated according to 
public visibility and visual quality based on the following scale: (A) mpst 
aesthetieally favorable condition thrpugh (D) most aesthetically unfavorable 
condition. ' 

LOCATION AND CHARACTERISTICS OF ABANDONED UNCONTROLLED SITES 

Eleven of the Identified uncontrolled abandoned tailings sites are 
lecated along the course pf the South Fork of the Coeur d'Alene River; twb are 
located along Ninemile Creek and one pccupies the flats of the lower part of 
the Canyon Creek valley (Figure 3). The large number pf custom and other 
types of mins that operated in the Coeur d'Alene Mining Distriet, the number 
of common tailing disposal sites, the transport of ore frora a mine to a custom 
mill in another part of the district and the later reworking of the old 
tailings deposits for metal extractipn render any attempt to lirik a particular 
abandoned uncontrolled site with a particular mill impossible. In a general 
way, however, it seems probable thit the tailings present in the valley 
hpttom are probably associated with mining activities carried put upstream 
ofthe site of th^ deposits. It is thus mest likely that the tailings north
east of MulIan are associated with mining activities in the Hunter District, 
those in Canyon Creek with the Lelande District, the Osburn tailings with 
the Evolution District and the escapes from the Hunter and Lelande Districts 
and the wastes in the Smelterville Flats associated with the Yreea District 
and waste transported from the other upriver districts. 

The abandpned uncontrolled tailings sites were classified according 
to physical, ehernical and aesthetic problems in a similar manner as that des
cribed for control!ed sites. The physical and chemical classification of 
uncontrolled tailings sites is presented in Table 3. The evaluation of 
aesthetic factors for each inventpried uncpntrolled site is shown in Table 
4. Many of these sites are continually eroded by surface streams, sheet 
wash and wind action. Available chemical data show that at least two of 
the areias present a major water pollutiPn problem from chemical activities. 
Similarly many of the sites are aestheticalTy displeasing because of both 
public visibility and visual quality. 
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TABLE 2 

TAILING SITE CLASSIFICATION ACCORDING TO AESTHETIC FACTORS 
IMPORTANT IN ABANDONMENT 

Site 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 

Prox 
Publ 

PUBLIC 

imi 
ic 

6 
B 
C 
C 
C 
C 
D 
B 
A 
C 
B 
B 
C 
C 
D 
D 
C 

ty to 
Roads 

VISIBILITY 
Proximity to 
Communities 
and Residences 

A 
A 
A 
A 
C 
B 
C 
B 
C 
A 
A 
A 
B 
B 
B 
D 
C 

VISUAL 

Landscape 
Continuity 

C 
B 
C 
C 
D 
B 
D 
D 
B 
C 
C 
B 
B 
B 
C 
B 
A 

QUALITY 

Presence of 
Vegetation 

C 
0 
C 
C 
C 
B 
0 
C 
C 
B 
0 
D 
B 
C 
C 
B 
B 

Composite 
Aesthetic 
Rating 

B-
B 
C 
C 
C-
B 
D 
C+ 
B-
B-
C+ 
B-
B 
B-
C 
C 
B-

Explanation of Symbols: 
Most aesthetically favorable condition 

- far from public view or hidden by vegetation or landforms, or 
- in harmony with landscape, or 
- covered by a sustained growth of vegetation. 

Less aesthetically favorable condition 
- visible from unpaved Forest Service or county road, or 
- residences nearby, but not within sight, or 
- pile placed along hillside, not occupying entire valley, or 
- vegetation is successful on embankments, some present on 

tailing surface. 
Aesthetically unfavorable condition 

- visible from paved, well-traveled road, or 
- visible from at least one residence, or 
- occupying a large portion of the valley and dominating the 

visual scene, or 
- vegetation beginning to encroach on site without modification. 

Most aesthetically unfavorable condition 
- visible from major interstate highway, or 
- visible from an established conmunity, or 
- an obvious contradiction to natural landscape, or 
- no vegetation on the site. 
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Figure 3. Location of abandoned "uncontrolled" tailing sites. 
South Fork Coeur d'Alene River basin, Idaho. 
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TABLE 3 

TAILING SITE CLASSIFICATION ACCORDING TO HAZARD TYPE AND POTENTIAL FOR POLLUTION * 
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Flood plain area 
between Ross Gulch 
and Moon Creek 
Osburn Site 1 1 
Osburn Site 2 2 
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Nuckols Gulch Site 1 
Silverton Site 1 
Ninemile Creek, East 
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Ninemile Creek Flats 
Canyon Creek Flats 
Near the mouth of Gold 1 
Creek 
Near the mouth of Gold 1 
Hunter Gulch 
Near the mouth of 1 
Daizy Gulch 

IV 
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" I. No significant potential for physical movement of wastes regardless of reclamation condition. 
II. Potential exists, but present reclamation procedures are adequate to control any physical problems. 

III. Potential exists, reclamation is inadequate. 
IV. High potential exists, no reclamation attempted. 
V. Very high potential exists, need for corrective measures obvious. 
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TABLE 4 

TAILING SITE CLASSIFICATION ACCORDING TO AESTHETIC FACTORS 
IMPORTANT IN ABANDONMENT 

Site 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 

PUBLIC 

Proximity to 
Public Roads 

B+ 
D 
D 
B 
C 
D 
C 
B 
C 
D 
D 
A 
A 
C-

VISIBILITY 
Proximity to 
Communities 

and Residences 

A 
D 
C 
B 
C 
D 
C 
B 
B-
C 
D 
A 
A 
B 

VISUAL QUALITY 

Landscape 
Continuity 

B 
D 
C 
C 
D 
D 
D 
C 
D 
D 
D 
B+ 
B 
C 

Presence of 
Vegetation 

B 
C-
B-
C 
C 
D 
C-
C 
C-
c 
D 
B 
B 
B 

Composite 
Aesthetic 
Rating 

B+ 
D 
C 
C+ 
C-
D 
C-
B-
C 
C-
0 
B 
B 
C 

Explanation of Symbols: 

A . . . Most aesthetically favorable condition 
- far from public view or hidden by vegetation or landforms, or 
- In harmony with landscape, or 
- covered by a sustained growth of vegetation. 

B . . . Less aesthetically favorable condition 
- visible from unpaved Forest Service or county road, or 
- residences nearby, but not within sight, or 
- pile placed along hillside, not occupying entire valley, or 
- vegetation is successful on embankments, some present on 
tailing surface. 

C . : . Aesthetically unfavorable condition 
- visible from paved, well-traveled road, or 
- visible from at least one residence, or 
- occupying a large portion of the valley and dominating the 

visual scene, or 
- vegetation beginning to encroach on site without modification. 

D . . . Most aesthetically unfavorable condition 
- visible from major Interstate highway, or 
- visible from an established community, or 
- an obvious contradiction to natural landscape, or 
- no vegetation on the site. 
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CONCLUSIONS 

Abandoned tailings resulting frora nearly a hundred years of raining acti
vity in the South Fork, Coeur d'Alene River basin pose a serious threat to the 
quality of surface and ground waters of the area. These abandoned tailing sites 
vary widely in size, form, chemical coraposition, type of raaterial involved, and 
position with respect to surface drainages. This study includes a classification 
of sites according to potential for pollution and aesthetic factors Iraportant in 
abandonraent. 

With the corapletion of the inventory and classification of abandoned 
tailing sites, a data base has been established frora which perraanent clean up 
operations can proceed. Those sites exhibiting only physical probleras can be 
hauled away to a raore easily protected site, used in construction, or regraded 
and seeded, Cheraical reclaraation procedures can be irapleraented where needed, 
and aesthetic ratings can be used in assigning priorities for reclamation action. 

Although the mandatory controls on point discharges frora mines and mills 
since 1968 have resulted in an obvious iraproveraent in water quality and even 
though the great raajority of "controlled" tailing sites seera to pose no cheraical 
threat, the raixture of tailings and alluviura which covers nearly every flood-
plain in the basin provides a source for a background water quality which cannot 
corapare with a virgin streara. Water quality can be improved from its present 
condition, Sediraent loading can be reduced by streara channel raodifications and 
revegetation of abandoned tailing sites. Care can be taken to prevent leaching 
of raetals in the raore obvious problera sections of the floodplain. Finally, the 
corabination of these techniques cannot help but raake the overall environraent of 
the South Fork raore aesthetically pleasing. 
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DESIGN CONSIDERATIONS FOR EMBANKMENT CONSTRUCTION 
ON A LOESS FOUNDATION IN SOUTHEASTERN IDAHO 

By 

Fred Y.M,, Chen and Stanley H, Kline 
International Engineering Company, Inc. 

San Francisco, Caiifomia 

ABSTRACT 

A waste water impoundment is planned for constructipn on the Pocatello 
East Bench in southeastern Idaho at a site which Consists of about 80 feet 
of loessial soil underlain by gravel and basalt. Spils investigations and 
laboratory consolidation tests have shown that the silt deposit at the site 
has the potential for sudden settlement upon saturation and loading, a char
acteristic of many low. density, naturally dry iPess deppsits. This character
istic is cften termed hydrocdmpactiori, Engiheering analyses have shown that 
large settlements will pccur upon fpundatipn saturation and embankment loading, 
and that these settlements will occur rapidly if saturation occurs followirig 
embankment loading. 

Based ori the foundation conditions discovered,-special design consider
ations were given to the construction of the reservoir which will Impound 860 
acre-feet of water. Precpnstruction wetting of foundation soils was recommended 
in order to initiate settlement at the beginning of embankment construction. 
Careful monitoring of foundation settlements during and after embankment con
struction was recommended,. 

INTRODUCTION 

An earth embankment to impound waste water has been planned for construc
tion on the Pocatello East Bench in southeastern Idaho on a fpundatipn of 
loessial solT. Special design considerations were given to the construction 
of the reservoir and embankraent because of the characteristics of the founda
tion soils.. These design considerations are the subject pf this paper along 
with a description of the area geology, a description of the soil properties, 
and a comparison with other findings about loessial soils. 

Loess is characteristically a tan, unstratified silt with a variable per
centage of sand and clay content. True loess is a, loose, wind-deposited soil 
that has never jaeen saturated. It is generally a very uniforra deposit, the 
particles of which are bonded together with relatively sraall fractions of clay 
to forra its typical low density structure. Loess often has, natural moi.sture 
contents which are quite low, Loess deposits cover large areas of several 
continents, Including North America. Figure 1 shows the raajpr loess deppsits 
in the United States. 

Naturally dry loess usually has a high shearing resistance and can sup
port large loads withput significant settlement provided the natural moisture 
contents are not increased. Upon wetting, however, the bonds between particles 
in the soil matrix are weakened, causing the loess deposit to undergo settle
ment or collapse. This behavior is often tenned hydrocohipactibn and is of 
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particular concern to hydraulic structures that eventually saturate portions 
or all of their foundations. This potential problem was recognized for the 
project discussed herein and a preconstruction wetting program was developed 
to treat the foundation soils. 

PROJECT DESCRIPTION 

The proposed project referred to herein is the Pocatello Effluent Irriga
tion System, a proposed system designed to provide water for land irrigation. 
The owner and developer of the project is the J.R, Simplot Company. The effluent 
water from the J.R, Simplot Company fertilizer plant in Pocatello, Idaho and the 
domestic waste water from the City of Pocatellp secondary sewage treatment fa
cility, both of which are presently being discharged into the Portneuf River 
.will be utilized for land irrigation. During winter rion-irrigation months, 
plant effluent will be. pumped to and stored in an 860 acre-foot reservoir. The 
reseryoir is to be created by the construction of an embankment with native ma
terials obtained frpm excavatipns for the reservoir. 

Geotechnical- investigations were carried out at the site of the proposed 
embankment in 1977 followed by the design of the Impoundment reservoir system, 
the project site is located about four miles north of Pocatello adjacent to the 
Interstate 15 Highway (1-15), Figure 2 indicates the project location on a key 
map and the location of the impoundment site on the Pocatello East Bench in re
lation to Pocatello and the other project features. Pertinent embankment engi
neering data are presented in Table I. 

GEOLOGIC AND SITE CONDITIONS 

Impoundment Site Conditions 

The impoundment site, located on the Pocatello East Bench, is situated 
on the west side of a gently rolling hill bounded by drainage draws to the north 
and sputh and ,1-15 to the west. The ground surface slopes to the west at about 
4 percent, Field explorations revealed the impoundment site to be underlain by 
a thick accumulatiori of very uniform, dry, wind-deposited silt varying frora 64 
tP over 100 feet thick with an average thickness of approximately 80 feet. The 
silt deposit is underlain by gravels, below which oc.curs a basalt interval. 

Geology 

The project lies within two distinct physiographic regions. The lowlands 
are part of the Eastern Snake River Plain section of the Columbia Plateau physio
graphic province, and the adjacent uplands are part of the Basin and Range pro
vince. These two regions were created during the late tertiary Period by a 
massive downdrppped blpck which formed the plain, truncating the valleys and 
mountains to the south. 
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TABLE I 

IMPOUNDMENT 
EMBANKMENT ENGINEERING DATA 

Item 

Maximum HeigHt of Embankment 

Upstream or Interior Slope. 

Downstream or Exterior Slbpe 

Crest Width 

Crest Length 

Embankment Volume 

Foundation Area 

Reservoir Area @ Maximum 
Water Level 

Crest Elevation (without camber) 

Maximum Water Surface Elevation 

Overflow pr Spillway Crest 
Eleyatidn 

Storage Capacity @ Maximum 
Water Level 

Data 

38 feet 

4.0H:1.0V 

3.. 5H :1.0V 

20 feet 

3,926 feet 

625,000 cubic yards 

20 acres 

38.8 acres 

El. 4678.5 

El. 4675.0 

El, 4674.25 

860 acre-feet 
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Later in the Tertiary Period, deep-seated volcanic activity occurred and 
during the last f'ew million years was responsible for damming the Snake River 
and creating a huge lake that eventually accumulated over 200 feet of sediraent. 
Erosion finally breached the dam formed from the volcanic -flows and the lake 
was drained. The fine sediments of the lake bed were then blown by the wind to 
adjacent areas and redeposited as thick accumulations of loess such as found 
at the Impoundment site. 

Approximately 50,000 years agp, yolcanic flows again blocked the Snake 
Riyer and formed a Pleistpcene lake in the vicinity of the American Falls 
Reseryoir. The v iaters o f the lake! cut benches in the loess along its raargins, 
and tributary strearas were entrenched into the surrounding loess-covered pedi
ment surfaces, resulting iri the deppsition of about 80 feet of sediments into 
the lake. 

The last major geological event occurred about 30,000 years ago when 
Lake Borineville, which was located south of the project in Utah, broke through 
a drainage divide and caused a flood of catastrophic proportions as i't flowed 
down the Portneuf Valley and emerged onto the Snake River Plain, engulfing 
the American Falls Lake, and depositing a great deltaic fan of boulders and 
grayel. The flood watersi: soon broke through the basaltic dam and dissected 
the flpod deposits until a stable level of dissection was reached, which is 
recorded as terrace levels along the valley. 

Subsequent erosion of the .Snake River Valley has left remnants of lower 
terrace levels, but since the spillover ot Lake Bonneville, the only major 
geological activity of the area has been the continued downcutting of the 
Snake River Valley, the local deppsition of sand dunes, accumulations of thin 
loess deposits, and, the deposition .'of alluvium and alluvial fans. 

Geologic units within the project area are Quaternary age alluvial and 
wind-blown deposits, a basalt layer that outcrops riear the impoundment site, , 
and a tertiary formation of interstratified layers of tuff, basalt, sand, 
gravel, and in some places, limestone, called the Starlight Formation. The 
Impoundment site is withiri an area where the geology has been previously 
mapped and described (Trimble, 1976). Reconnaissance geologic mapping was 
performed during the field geotechnical investigatlons'to confirm the earlier 
worki 

Figure 3 shows the surficial geology of the impoundment site and sur
rounding area. .A generalized geoipgic cross section of the irappuridment site 
developed from the surficial geology, local water well logs, and the impound
ment site exploratory boring logs is shown on Figure 4. No ground water 
exists within the Ibes's deposit at the impoundment site. 
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NOTE: Refer to Figure 4 
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FIGURE 3 - Geologic Plan 
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LOESS SOIL CHARACTERISTICS 

Physical Properties 

Based on laboratory testing performed on undisturbed and remolded sara
ples of the loess taken from the impoundment site, design parameters were se
lected for the natural foundation soils and the recompacted native soils as 
presented in Tables IT and ilL, respectively. Figure 5 is a compllation of 
eight typical grain .size curves from gradation analyses performed on samples 
from the site.: The figure shows the unifprmity of the loess and that it con
sists of raostly silt sized particles. Figure 6 shows the compaction character
istics for the subject loess, and the results of direct shear tests performed 
on inundated samples of undisturbed and recpmpacted loess are given on Figure 
7. 

Upon suspicion that the fouridation soils at the proposed site might be 
susceptible to sudden settlements upon wetting, special procedures were used 
for consolidation testing. Three standard consolidation tests were performed 
on saraples taken from one bore hole at different depths. The samples were in
undated toward the beginning of each test. The void ratio versus log of pressure 
plots for these tests are shown ori Figure-B. A fourth cpnsolidation test was 
performed by loading the sample, at its dry natural condition, to a maximum 
pressure approximately equal to the sample's in situ overburden pressure plus 
the maximum weight of the embankment. After equilibriura was reached at the 
natural water content, the sample was inundated. The purppse of this consolida
tion test was to determine the soil's potential for settlement upon wetting. 
The results of this test are also presented on Figure 8. 

The results showed that the percent compression at the total load of 8 
ksf at the natural moisture content was 1.4 percent. Upon wetting, an instan
taneous increase in percent compressipn occurred. Three minutes after wetting, 
the percent compressipn had Increased to 8.2 percent, and at the end,of a 24-
hour period, it had stabilized at 9.7 percent. The percent compression after 
equilibrium of the other three samples (#57, #60, #68) at the same load of 8 
ksf ranged froni 5.6 percent to 10.7 percent. These samples, as stated earlier, 
were inundated toward the beginning of each test. These results confirmed the 
characteristic behavior of the loessial spil at the impoundment site. The soil 
exhibited the ability to support large loads without significant settlement at 
its natural moisture content, but upon wetting, sudden settlement was caused by 
the loss of strength of the soil skeleton. Both types of consolidation tests 
resulted in comparable ultimate settlements, but the rate at which settlement 
occurred was dependent upon when the soil was inundated and at what load the 
soil was subjected to when inundation occurred. 

A majority of the publications and information found about the properties 
and characteristics of loessial soil as a foundation material present the ex
periences obtained by the United States Department of the Interior Bureau of 
Reclamation (USBR) relative to the- construction of earth dams in the Missouri 
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TABLE II 

NATURAL FOUNDATION SOILS 
SELECTED DESIGN PARAMETERS 

Parameters 

Dry Density, Yd (pcf) 

Moist Density, Y,n (P'̂''') 

Saturated Density, ysat tpcf) 

Natural Water Cpntent, Wf, (1) 

Specific Gravity, 65 

Friction Angle,, 0 (degrees) 

Cohesion, c (psf) 

Permeability, k (cm/sec) 

Compression Index, C^ 

Swelling index. C5 

Coefficient of Corisolidation, 
Cy (cm2/s.ec) 0.17 

Impoundment Site 
Silt Overburden 

90 

95 

117 

6 

2. 

0'-
> 

0 

1 > 

0. 

0. 

68 

•40' 
40' 

[ 10 

29 

016 

:26 
:30 

-tt 
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TABLE III 

RECOMPACTED NATIVE. SILT 
SELECTED DESIGN PARAMETERS 

Parameter 

Maxiraura Dry Density, 
Yd max (pcf) 

Optimum Water Content, 

Wppt '̂̂ ^ 

Dry Density, Ŷ J (pcf),* 

Moist Density, y^ (pcf)* 

Saturated Density, 

Friction Angle, (5 (degrees)* 

Cohesion., c (psf)* 

Permeabil ity, k (cm/sec')* 

Impoundment Site 
Recorapacted Silt 

107 

1 

16 

102 

118 

126 

28 

0 

X ID'S 

*. The pararaeters in this table, are based on laboratory tests on remolded 
soi1 saraples that were compacted to 95% of the Standard Proctor maximum 
density at. the optimum moisture content. 

I 
I 
I 
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MOISTURE CONTEKT IN % OF IWIV WEIGHT 
5 t o 15 8 0 es 

COHPILATIOM OF CQHPflCTION CURVES 

COMPACTION TEST DATA 
• • » -» Sasillt llg. 15 «'-Sill', V t *• " • ' * • 'd • " " • * lOS-T ««*• 
• • il-17 S i l ^U io . I t O'-S.O' V J - IS J , t ^ . t r , - IW.4 pt f . 
'• • H-u soiiK No. u b'-s.o' V l • IS.31, ~t;, nu . • los.t per. 

^ C T ^ { * • MS Sapli Ns. 109 V-i-d ' V t " « - » . ^ f " ; - IM.« pef. 

FIGURE 6 - Pocatello Impoundment Site Loess - Compaction 
Characteristics 
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IMPOUNMEHT 
FOUNDATION MATERIAL.- UNDISTURBED SILT 0' - 40' 

® - H-19, Saraple #48 
12.5' - 13v5' 
c = 0, t, = 28= 

<3- H-20, Saraple *62 
32^5* - .33i5' 
C = 0,, |!i,= 26=-

*-• H-22, Saraple #93 
2,5' - 3.0'-,„ 
c = 0, 0 =.24" 

NORMAL STRHSS - KSF . 

SURGE POND AND IMPOUNDMENT 
EMBANKMENT MATERIAL... RECOMPACTED SILT (95$ Std. Proctor) 

fe 
M 

i n 
i / t 

BC 

^ 

3 •* S it 

NORMAL-STRESS - KSF 

o - H-16. Sample #15 
0 ' -. 5 .0 ' 
c = 0 , tl = 3 1 " 

<5— H-17, Sample #16 
0" - 5 .0 ' " 
c = 0 , 0 = 30= 

*- H-18, Sample #33 
0' -S.O' 
c = 175, psf, f) = 28° 

*- P-2, Sample'#ID 
3.0' - 4.0' 
C = 150 psf, 4 =24° 

FIGURE 7 - Pocatello Impoundmerit,Site loess - Strength Characteristics 
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FIGURE 8 - Pocatello linpoundnierit Site Loess - Consolidation Characteristics 
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River Basin states of Nebraska and Kansas. Efforts were made to compare the 
properties and behavior of the loessial soil at the Impoundment site in south
eastern Idaho with the findings reported from other projects. A few of these 
Goraparisons are presented in the following paragraph. 

A great similarity exists between the grain size distribution for the 
subject loess and the gradation trends for Missouri River Basin lOiess as re
ported by the USBR in their Engineering Monograph No. 28 (Gibbs & Holland,' 
1960). This comparison is shown on Figure 9. A comparison was also made be
tween the consolidation tests perfbrmed on the Pocatello loess and the con
solidation trends for Missouri River Basin loess also presented in the, USBR 
Engineering Monograph Mo. 28. This coraparison is also shown on Figure 9.. 
The three consolidation tests performed on inundated samples #57, #60, and 
#68 have characteristics similar to the trends indicated for wetted loess 
tested at moisture contents above 20 percent. The final moisture contents 
of saraples after testing were abOve 20 percent. The consolidation curve 
from the unsaturated test conducted at its natural moisture content of 5 
percent Is comparable to the consolidation trends indicated for dry loess 
with, moisture contents belOw 1.0 percent. The settlement upon wetting is also 
indicated on the, void ratio versus, log of pressure plot of sample #99, 

Mineralogical Properties 

A brief mineralogical studyj was made on one saraple of loess frpm the 
Pocatello site, the cpmparison ofi .mineralogical properties of loess from 
various sources to the loess found: at the Pocatello site is sumraarized in 
Table IV. 

FOUNDATION TREATMENT ' 
I 

Criterion for Fbundation Treatment 

As a result of the characteristics found for the loessial foundation 
soil, a program of foundation saturation prior to construction was incorpor
ated into the design of the impoundment embankraent. The practice of pre-
wetting of dry foundatiPn soils under earth embankments has been used, by the 
USBR fpr a number of raajor earth dams - constructed on Missouri River Basin 
loess, and has proven effective in reducing post-construction settlements and 
their associated problems. Ponding or irrigation was carried out to some de
gree pripir tp the construction of projects such as Medicine Creek Dara, Sherman 
Dara,, Trenton Dara, Enders Dam, and Bonny Dam, all of which are part of the USBR 
Missouri River Bias In Project, 

Studies made by the USBR during their work on Mi.sspuri River Basin 
ipess have indicated that the major factors influencing the susceptibility of 
Ipess tp large settlement upon wet^ting are its density, raoisture content, and 
the raagnitude of the applied load. A criterion was developed by the USBR 
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HYDROMETER flNflLYSlSi SIEVE ANALYSIS 
U.S.STiNOORD SERIES: [CLE1I|,R SOUARE OPENINGS 

'r.oo 'icio *5o-*?ii "ir, f't Hi i ' i i-jr J" I'srn".. 

oo; DOS ,009 .019 .037,07* .145 .,!57 ,550 1.19 ,!.39 4.76 9:5! I, I-:!8.l T6.!liJI5!" 
DIAMETER.OF PARTICLE IN MIUIMETERS •• 

CLAYIPttSTICI TO 
SILT (DON PLSSTICl 

SAND 
FIHE I MEDIUM | COttPU 

GRAVEL 
•Fine JCOUBSE 

COBBLES' 

Grodotioo doto wos obtoinedi i i i 148 
s'o'mples'from'projects"!n the'• 

..Missouri RiDer Boiin ofeo 
• The curves generoll j toke the direction 

shonn'by the boundary lines 

For oil Eomjiles tes ted 
'761', werein the^si l ty loess ;Zone 
l a % were inthe.cloyej i loess lone' 
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COMPARISON OF MINERALOGICAL PROPERTIES OF LOESS FROM VARIOUS SOURCES 
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for determining the need for foundation treatment based on 112 tests made on 
samples of undisturbed foundation soils (Design of Small Dams, 1974). This 
criterion is presented here as Figure 10. The criterion is based on the ratio 
of the natural dry density to the proctor maximum dry density, and the differ
ence between the optimum water content and the natural water content. The silt 
soil from the Pocatello site falls within the zone indicating treatment required. 

Another significant comparison was made between Missouri River Basin 
loess and Pocatello loess and is presented as Table V. Table V summarizes partial 
laboratory test results on undisturbed samples of loess taken from the founda
tion of the USBR's Medicine Creek Dam (Design of Small Dams, 1974). The table 
shows the ratios of the natural dry densities to the proctor maximum dry densi
ties and the differences between the optimum water contents and the natural water 
contents, the properties that the criterion in Figure 10 is based on. Also, shown 
is the percent compression under a total load of overburden plus fill at the nat
ural moisture content and after wetting. Added to this table is the data from the 
four consolidation tests performed on loess from the impoundment site. The data 
has raany similarities. 

Foundation Prewetting Program 

In order to attempt to saturate the impoundment embankment foundation, a 
prewetting scheme was developed whereby the embankment foundation area would be 
irrigated and the surface kept saturated for a minimum period of 60 days pre
ceding construction. Figure 11 shows the estimated quantity of water required 
to saturate the foundation to various depths as a function of soil permeability 
and time of treatment. This was based on the foundation area of about 20 acres, 
and an initial void ratio of 0.9 and an initial natural moisture content of 5 
percent determined from laboratory testing. The natural soil permeability In the 
vertical direction was estimated to be approximately 1 x 10""* cm/sec. Saturation 
of the foundation to a depth of about 40 feet was considered adequate since the 
majority of the settlement would occur in this zone, thus the 60 day prewetting 
period was chosen. 

Figure 12 shows a graph of the design prewetting program and the actual 
program carried out in terms of water quantity applied versus days of treatment. 
The design quantity of 2.03 mgd (70 gpm/acre) for 60 days was based on the maxi
mum estimated amount of water that could be absorbed by the loess foundation sur
face without excess runoff. This was determined from the estimated vertical per
meability of 1 X 10"** cm/sec. from laboratory testing. The actual prewetting 
program was carried out over a period of 87 days. The initial quantities of water 
applied were considerably less than that recommended; however, toward the end of 
the operation, water was being applied at about the maximum rate possible without 
producing excess runoff. This rate estimated from the graph was about 1.8 mgd 
(62 gpm/acre) which 1s quite close to the design quantity, suggesting that the 
estimated in situ vertical permeability of 1 x 10"'* cm/sec. was probably quite 
accurate. The resulting total quantity of water applied to the foundation, 93.5 
raillion gallons, was not too different from the recommended design quantity, 122 
million gallons. 
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TABLE V 

PROPERTIES OF LOESSIAL FOUNDATION SOILS 
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FIGURE 11 - Pocatello ImpoundinentFoundaliion Prewetting Water (Juantity and Depth of Saturation 
vs. 'Soil Permeability and Treatiment Time 
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FOUNDATION TONITORING 
. . . . . I 

For proper monitoring, the installation of foundation settlement plates 
are recommended. Accurate settlemient monTtoring is required to determine the 
effectiveness of the foundation trieatment in minimizing post-construction 
settlements. Eleven foundation selttlement plates were installed at various 
positions -along the impoundment embankment centerline and at various offsets 

-340-

I Part of the recommendattons; for the prewetting operation included the 
drilling of test holes for moisture content tests to determine the moisture _ 
penetration depth and the effectiveness of the prewetting. Figure 13 shows M 
a plan of the impoundment embankment and reservoir with the foundation area, 
original bore hole locations,, and test hole locations after prewetting indi- « 
cated. Profile plots of in situ m.b1sture contents prior to and after founda- I 
tion prewetting are presented on Fiigure 14,. Also, indicated on the profiles 
is the average estimated moisture 'content at saturation. The results showed « 
that the prewetting treatment increased moi.sture in the naturally dry loess I 
to an overall average moisture content of about 20 to 25 percent in the top 
40 feet. Below 40 feet, moisture contents dropped sharply back to the levels . m 
encountered from original explorations. These findings suggest that although I 
the prewetting program was not carried out exactly as conceived, the total 
quantity of water applied was not too different than that recommended to g 
achieve saturation to a depth of 40 feet, and in fact moisture contents were fl 
Increased considerably in the upper 40 feet., Although the design_curves pre-
s.ented in Figure 11 are based on saturated flow and complete satujration was .» 
not achieved from the prewetting, Jthey provided a good estimate of moisture I 
penetration depth. 

At the time of this writing, construction of the impoundment embankment | 
has not begun. Because of delays .in the- start of embankment construction, it 
has been recommehdied that further foundation treatment be performed prior tp .m 
construction, Moisture contents determined from samples retrieved at the end I 
of March 1979 showed a decrease in moisture content to an average of about 13 
percent as shown on Figure 14. the moisture content desired in the foundation m 
soils at the start of embankment construction is preferably 25 percent and lio || 
less, than 20 percent to ensure effiectiveness. Settlement criteria established 
for Kansas-Nebraska loess by the USBR^ based on moisture content, classifies m 
loess with le'ss than 10 percent mOiisture as very dry, of ma)<imum dry strength, {| 
and highly resistant to, settlement; loess with 10 to 15 percent moisture as 
still quite dry and of rather high dry strength; loess with 15 to 20 percent 
moisture as approaGhing moist cond'ltions; and loess with more than 20 percent 
moisture as rather wet to moist and generally will permit full consolidation 
to occur under load^ USBR experience with Missouri River Basin loess has A 
shown that moisture contents in the range of 25 to 28 percent could easily H 
be obtained by surface ponding andj spririklihg, and about 35 percent moisture, 
depending on natural density, would be required for complete saturation (Holtz, m 
and Hilf, T961). These findings are again quite similar to the characteris- f 
tics of the loess encountered in Pocatello, Idaho. 

I 
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./rf-> 

ORIGINAL FIELD INVESTIGATION" H-16 - H-23, OCTOBER 1977 

TEST HOLES AFTER PREWETTING- SH-5 - SH-9, 1 1 - 7 - 7 8 

TEST HOLES AFTER PREWETTING. SH-6A, 3 - 2 9 - 7 9 

NOTE: REFER TO FIGURE 14 

FIGURE 13 - Pocatello Impoundment Plan 
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FIGURE 14 - Foundation Prewetting Mositure Penetration Water Content vs. Depth 
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from the centerline. The settlement markers will be carried up through the em
bankment as cons,t.ruGtion progresses. Data obtained from, surveying the founda
tion markers will show the progress of foundation, settlements along the embank
ment, and across its section during the foundation prewetting period, during em
bankment construction, and during reservoir operation. This data is important 
to verify settlement predictions and to observe any unexpected behavior. 

Unlike other soils susceptible to settlement upon wetting which exhibit 
this behavior without the Influence of additional load applied, loess character
istically will not settle significantly upon wetting in its undisturbGd state 
without the addition of load. Experience obtained by the USBR from dam con
struction on Missouri River Basin loess has shown this, and experience obtained 
thus far from Pocatello loess has shown the same behavlior. Settlement data 
accumulated thus far has shown that essentially no settlement has occurred to 
date as a result of the 87-day period of fbundation irrigation, as expected. 
Recommendations were made to continue settlement monitoring on a regular basis 
during the additional recommended foundation prewetting, during embankment con
struction, and during reservoir operation. 

CONCLUSIONS AND RECOMMENDATIONS 

Loess, a uniform, wind-deposited soil typically having low natural den
sities and moisture contents, is found over large^ areas of several c.ontinentSi, 
including many of the central states and parts of Idaho and Washington In the 
United States. Loess is characteristically susceptible to sudden settlements 
upon wetting under load, a behavior often called hydrocdmpaction. The loess 
encountered at the Pocatello impoundment site was found to exhibit these char
acteristics, and a program of preconstruction wetting of the foundation soils 
was recommended for foundation treatment. 

It is important tp recognize the characteristics of loessial soils when 
they win provide the foundation for structures. Certain soil properties and 
laboratory testing procedures were used to evaluate the Impoundment site soil's 
susceptibility to settlement upon wetting. Consolidation testihg showed the 
capability of the Pocatello loess to support large loads at its natural mois
ture content, but undergo large sudden settlement upon wetting. Comparison of 
natural dry density to proctor maximum density and natural water content to 
optimum water content according to a foundation treatment criterion developed 
by the USBR from their experiences with Missouri River Basin loess indieated 
that the Impoundment site loess required treatment. Comparisons of gradation, 
consolidation, and other characteristics between Missduri River Basin loess 
and Pocatello loess showed many similarities, 

Foundation saturation prior to construction by ponding or irrigation has 
been found to be an applicable method for the treatment of loessial foundation 

I soi Is under earth embankments. A prewetting prograim was r,ecommeiided for the 
impqundment embankment foundation and was carried out by irrigation over an 87-
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Settlement monitoring was recommended during the prewetting operation, 
during embankraent construction, anid during reservoir operation. This is an 
important follow-up to the foundation treatment program, and it will verify 
Its effectiveness as well as point out any unexpected behavior. Foundation 
settlement markers were installed at the impoundment site prior to prewetting 
and have indicated no settlement to date, as expected. They will be observed 
throughout construction and periodically during reservoir operation. 
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I day period. Test holes were drilled after prewetting to verify the esti
mated depth of moisture penetration and to evaluate the effectiveness of the ^ 
treatment. The application of 93.5 million gallons of water to the founda- • 
tion area of "20 acres resulted in an increase in moisture content frcm an * 
average of 6 percent to an average of 20 to 25 percent in the top 40 feet. ^ 
Subsequent detentii nat ions of field moisture five months after prewetting I 
showed that moisture contents in the top 40 feet had dropped to an average * 
of about 13 percent. As a result of this and delays in the start of embank- M 
ment construction, further prewetting was recommended. It was determined • 
that a minimum of 20 percent moisture content in the top 40 feet of founda- * 
tion soils shpuld be achieved prior to embankment construction to ensure 
effective treatment. 1 

I 
The main objective in prewetting the loessial foundation soil is to 

minimize post-construction settlements. Without prewetting, the impoundment 
embankment would not experience appreciable settlement until reservoir filling. 
As the foundation becarae partially or fully saturated, the embankment would A 
be subject to- rapid settlements due to weakening of the soil particle bonds I 
in the loose skeleton structure. Prewetting does not reduce the magnitude of 
the ultimate settleraent, but it causes settlement to occur during embankment A 
construction upon application of the first loading. Prewetting, by filling -M 
soil voids with water, and. by weakening the soil structure prior to loading, 
allows settlement to occur during construction and causes settlement to occur M 
at a slower rate which can be estiraated by consolidation theory. It is ex- j| 
pected that about 25 percent of the ultimate settlement of the impoundment 
embankment .will pccur during an estimated 4-month construction period, and 
that post-construction settlements'will occur at an acceptable rate. I 
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TUNNEL, BORING MACHINES FOR AQUEDUCTS AND SUBWAYS 

By 

Richard J, Proctor 
Engineering Geology Branch 

The Metropolitan Water District of Southern California 
Los Angeles, California 

ABSTRACT 

Tunneling technology is undergoing a revolution. Tunnel boring machines 
(IBM's or "moles") were introduced in the middle 1950's for soft-rock tunneling; 
since then more than 400 tunnels have been excavated 1n the world with IBM's, 
by more than two dozen TBM manufacturers. Rates of tunneling advance continue 
to set records, with 100 to 200 feet per day commonplace. Long aqueduct tunnels 
built raainly in the 1960's have shown the way to economies for rapid transit 
construction., Brief examples of recent subway construction at San Francisco and 
Washington, D.C, are corapared to proposed subway Gonstruction in Los Angeles. 

INTRODUCTION 

The technology transfer of low-cost large aqueduct turinels--built gener
ally in the southwestern U.S. by high-speed TBM's—has not been fully Implemented 
with regard to urban subway construction, lunnel excavation rates as high as 
200 to 400 feet per day have been achieved by the Metropolitan Water District of 
Southern Ca.lifornia and by the U.S. Bureau of Reclamation. However, IBM excava
tion rates for subways have, rarely exceeded 100 feet per day, ahd the costs have 
beeri much higher. 

Two reasons for the (llfferences in cost and excavation speed are: 

1. Subway contracts have commonly been let from s,tation to station-
only one-half to orie mile apart.. The high cost of a TBM ($2 to 
$5 million) cannot be amortized over this short distance, and 
the contractor cannot be. sure he will obtain another contract to 
use the same TBM again. Moreover, the contractor is just getting 
underway iri the first -2,000 feet of tunneling, with all his start
up problems being worked out. In contrast, an aqueduct tunnel 
contract is let for several miles of constructipn. Why not for 
subways also? This means tunneling through the station sites and 
excavating them later frbm within the tunnel, as described by 
Walton and Proctor (1976). 

2. Recent urban subways in the U.S,. have been built in cities with 
poor subsurface geology—Boston, Baltimore, New York, Washington 
and San Francisco. In most of these cities, the cut-and-cover 
raethod of subway construction down city streets has been pre
ferred, because deep tunneling by IBM would encounter difficult 
conditions, such as mixed-face-of hard and soft rock, or wet 
running ground, or squeezing ground. However, a few cities are 
planning rapid transit and have good tunneling ground for TBM's--
essentially firm soil or sedimeiritary rock above the permanent 
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water table. Some of these cities are Los Angeles, Minnea^ • 
pol Is-St. Rauli Denver, Dalls, Kansas City,- Milwaukee, Cin
cinnati and Indianapolis. Table 1 shows the 33 largest U.S. • 
Standard Metropolitan Statistical Areas- (SMSA) (over 1,000,000 J 
population) and their rapid transit status. Also, shown are " 
the major rock types that underlie each city arid ari indication '• 
as to which are feasible for low-cost mole' tunneling. | 
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RECENl IBM AQUEDUCT TUNNELS IN SOUTHERN CALIFORNIA 

The Metropolitan Water District (MWD) is responsible for the distribu
tion of wholesale water to 11 million people in six counties- of Southern Cali
fornia. This is accomplished through the Colorado River Aqueduct (built in 
the late 1930's) and the California Aqueduct (Feather River Project water, 
completed in the early 1970'5). During the last major coristruction period, 
from 1965 to 1974, the MWD built 25 miles of tunnels in hard and soft rock, 
using six different types of TBM's,, as well as conventional drilling and 
blasting techniques. 

The most noteworthy ciinstruction was the San Fernando Tunnel in the 
City of Los Angeles, It is 5.5 miles long with a bore diameter of 22 feet. 
A Robbins backhoe type tunneling machine within a shield advanced through 
firm alluvium, sandstone and siltstone, both wet and dry, by pushing hydrau
lic rams against previously installed precast concrete segments, which were 
the primary supports. The segmerits are 4 feet wide by 10 inches thick, with 
four comprising a ring. A ring was Installed in just 15'minutes by an erector 
arm at the tail of the shield. The installed segmented support system cost 
only about $150 per foot of tunnel. At an average depth of 140 feet below 
residential San Fernando Valley, the residents were unaware of tunneling be
neath their homes, 

The rate of tunnel construction exceeded 3,500 feet in one month, and 
the progress of 277 feet in one: day for a 22-foot diameter fully-supported 
tunnel is a world record, (This diameter is mpre than ehough for a sirigle 
track subway or an electric, busway). 

BAY AREA RAPID TRANSIT (BART) 

BART is a 75-mile-long new rail mass transit system combiriing elevated. 
surface and subways (Figure 1). The route and raodes of coristruction were 
selecte(J on the basis of soGio-economic benefits and impacts, but the geologic 
conclitions were a dominant factor iri the final construction cost (Taylor and 
'Conwell. 1979). 

the San Francisco Bay area can be viewed as an old eroded bedrock sur
face, partly covered by sediraents derived from rivers, the ocean, and man-made 
fill. It is traversed by active faults associated with historic earthquakes 
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TAIiLC 1 

URBAN GEOLOGY FOR UNDERGROUND CONSTRUCTION 

1970 SMSA 
met ropo l i tan 

area 

(!) 
Ney*' York 
LovArigeles 
Chicago 
Philadelphi:! 
Detroit; 

San FTSTitiscD 
Wiishii igioi i 

itosuin 

I'i i ishtirgh 

.St. 'I.,uiiis-

H:iltiniitit' 

Cleveland 
Houston 
T^lcwiirk 

Minne;ipoIis-Sl..p;tul 
Dii l l i is ' ' 

S rat tie 
Anaheim 
Milwiiuk"ec 
Atlantti 

Cincinnati' 
Patersprt 
San Diego 

-Buffalg 
Miyni i ' 
Kansas Gity 
Denver 

Riverside-San Bernadino 
indianapoiis 
San Jose 
New Orleans 
Tampa 
Portland 

Rock t y p e s ' 

' { 2 } 

HR—^granifel scHist;-elay 
M—sandslone; .shaif 
M;—clay, lirriestbnc 
HR—granite, schist 
iVi—clay, sandstone, limestone 
M:—clay. .iandsibne,,;sh'ale 
HR and M ^ e l i i y . sandstone. 

;j;rahit'e 

H R ani l ,M—clay, iiJii'Hilt-'. 
volcanic, gianiie 

M,—,'^;iiKlsii>in.'.,shak-; liiiiL'slonc 
M—limc^lonLV. ciaj ' 

HR—clay, y a i ' i l c , schi.st 
M.—.samlsliiiic. .clay, ti l l 
i \1^s; ind. clay (.satiiraleJ) 
M—rclay. sanvlstoiiL' 

M—^sandstone, t i l l 
M—limestone 

M—fclay. t i l l , sandstone 
M^^.sandstone. siind 
N4—^limesTonc, clay, i i l l 
HR and M—granite, clay 
H—limestone, till 

M—sandstone, basalt 
M and HR—clay.isandstorie. 

granite 
M—limestone, sandstiine 
Sand (saturated) 

M—limestone, shale 
.M—sandstone, shale 
M and HR—soft sandstone, granite 
M—limestone, till 
Sand (saturated) 
Clay (.saturated 1 
Sand (saturated) 
M ar idHR—basal t .so f t sandstone 

Rapid, 
t ransi t 
s ta tus" 

(3) 

1.2 
3 

1.2 

1.2 
3 

1 

1, 2 

1. 2 
1 

} 
t 

1 
.T 

1 
.1 

.1 

.V 
- l ' 

-i 
3 
3 

? 
3 

3 
3 

Total m i l eage / 

subway triile-
age. lplahned) 

!4) 

240/137 
1232/3.';) 

89./ifl' 
4 . V I 8 

(2.^11) • 
75/21 

i)H/4K 

y i / m 

1,^(1/-li 
iHh/tt' l] 

2K/'> 

211/1) 

-< 
. I,.V/4 

.W.1'3 

•46/4 

'> 
' ^6 /9 

• " ) ' 

(13/4) 
(54/()) 

rl 

i^^'/2] 

l l 

• ? 

^̂ ^ ^ . 
""M = typical "mole" ground: HR'= hart! rock'. 
'' I = area that has rapid transit: 2 = area that has rapid transit funded.orundcr'construction; 

3 = area that has rapid transit proposed. 

REFERENCE: Walton, Matt S ,̂.and Proctor, Richard J., ''Urban Tunnels—An Option 
for the. Transit Crisis;"' Transportation Engineering Journal, ASCE,. Vol. 102,, No, TE4, 
Procl Paper 12S32,' November, 1976,' pp. 7 r5-726' 
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FIGURE 1 - The 75-mile Bay Area Rapid Transit (BART) 
System. Subways Comprise 2,0 Miles Including 
id Miles Tunneled, 6 Miles Cut-and-coyer, and 
4 Miles of Sunken Tube Under the Bay. 
Strippled Areas are Bay Mud. 
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(see later discussion on earthquake hazards). The dominant bedrock is the 
Franciscan Formation, consisting of folded and sheared sandstone, shale, 
andesite, serpentine, chert, and limestone. Overlying this, at the margins of 
the Bay, are unconsolidated sediments. Bay Mud, and artificial fill; it was 
these materials that required costly compressed air tunneling conditions. 

Partly because of having to use compressed air for tunnel excavation in 
the gooey Bay Mud, BART purchased and specified that the contractors install 
special steel liner plates for primary supports. These cost an average of $400 
per foot of tunnel and took 45 minutes to install a ring (Kuesel, 1969). Al
though this gave all tunnels a known support strength and watertightness, it 
denied contractors the liberty to use alternative or innovative tunnel supports 
that might have been less expensive. 

TBM performance was predictably costly and slow because of the generally 
poor geology here. Even so, the 5-year-long cut-and-cover subway excavation 
down Market Street was extremely expensive in terms of "hidden costs" (Proctor 
and Hoffman, 1974, pg. 54), such as lost business, traffic disruption, noise, 
dust, utility interruption and relocation, etc. 

WASHINGTON METROPOLITAN AREA TRANSIT AUTHORITY (WMATA) 

Several miles of this rapid transit system, the newest in the U.S., be
gan operation in 1976. About half of the total 97 miles (see Figure 2) will be 
underground in a variety of hard and soft rock, similar to BART excavation, but 
not quite as difficult (Bock, 1979). A major part of the subway excavation was 
by cut-and-cover adjacent to old, historic buildings. As a result, many buildings 
had to be underpinned for lateral support which added as much as 42% to the cost 
of some subway contracts. This cost would have been unnecessary if the subway 
were built in deep tunnels, well beneath the influence of the building foundations. 
However, subway excavation at depth would be in mixed hard and soft, fractured, 
crystalline rock, deemed not suitable for economical TBM excavation. 

PROPOSED SUBWAY FOR LOS ANGELES 

Los Angeles is one of the world's largest cities in area with a span of 
44 miles between its north and south limits. The population in Los Angeles Basin 
exceeds 9 million people. 

The Southern California Rapid Transit District (SCRTD) Board of Directors 
voted in late 1978 to build an 18-mile "Starter Line" subway system (see Figure 
3). The route chosen along Wilshire Boulevard currently has the most bus pat
ronage, and the extension northward through Hollywood to San Fernando Valley 
should alleviate the automobile congestion on the Hollywood Freeway. 
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i MILES 

FIGURE 2 - The 97-roile Washington Metropolitan 
Area Transit Authority (WMATA) 
System. About One-third is now 
Completed (1979). Almost 45 Miles 
are in Subway.. The Hachured Line 
is the "Fall Line" Separating 
Crystalline Rock from Alluvium. 
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FIGURE 3 - The Proposed 116-mile Southern California 
Rapid Transit District Systera. The 18-mile 
Starter Line Subway is Bracketed Along 
Wilshire Blvd. North to the San Fernando 
Valley. Dark Areas are Oil Fields. 
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Downtown Los Angeles is perched on low hills of sandstone, shale and 
siltstone of the Puente and Fernando Formations (Lamar, 1970). Westward and 
southward from the CBD the hills are buried by old alluvium that consists of 
compacted and slightly cemented sand, silt and gravel. The groundwater table 
is below 200 feet, for the most part, making these sediments ideal for excava
tion by softground TBM's. Locally perched groundwater lenses exist, but these 
are of limited extent spacially. 

Ten cored borings were recently drilled by the SCRTD, some to a depth 
of 200 feet. Their cores substantiate the firm nature of these soft rocks 
and sediments, and also confirmed the deep water table, as most of the holes 
were dry. 

The locations where the future rapid transit subway routes cross oil 
fields could cause gassy tunneling. Of particular note are the La Brea Tar 
Pits, which overlie a part of the Old Salt Lake oil field. Experience with 
previous gassy tunnels in the greater Los Angeles area shows that tunnels can 
be completed safely if precautions are taken. Abundant ventilation is the 
main solution. 

In general, the geologic conditions in Los Angeles are favorable for 
deep tunnel subways to be excavated by boring machines (Yerkes and others, 
1977). Possibly the fastest construction period and most economical new 
mass transit system could be built in Los Angeles, see Figure 4. 

EARTHQUAKE HAZARDS 

Some comments on seismic hazards may be helpful relative to subways. 
The greatest damage in any earthquake is due to ground shaking, not geologic 
fault rupture. A route may cross several potentially active earthquake faults, 
but the probability of a given fault causing surface rupture during the life 
of a facility is remote. What is more probable, indeed, even expected in 
California, is strong ground shaking caused by an earthquake on a nearby fault. 
In such an event, a large area is subjected to strong shaking, and history has 
shown that tunnels (and deep caves) are less damaged than surface or elevated 
facilities (Richter and Lindvall, 1978). This is logical because a tunnel is 
surrounded by the medium that is moving, and moves with it. At the surface, 
where a ground/air interface exists, and other seismic waves come into play, 
the shaking and the resultant damage is more significant. Thus, earthquake 
hazard considerations strongly favor deep tunnels. The randomness of earth
quakes in the Los Angeles area is depicted in Figure 5. 
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ABSTRACT 

Rock engineering for a complicated rock excavation at Brownlee Dam, Idaho, 
incorporated the application of state-of-the-art techniques in (a) rock mechanics 
for stability analysis and design of rock support systems; (b) vibration control 
engineering for blast design and safe vibration limits; and (c) rock instrument
ation for monitoring rock behavior during construction and to check adequacy of 
design support requirements for the slopes and underground openings as long-term 
permanent support systems. 

Two factors were unique in this project: First, in order to accommodate 
a much larger 240-MW unit instead of the 90-MW unit planned for the project, the 
existing intake structure had to be modified and the originally designed power 
tunnel had to be radically changed to handle increased volume of water. Second, 
limited space between the existing powerhouse-tail race and a high, steep rock 
slope on the Idaho side of the Snake River required properly and carefully con
trolled rock excavation. 

INTRODUCTION 

Brownlee Dam, with four 90-MW power plant units, owned and operated by 
Idaho Power and Light Company, is located on the Snake River between Idaho and 
Oregon. When the 395 ft. rockfill dam and four-unit power plant were built 
during the mid-50's, Idaho Power and Light Company's planners knew that power 
demands would increase significantly within two decades. 'For this reason, an 
area was reserved for a fifth 90-MW turbine-generator unit to be built at a 
future date. During construction, a power intake structure was built for the 
future power tunnel. 

Twenty years later, triggered by the expected demand for clean power and 
the high cost of alternative power, the installation of a larger generating unit 
was considered. This unit had to be accommodated in the space originally re
served for the fifth 90-MW unit. Innovative and creative design, backed by 
economic analyses of trade-offs, resulted in the selection of a 240-MW power 
unit, nearly three times the originally planned size. 

Two major problems had to be overcome as a result of the decision to build 
a much larger power plant: First, a space problem on how to fit a 240-MW unit 
into a site originally planned for a 90-MW unit; and, second, site problems in 
excavating an opening for the large fifth unit and a tailrace channel. The opening 
for the power unit had to be excavated at the base of the right abutment of the 
dam and adjacent to the existing powerhouse, which had to be kept in operation. 
The new unit required a separate tailrace channel to be located between an existing 
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tailrace and a steep 250 ft. high rock slope. The rock rib left between the 
two tailraces was very narrow, with a minimum width of 25 feet. 

This paper describes the practical application of rock mechanics, blast 
and vibration control, and rock instrumentation to geotechnical problems en
countered in this project. 

International Engineering Company, as the engineer-designer for the pro
ject, has won an "Honorable Mention" during the 1977 Engineering Excellence 
Awards Competition of the Consulting Engineers Association of California, As 
a result of this award, the company is being considered for the National Grand 
Conceptor Award sponsored by the American Consulting Engineers Council. 

General Geology 

The geologic formations at Brownlee Dam consist of Columbia River Ba
salts, which compose the walls of the Snake River canyon. Columbia River 
Basalt refers to those lavas, predominantly of Miocene age, which cover a 
large portion of Western Idaho, Eastern and Central Oregon, and Southern 
Washington. 

At Brownlee, there are six flows dipping approximately 13° west and 
forming the easterly limit of the large syncline. The lavas at the site are 
generally hard, dense and massive rocks. Some flows are feldsparporphyritic 
and some non-porphyritic. Feldspar phenocrysts up to 1" long are common in 
some flows. 

Beds of fine-grain tuff a few Inches to several meters thick, which 
in a few places contain very thin bituminous layers, lie between the flows. 
A few dikes and a few faults of small displacement cut across the site (Figure 
1). 

EXCAVATION PLAN 

The following major excavations were conducted for Unit 5 of Brownlee, 
as shown in Figure 2: 

a) Near the powerhouse, the lower 70 ft. of the existing 250 ft. 
high steep slope were cut back to approximately 1/4:1. 

b) A 1,400 ft. long, 46 ft. wide and 135 ft. deep open channel 
was excavated for the new tailrace at a slope of approximately 
1/7:1. 

c) A vertical cut 95 ft. wide and 137 ft. deep was opened for the 
new powerhouse. 

d) A new power tunnel was driven 32 feet in diameter and 660 ft. 
in length. 
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ROCK MECHANICS DESIGN METHODS 

Slope Stability Analysis and Slope Support System 

Rock mechanics techniques and methods used for slope stability analysis 
and design of support systems incorporate detailed structural geologic mapping, 
laboratory tests of rock cores, and the use of limiting equilibrium principles. 

Since stability of rock slopes in general depends mainly on the orienta
tion of discontinuities relative to the free face or slope cut and on mechanical 
properties of such discontinuities, a detailed structural geological study was 
performed for this project. After identification of all major joints and frac
tures, rock wedges were identified, and their possible displacements analyzed 
to determine whether failure along these joints was kinematically possible with 
respect to the proposed cuts. 

Support System for Cut Slopes 

From the results of all the rock mechanics studies performed for the 
slopes, it was detennined that large, massive failure of the rock mass was not 
possible. However, small local blocks of rock could fail during excavation and, 
for this reason rock bolts on a 12 x 12 ft. staggered pattern were used to sta
bilize the blocky and fractured areas. Rock bolt lengths were 20 ft. to 30 ft. 
Where the lava flows were more massive and less fractured, rock bolts were in
stalled as required. Figure 2 shows a typical cross section of the rock slope 
at Brownlee Dam and the rock bolts installed. 

Two-dimensional sliding wedge analyses were performed for the high and 
narrow rock rib created by the new tailrace channel excavation. The analyses 
were performed prior to excavation using established values of rock strength 
parameters (j) (friction angle) and C (cohesion) for a weak tuff layer dipping 
into the excavation. Since results showed that the rock rib would remain stable, 
the only concern was that small rock slabs could be loosened during excavation. 
For this reason, the same 20 or 30 ft. long rock bolts on a 12 x 12 ft. pattern 
were used for the rock rib. Again, where the rock was massive and less frac
tured, bolting was only done as required. In addition, the obviously loose 
rock blocks on the west wall of the rock rib facing the existing tailrace were 
rock bolted prior to excavation of the new tailrace channel. 

Power Tunnel Stability and Support Systems 

Rock mechanics principles and rock support design techniques applied to 
the power tunnel at Brownlee Dam Unit No. 5 have been described by world-renowned 
authors in rock mechanics, such as Kastner, Coates, Talobre, Terzaghi and many 
others. Depending upon the size and geometry of an underground opening, the two 
most important parameters necessary for design of support requirements are: (a) 
condition of loading and (b) rock strength. As an example, Terzaghi's loading 
criteria determination was applied to the Brownlee Dam power tunnel which has an 
essentially circular cross section, 32 ft. in diameter. Conservatively assuming 
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a blocky and fractured rock condition, the amount of rock load would be in the 
order of 70 ft. Under this load condition, for rock of moderately high strength 
with a modulus of elasticity of 4 x IO'' psi and a modulus of rupture of 1500 
psi the required rock beam or arch would be approximately 9 ft. thick. This was 
calculated using the elastic beam and arch theory: 

L = / 2 T t 
W(pg+P/t)F 

where: 

L = Span of opening 
T = Modulus of rupture 

pg = Weight-density of rock 
p = Rock load 
F = Factor of Safety 
t = Beam thickness 

An analysis using Fenner's equation and Talobre's principles would give 
comparable results. The same results could also be achieved using Kastner and 
Coates' determination of tension zone configuration over a tunnel with circular 
cross section. Using either the tension zone of Kastner or Coates or the over
strained zone from Fenner's equation, design rock loads can be determined and 
proper rock bolt lengths can be calculated. 

Support System for the Power Tunnel 

From an analysis made using rock mechanics principles and design tech
niques, the final support design for the Brownlee Dam power tunnel consisted 
of 1" <j> Dywidag bolts, 15 ft. long and spaced 6 ft. apart. A typical cross 
section of the tunnel and rock bolts installed is shown in Figure 3. In addi
tion, rock support design was established for the rock wedge between the old 
diversion tunnel and the new power tunnel. Studies indicated that this por
tion of the power tunnel, with a minimum width of only 4 ft. could not with
stand blast vibration. In addition, rock in this location is highly frac
tured. Collapse of this rock wedge would present serious stability problems 
of the rock slope above the power tunnel portal and the powerhouse cavity it
self. Figure 4 shows the rock bolt pattern and the concrete plug installed 
inside the diversion tunnel prior to excavation of the new power tunnel. 

BLASTING AND VIBRATION CONTROL 

Blast damage and vibration levels can be accurately defined in terms 
of peak particle velocities. Vibration caused by blasting can be controlled 
and safe limits established if handled with caution and a good understanding 
of the factors affecting vibration. The four most Important variables, Oriard 
(1972), used in vibration control and the factors used in controlling these 
variables are: 
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A. Time Dispersion 

• Conventional delay sequence 
• Dispersive delay sequence 
• Firing time scatter 
e Travel time scatter 

B. Spatial Dispersion 

• Orientation 

• Geometry 

C. Charge Concentration 

• Drill size 
• Depth of lift 

« Charge distribution 

D. Charge Confinement 

• Burden 
• Spacing 
• Powder factor 

At Brownlee Dam, vibration had to be carefully controlled during excava
tion for Power Unit 5 for the following reasons: 

• Blasting for the new powerhouse cavity was to be performed adja
cent to existing powerhouse walls. 

• Blasting was to be performed adjacent to an existing underwater 
intake structure for the new power tunnel and penstock. 

• Blasting was to be performed without loosening blocks of rock on 
existing high and steep rock slopes. 

• To prevent power interruption, blasting was to be performed with
out tripping sensitive override mercury switches on generators 
and other sensitive instruments inside the powerhouse. 

• Blasting was to be performed without any fly rock that could damage 
high tension transmission cables close to and above the planned 
excavation. 

• Blasting for the new tailrace channel was to be performed with
out creating stability problems on the high and narrow rock rib 
that would be left by the excavation between the new and old 
tailrace channels. 
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At the onset of the project, when excavation for the access roads and 
upper benches was.still far from the powerhouse, continuous vibration measure
ments were made using vibration seismographs. Three Sprengnether VS 1200 and 
two Dallas Instrument Company VS 3 seismographs were used. These instruments 
were strategically located at different distances from the blasts. Different 
powder weights were recorded per delay and peak particle velocities vs scaled 
distances were plotted. As the shots approached the critical excavation area, 
enough vibration data had been studied to be able to predict safe vibration 
levels. Figure 5 shows peak particle velocities plotted against scaled dis
tances. For prediction of safe vibration levels for the critical blasts, the 
upper limit of the band was used. The data points shown in Figure 5 are from 
results of approximately 500 blasts. Except for a few data points above the 
upper band limit, all points were well within the band. In addition, these 
data points were studied immediately following the shots. 

In some instances, it was detennined that there were discrepancies on 
actually recorded weights of powder used per delay. This means that if the 
amount of powder used had been accurately recorded, these data points would 
have been within the band. Figure 6 shows a typical blast design pattern 
used for the tailrace and powerhouse cavity. It should be noted that, even 
if there are only seven delays used in the pattern, full production can still 
be achieved even though shallow lifts are used. With good planning of the 
firing time sequence and trunkline connection, as shown in Figure 6, the de
lay sequence can be repeated to cover a large area. Thereby, the volume of 
excavated rock for shallow lifts can be made equal to that of deep lifts to 
achieve good production while maintaining safe vibration levels. For other 
critical areas where deeper holes were required, "deck loading" was used to 
limit vibration. "Deck loading" consists of using three or four delays in 
deep holes fired at different Intervals. 

For the power tunnel excavation, the typical design blast pattern is 
shown in Figure 7. It can be seen from the pattern of holes that the tunnel 
was driven "top heading" first and benching was done later for the final ex
cavation. For the downstream portal of the power tunnel close to the power
house and for the last few shots adjacent to the underwater intake structure, 
vibration levels were controlled to avoid any damage to the existing struc
tures by limiting hole depths and subsequently limiting burden and powder 
weights. 

ROCK INSTRUMENTATION 

An instrumentation program was carried out for the project to monitor 
rock behavior during construction and to check the adequacy of designed sup
port systems, both fbr the rock slopes and the underground openings. 

Extensometers 

For the slopes, a series of rock bolt type extensometers was used. 
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FIGURE 5 - Brownlee Dam Unit #5 - Vibration Data 
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FIGURE 7 - Blast Design Pattern - Power Tunnel 
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Four-depth arrays of 40, 30, 20, 10 ft. long rock bolt extensometers were in
stalled in four locations along the base of the existing 250 ft. high east 
slope prior to e;<cavation. During excavation for the 135 ft. tailrace channel, 
three arrays of extensometers were installed on the left wall. This left wall 
was on the narrow rock rib between the existing tailrace and the new tailrace 
channel mentioned earlier in this paper. For the powerhouse cavity, one array 
of extensometers was installed immediately above the downstream portal of the 
power tunnel. Figures 2, 3, 4 and 8 show typical extensometer arrays in
stalled at Brownlee. Inside the power tunnel one array was installed at the 
crown during excavation to determine tunnel crown behavior and tunnel closure. 

During and after final excavation of the tailrace channel, powerhouse 
cavity and power tunnel, none of the extensometers recorded any appreciable 
rock movements, indicating that the design rock support systems were adequate. 

Inclinometers 

Two vertical inclinometers as shown in Figure 8 were also installed in 
the rock rib between the new and existing tailrace channels. The purpose of 
these inclinometers was to determine the behavior of the rock rib during ex
cavation of the new tailrace channel and to cross-check horizontal movements 
of the rock rib with movements registered by the extensometer arrays installed 
in its left wall. 

Results of the inclinometer readings were in good agreement with mea
sured movements registered by extensometers in the rock rib. Analysis of 
these movements show normal rib reactions during excavation for the tailrace 
channel. 

Vibrating Wire Stress Meters 

Vibrating wire stress meters were used during excavation for the new 
power tunnel to monitor load transfer and load intensity on the concrete 
plug installed inside the existing diversion tunnel. Eight vibrating wire 
stress meters were installed in four boreholes in the concrete plug as shown 
on Figure 4. Inside each of the two outer holes, one horizontal, one inclined 
45° and one vertically oriented stressmeter were installed. In the two inner 
drill holes, only vertical stressmeters were installed. 

Results of stress measurements during excavation of the power tunnel 
show good agreement with predicted values of the load being carried by the 
power tunnel rock mass prior to excavation, and of the transfer of this load . 
to the rock wedge. The load was almost entirely transferred to the concrete 
plug due to the fractured and weak nature of the rock wedge. Because of 
this, it was concluded that without the rock reinforcements installed in this 
location, the rock wedge would not have sustained the load imposed on it 
during the power tunnel excavation. 
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Survey Brass Points 

In addition to extensometers and inclinometers, four survey brass points 
on a straight line were installed along an existing concrete wall between the 
new and old tailrace channels. An additional four points were installed along 
the abutment of the new bridge. The purpose of these survey points was to moni
tor movements along the top of the rock rib and to determine horizontal and 
vertical displacements of the bridge abutments during excavation of the new 
tailrace channel. 

All movements registered by the survey points show normal rock reactions 
during excavation. 

CONCLUSIONS 

Close coordination between Idaho Power personnel, design engineers and 
the contractor to handle specific design problems during construction has 
yielded excellent results. Brownlee Project Unit Number 5 has progressed ac
cording to schedule; no delay is anticipated, and the following constraints 
and requirements have been met: 

• There has been no damage to any of the existing structures, 
facilities or equipment during excavation. 

• Except for anticipated small loose blocks of rock and some 
minor raveling rock fragments, no significant rockfalls have 
occurred. 

• No significant rock movements have been recorded. 

• There has been no significant interruption of power pro
duction and no interruption of power flow to customers. 

• Project costs have remained within the budget. 

Brownlee Project Unit Number 5 has demonstrated that greater potential 
for hydroelectric power development can be realized through creative and sound 
engineering practice. At the Brownlee site, these practices have resulted in 
safe and economical operations during construction of an additional power 
generating unit which is larger and more efficient than the unit that was 
originally planned. 
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Fresh look at geochemistry for oil searching 
Increasing oil costs and 

dwindling known reserves 

have sparked renewed interest 

in geochemical methods 

for petroleum exploration 
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One of Iheoldest methods of locating 
oii and gas deposits is having a reviv
al. The method is surface geochem
istry. Long eclipsed liy more purely 
geological procedures, such as seismic 
lesting, geochemistry is still the 
stepchild among the high-technology 
petroleum exploration methods. But 
rising t>il costs and shrinking known 
reserves have rekindled interest 
among oil exploration companies in 
tracking down the clues to unknown 
deposits that geochemical techniques 
can provide. 

A look at what the science has to 
offer and how one oil company in 
particular is employing the.se tech-
nicjues comes from a symposium on 
advances in geochemical techniques 
for oij exploration sponsored by the 
Division of Geochemistry. (Thedivi-
sionvvas elevated from probationary 
to full divisional status by the ACS 
Coiuicil during its meeting in At
lanta.) 

Analyzing the ground surface for 
signs ofoil or other hydrocarbons that 
seeped up from deposits bekiw is 
probably the oldest method of locat
ing oil deposits. However, as very 
shallow deposits were depleted, ob
vious surface signs of oil below be
came unusual. Prospectors began in
stead to study the subsurface geology 
looking for formations that could trap 
oil or natural gas in reservoirs, par
ticularly in region.s where other 
geologic markers showed conditions 
would have been right for petroleum 
forination. Usually such conditions 

• induce an impermeable capping layer, 
which, many prospectors believed, 
would prevent seepage of hydrocar

bon molecules from the oil deposit to 
the surface. 

Now that picture is changing. Few 
rocks are entirely impermeable, and 
improved analytical techniques now 
allow detection of indicator molecules 
at the parts-per-million level in 
ground and water samples. According 
to one current theory, hydrocarbons 
are most likely to escape from the 
edges ofa subsurface deposit, creating 
a characteristic "halo" of increased 
hydrocarbons in the soil gases above 
a deposil. 

Although soil bacteria and other 
factors unrelated to subsurface oil 
deiiosits also can put hydrocarbons 
into the soil, these confounding fac
tors generally can be separated 
out—by isolopic analysis, for exam
ple, in fact, the techniques for de
tecting and identifying surface hy
drocarbons are now so good, says 
Victor 'P. Jones, director of the 
physical geochemistry and minerals 
section of Gulf Research & Develop
ment Co., that "the geochemical evi
dence is irrefutable if you have hy
drocarbons at the surface. The only 
ciuestion is where the source is." 
However, he adds, it is dangerous to 
condemn a project on the basis of a 
lack of geochemical evidence that 
something is there. 

Gulf Research & Development is 
using surface geochemical techniques 
to search for oil in,several ways. Ted 
J. Weismann, manager ofthe firm's 
geochemistry and minerals depart
ment, outlined some of the ways the 
company uses surface geochemistry. 
The presence of relatively high con
centrations of hydrocarbons in soil 
gases indicates a petroleum deposit 
somewhere below the surface, he says. 
In addition, the relative abundance of 
different hydrocarbons gives an in
dication of the chemical composition 
of the deposit below. 

For instance, analysis of near sur
face gases at the predominantly oil 
producing Permian Basin in West 
Texas, the oil condensate region of 
the Alberta Foothills, and the dry 
methane gas production of Sacra
mento Valley, Calif., give quite dif
ferent ratios of methane to propane 
and ethane to butane, explains senior 
geologist Gregory -J. Pa/dersky. Such 
surface gas analysis might be useful 
for exploration, particularly in regions 

where no earlier wells have been 
drilled, he suggests. 

Deposits in the offshore continen
tal shelf also send up hydrocarbon 
markers that can be measured in the 
water column above them, says Gulfs 
John C. Williams, supervisor of the 
marine geochemistry section. Gulf's 
research vessel, the Hnllis Hedberi>, 
samples ocean water at three 
depths—the surface, 450 feet down, 
and as much as GOO feet down. The 
samples are analyzed for methane 
and propane and compared with av
erage concentrations for these com
pounds in open ocean water. 

In areas that are known to contain 
petroleum deposits, the levels of the 
measured hydrocarbons are much 
greater than the average ocean value, 
he finds. For example, in the Gulf of 
Mexico, 22% of the.samples taken 
have more than 2 nanoliters of pro
pane per liter of seawater, compared 
to an open ocean average of 0..'14 

• nanoliler. For methane, 80% of the 
Ciulf of Mexico samples show more 

Hydrocarbon "halos" can mark 
oil deposits below 
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hydrocarbons 
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than 100 nanoliters per liter, com
pared to 8% of open ocean samjiles. 

Although there are many examples 
ofa correlation between high hydro
carbon measurements and successful 
driUing, Williams points out that 
there also have been some failures, 
n^he area off the Washington-Oregon 
coast, for example, has very high 
methane and moderately high pro
pane levels in the seawater, but 14 
exploratory wells have shown only 
minor gas and oil deposits. TheGulf 
of Alaska, too, should have petroleum 
deposits, based on hydrocarbons 
found in the water, but drilling to 
date has not located deposits. 

A preliminary look at what hap
pens to hydrocarbons as they migrate 
from the source deposit to the surface 
comes from Gulf's Richard J, Drozd, 
research geochemist, and colleagues 
at West Virginia University. High 
bicarbonate and methane concen
trations in water taken from aquifers 
near the surface are an indication of 
hydrocarbon migration from gas res
ervoirs below, Drozd says. The mi
grating hydrocarbons would lead to 
increased evaporation of the water. 
This, in turn, leads to an isoto|)ic 
•rraclionation of the oxygen and an 
increase in "^0. The process also in
volves an enrichment in '^C in the 
carbon dioxide that is released, with 
a resulting increa.se in '"'C in the re
sidual dissolved carbonate. 

Monitoring tbe soil and ocean 
water for indicator gases does have 
some drawbacks, however: "The 
correspondence is not one-to-one 
between soil gas anomalies and oil 
deposits below," Weismann says. 
Sometimes geologic features deflect 
the gases as they migrate to the sur
face, so that a well sunk where the 
gases reach the surface may fail to tap 
the petroleum source they come from. 
A history that includes a few such 
misses is one reason why geochemical 
techniques are n(»t being used more 
widely in today's exploration. 

T'here are two importtint factors 
needed to decide whether an oil 
source can be tapped profitably that 
surface gas analysisdoes not provide. 
Surprisingly, it does not give much 
information on the size ofa deposit. 
The concentratiim of gases in the soil 
is more a function of the ease of mi
gration through the material that 
separates the source from the surface 
than it is of the size of the oil reser
voir, Weismann says. And the tech
nique does not tell how deep the de
posit may be. Some early dry holes 
dug on the basis of geochemistry may 
have failed lo tap oil because they did 
not go deep enough. D 

Trace organics are 
thrust of water cleanup 
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For Ihe'past five to ,10 years, scientists 
and engineers have been laying the 
groundwork for the technology of 
treating drinking water with granular 
activated carbon. That technology 
proinises to form the basis for a new 
phase in waler treatment history. 
First came the removal of particu
lates, then the removal of bacteria, 
and now the removal of trace organic 
compounds, particularly trihalo-
methanes. 

As evidenced by a three-and-a-
half-day Division of Environmental 
Chemistry symposium on treatment 
ofvvater by granular activated carbon, 
work has l)een progressing along a 
broad front, ranging from carbon 
adsorpti<ni theory .to commercial 
economics. Three studies described at 

Ihe symposium jxiinl up the variety 
of work currently under way at an 
applications level. 

In Florida, researchers have been 
studying the removal of trihalo-
methanos in a 150,000 gal-per-day 
pilot plant with bacteria-activated 
towers. "̂ I'he project has been funded 
and operated jointly hy the Environ
mental Protection Agency's Munici
pal Environmental Research Labo
ratory, Miami-Dade Water &. Sewer 
Aulhiirity.Dade County Department 
of Public Health, and the Drinking 
Water Research Center al Florida 
International University. 

Paul Wood ofthe Florida Interna
tional research center noted that 
granular-activated carboti can't be 
used economically for removal of tri-
halomethanes, formed during chlo
rination from generally natural pre
cursor substanc:es. I'hus, the objective 
of the pilot plant is to see whether 
bacteria-activated towers of granular 
activated carbon would be suitable for 
removing precursors. 

"̂ rhe pilot plant includes an ozone 
generating and coiitacting section. 
The study-is seeking to determine if 
ozonation of the water will modifv 
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GEOLOGICAL AND GEOCHEMICAL RELATIONSHIPS AT THE GETCHELL MINE 
11 

AND' VICINITY, HUMBOLDT COUNTY, NEVADA | I M 5 -

Byron R. B e r g e r 

I n t r o d u c t i o n 

UNIYERSItY OF UTAH 
RESEARCH rNstmrTE 
EARTH SCIENCE LAB. 

The Getchell gold mine., located in eastern Humboldt County, Nevada 
(Figure 1), was a producer of gold bullion intermittently between 1938 and 
1967. This occurrence is one of several disseminated-type gold deposits in 
the western United States, including Carlin, Cortez, Gold Acres, Jerrett 
Canyon, Mercury, and numerous smaller deposits (Roberts and others, 1971). 
The geological and geochemical characteristics of these deposits are similar; 
high gold to silver ratio, associated arsenic and mercury, carbonaceous limy 
host rocks, associated intrusive Igneous rocks, and extensive silica replace
ment. 

The purposes of this report are to describe the geologic relationships 
at the Getchell mine and their effects on the localization of gold mineraliza
tion, and to present data concerning the geochemical characteristics of the 
ore bodies and the consequent ramifications for exploration. 

GENERAL GEOLOGIC SETTING 

The Getchell mine is located in the Potosi mining district on the 
eastern flank of the Osgood Mountains, about 70 km northeast of Winnemucca, 
Nevada (Figure 1). Initial geologic mapping in a portion of the Osgood 
Mountains was done by Hobbs (1948), followed by a study of the entire 
Osgood Mountains 15-minute quadrangle by Hotz and Willden (1964). 

Studies of che mineral deposits of the Potosi mining district include 
Hobbs and Clabaugh (1946), Joralemon (1949, 1951, 1975), Cavender (1963), 
Hsu and Galli (1973), Silberman and others (1974), Taylor (1974), Berger 
(1975), Berger and others (1975), Berger (1976), and Taylor and O'Neil (1977). 

In the vicinity of the Getchell mine (Figure 2 and 3) , lower Paleozoic 
sedimentary rocks are Intruded by a granodiorite stock of Cretaceous age 
(Silberman and McKee, 1971). The oldest rocks are Middle and Upper Cambrian 
carbonaceous shale and thin-bedded limestone, in part intercalated, called the 
Preble Formation (Hotz and Willden, 1964). The shale beds are commonly 
phyllitic, and'appear light-greenish in the near surface weathered zone. The 
Preble Formation is unconformably overlain by a sequence of intercalated 
dolomitic limestone and chert, shale, siltstone, and mafic volcanic rocks 
belonging to the Comus Formation of Early and Middle Ordovician age. The mafic 
volcanic rocks are in part intrusive into the intercalated dolomitic limestone 
and chert, although vesicular textures, pillow-like structures, and interbedded 
shale indicate that they are mainly submarine flows. All of these lower Paleo
zoic rocks are isoclinally folded, with the fold axes overturned to the west <07-,8 
(Erickson and Marsh, 1974). This style of folding is not seen in younger 
rocks. North of the mine area, Etchart Limestone and chert, shale and quart
zite of the Farrel Canyon Formation are imbricately thrust over the older 
Paleozoic rocks. The Etchart Limestone is similar to the Highway and Antler 
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Peak Formations found elsewhere in the region, and contains rocks of Middle to 
Late Pennsylvanian or Early Permian age (Hotz and Willden, 1964). The Farrel 
Canyon Formation of Pennaylyanlan ("J) tp Permian age resembles the Havallah and 
Pumpernickel Formations found'to the south and southeast of the Osgood Mountains. 

The Cretaceous Osgood Mountains biotite granodiorite and related dike 
rocks intrude all of the Paleozoic rocks. The stock is an homogenous, coarse 
body of variable grain size. The dikes consist of both granodiorite and dacite 
porphyry. The stock is symmetrical, and appears to dip outward 45°-60* on both 
east and west flanks (Continental Oil Co., unpublished aeromagnetic data, 1973). 
There is a metamorphic aureole around with the intrusion wtth a mineral assemblage 
in shaly rocks consisting of cordierite-, biotite-, and andalusite-hornfels. 
Locally limy beds are recrystallized and calc-silicate minerals are developed. 

The imbricate thrust faults juxtaposing the early and late Paleozoic 
formations have been interpreted by Erickson and Marsh (1974) in the Edna 
Mountain area south of the Osgood Mountains as representing two distinct 
episodes of deformation—Late Pennsylvanian to Early Permian and Late Permian 
to Early Triassic (Sonoma orogeny). The Getchell fault zone, an anastomosing 
system of high-angle, dip-slip faults, cuts the thrust faults along the eastern 
margin of the Osgood Mountains and the zone is a clearly younger feature. 
Hobbs (1948) and Joralemon (1951) felt that the Getchell fault system postdated the 
granodiorite stock, and that the earliest sense of movement on the fault was 
lateral based on presumed mullion structures and horizontal slickensides. 
Berger and Taylor (1974) re-evaluated the field evidence and concluded that 
the displacement has been predominantly vertical, and that the fault system 
controlled the emplacement of the granodiorite stock and related dikes. The 
fault system has been active to the present as evidenced by the displacement 
of Quaternary'(?) alluvium in the mine area. 

MINERALIZATION IN THE OSGOOD MOUNTAINS 

Mining activity in the Osgood Mountains has-been described by Hotz and 
Willden (1964). For completeness, a brief summary of the types of deposits 
other than disseminated gold and the geochemical characteristics of some is 
presented here. 

Barite is a widespread gangue mineral in many of the hydrothermal mineral 
deposits in the Osgood Mountains. In addition, barite commonly occurs as 
rosettes in carbonate beds of the Ordovician Comus and Cambrian Preble Forma
tions, and massive, bedded barite deposits are known in sec. 12, T. 37 N., 
R. 41 E., sec- 32, T. 38 N., R. 42 E., and sec. 30, T. 39 N., R. 42 E. Silver-
bearing quartz veins cross-cut the bedded barite, but otherwise there is no 
hydrothermal sulfide mineralization accompanying the barite. 

Metasomatic skarn deposits occur in carbonate host rocks around the peri
phery of the Osgood Mountains granodiorite. A number of the skarns have been 
mined for tungsten, with the most active periods being 1942-1945 and 1951-. 
1957. Copper is a minor accessory element in most of the deposits, and 
molybdenum is a significant co-product of the Moly tungsten mine (figure 2). 
Tin is present in garnet-pyroxene skarn as an accessory trace element. 
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Disseminated sulfides occur in the granodiorite stock in two places, 
one within each of the exposed lobes. Hotz and Willden (1964) referred 
to the zone in the central part of the northern lobe west of the Riky mine 
as the Section 5 pit (sec. 5, T..38 N., R. 42 E.), and at this locality tung
sten occurs with quartz in a matrix of quartz sericite and pyrite. The 
second zone is located at the north end of the southern lobe (sees. 19, 20, 
T. 33 N., R. 42 E.) and was described by Neuerburg (1966) as consisting of 
"thin seams of iron sulfides along subparallel irregular fractures." Moly
bdenum and tin occur in trace amounts in these altered zones. 

Small silver-bearing quartz veins occur at numerous localities throughout 
the range. The veins are fault controlled, and are also common in the broken 
noses of plunging antiformal structures. Lead and zinc are associated with the 
silver, and secondary oxides of these elements are common in outcrop. Gold is 
present in amounts subordinate to the silver. 

Minor manganese sulfide and oxide prospects occur at several localities 
in the range. Most are in chert of the Farrel Canyon Formation as coatings 
along fractures and as a matrix cementing breccia fragments. 

GEOLOGY AT THE GETCHELL MINE 

The geology of the Getchell mine area is shown on Figure 3. The alluvium 
and dump materials have been omitted to better illustrate the geologic 
relationships. 

The Getchell fault system generally consists of two persistent gouge zones 
referred to locally as the "footwall strand" (Joralemon, 1951) and the "hang-
ingwall strand" (Berger and Taylor, 1974). However, a single fault is not 
consistently present in either position for the entire length of the range 
(Figure 1). In the mine area, the Getchell fault exclusive of the Village 
fault has been simplified into three main strands that are of importance in 
the localization of the mineralization. These are the West, Main, and East 
veins (Figure 2 and 3). Ancillary faults'do contain gold mineralization, although 
this mineralization is of limited economic importance. 

At the mine, the Getchell fault system consists of a series of anastomosing, 
east-dipping, normal faults. The dip of the faults varies from about 30° to 
60°, with the eastern strand generally dipping more steeply than the western 
strands. In spite of a thick gouge zone along the Main vein of the Getchell 
fault (Figure 3), the greatest vertical displacement appears to have taken 
place to the east along the Village fault, although the absolute displacement 
is unknown. This interpretation is based on the stratigraphic continuity of 
the Preble Formation limestone across the Main vein of the fault system in 
che Getchell mine workings and on drill data south of the workings and along 
the Village fault (unpublished data. Continental Oil Co.). 

Limestone of the Preble Formation is the most J^mportant_ho§£ rock for gold 
mineralization in the mine area. Arenaceous limestone beds (1-2" thick) ar^ 
intercalated with equally thick carbonaceous shale beds. The shales are in 
part limy, particularly in the North Pit area. Thick shale units lie both 
stratigraphically above and below the predominantly limestone portion of the 
formation. Against the intrusion the shales are metamorphosed to cordierite-
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andalusite hornfels. Biotite hornfels appears along some faults and biotite 
schist appears along others. Berger and Taylor (1974) interpreted these 
biotite-rich areas as faults ancestral to the present day Getchell system. 
The shale and limestone beds strike northerly and dip 30"'-50° to the east. 
Outside the zone of contact metamorphism Pre-Cretaceous regional metamorphism 
has converted the Preble shales into phyllitic rocks. 

The main mass of the granodiorite stock is located along the west side of 
the mine area (Figure 3). It forms the footwall of the West vein of the 
Getchell fault system in the South pit. Another large mass is located in the 
hangingwall of the Main vein to the east of the Center pit. Hotz and Willden 
(1964) suggested that the latter mass was offset approximately 0.7 miles 
laterally from the main stock. However, an intricate set of offshoot grano
diorite dikes along the East vein and to the north of the body along the Main 
vein imply that the body was emplaeed along the faults and is not an offset 
portion of the main stock. Three- to ten-foot wide granodiorite and dacite 
porphyry dikes also were emplaeed along the Main vein. All of the intrusive 
dikes are of Cretaceous age (Silberman and McKee, 1971; Silberman and others, 
1974). 

Several sequences of Tertiary and Quaternary alluvial deposits cover most 
of the eastern portion of the mine area. These deposits have been unaffected 
by hydrothermal activity. A rhyolitic ash is incorporated in the oldest 
alluvium exposed in the North, Center, and South pit areas. The ash units are 
found in the alluvium in the east wall of all of the open pits and about two 
miles north of the mine along the Village fault. The largest exposure of ash 
is adjacent to the North pit entrance ramp. Joralemon (1951, 1975) felt the 
ash adjacent to the North pit was genetically related to the gold mineralization. 
However, eroded fragments of mineralized rock occur in alluvium beneath the ash 
beds, and portions of the ore zones are truncated_by alluvi.umxfi.lled channels 
which contain Che ash beds^ 

GEOLOGIC RELATIONS OF THE GOLD MINERALIZATION 

Gold was discovered at Getchell in 1934. Opencut and undergound pro
duction of primarily oxide ore commenced in 1938 and continued to 1950. The 
gold was extracted using the cyanide process. Sulfide ores, mined from three 
open pits, were primarily treated during a later stage of mining (1962-1967) 
using a fluid-bed roast to oxidize the ores prior to cyanidation- The bullion 
production record for both periods of mining is given in Table 1. 

The gold ore deposits are low temperature (Nash, 1972) replacements of 
limestone along the Getchell fault zone with the faults serving as conduits for 
'the ore solutions. Typical of many epithermal deposits, the ore bodies form 
irregular pods of erratic grade (Figure 4). Mining widths averaged 12 meters 
(Joralemon, 1951), although zones aa much as 61 meters wide were mined. Deep 
explorations shows that the mineralization persists at least 1 kilometer down," 
dip on the Getchell fault sysCcm and also occurs along the parallel Village 
fault (Berger, 1976). Although the major strands of the Getchell fault appear 
to converge down-dip, the complex pattern of mineralization remains consistent 
to considerable depths, and chere is still more than one persistent mineralized 
structure at the deepest levels Investigated. 
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TABLE 1. Gold production at the Getchell mine* 
1938-1950 

Year 

1938 
1939 
1940 
1941 
1942 
1943 
1944 
1945 
1946-47 
1948 
1949 
1950 

TOTAL 

Ounces 

24,818 
49,135 
63,385 
59,515 
49,168 
34,949 
35,536 
9,925 

No Production 
10,754 
18,758 
32.090 

388,033 

Value 

J 868,632 
1,719.740 
2,218,467 
2,083,033 
1,720,868 
1,223,232 
1,243,760 
347,375 

376,390 
656,530 

1,123,150 

$13,581,177 

North Pit 
Center Pit 
South Pit 
Section 4 

1962-1967 

Tons 

804,130 
396,100 
879,400 
33,400 

Ounces/Ton 

0.33 
0.25 
0.23 
0.23 

2,113,030 0.271 

*Data compiled as shown from annual reports of Getchell Mine, Incorporated. 

Alteration and Ore Mineralogy 

Hydrothermal alteration consists chiefly of decarbonatization accompanied 
^j;^ilicificationjof the limestone beds. Some portions of the limestone have 
been completely altered to fine, granular quartz. Secondary quartz is also 
present in all other rock types in the mineralized zone. Where relict bedding 
is preserved, the quartz is very fine grained, and the grains are elongated 
parallel to the bedding. Where silicification is more intense, the quartz is 
fine to medium grained, and grew obliquely to the bedding. All of the secondary 
quartz grains display an irregular outline in contrast to the equant, mosaic 
texture found in the unmineralized metamorphosed rocks. Polished section 
examination has shown some native RoJ-d to be •jacke.ted bv and along the margins 
_Qf_auartz grains (Joralemon, l94*JiT. Amorphous and/or cryptocrystalline masses 
of silica referred to as "jasperoid" have only been found in oxidized portions 
of the mineralized zones and are probably supergene in origin. 
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Some of the silicified zones are surrounded by pods of carbonaceous 
material. The carbon has probably been in part remobillzed from limestone 
and shale by the hydrothermal solutions, and is a mixture of amorphous carbon, 
organic carbon complexes (B. R. Berger, unpublished data), and graphite 
(Botlnelly and others, 1973). The most carbonaceous zones occur where shale 
made up a significant proportion of the host rock. Where the bedding has been 
preserved, the carbonaceous material forms thin laminae paralleling quartz 
layers. The carbon often surrounds the quartz, but is not, in general, adjacent 
to subhedral pyrite grains which form elongate clots parallel to the bedding. 
The pyrite is intergrown with larger quartz grains and commonly contains 
blebs or rims of arsenopyrite. Joralemon (1949, 1951) found some visible 
gold in association with pyrite, arsenopyrite, and carbonaceous material. 
Where silicification is more intense, the carbonaceous material forms Irregular, 
intergranular mattes surrounding quartz grains. However, the sulfides again 
tend to be enclosed by elongate quartz grains and not carbonaceous material, 
implying that there is a closer relationship of gold to quartz and sulfide than 
to carbonaceous material (Wells and others, 1969). Depending on the original 
host rock mineralogy, other alteration products include sericite, clay, and 
chlorite. Cordierite, andalusite, and biotite are altered to sericite and/or 
chlorite.. Feldspar is argillized and/or sericitized. X-ray data from an 
altered granodiorite mass in the South pit indicate that the clay is primarily 
kaolinite. 

Realgar and orpiment are late-stage products of the hydrothermal activity. 
They are generally interstitial to other ore and gangue minerals along veins, 
fractures, or bedding planes. In rocks with considerable carbonaceous material, 
realgar and orpiment are surrounded by dense mattes of late-stage remobillzed 
carbon. 

The igneous dikes and portions of the main stock are altered. Plagioclase 
is altered to sericite and kaolinite; biotite is altered to sericite, chlorite, 
and pyrite. Stockwork quartz veins cut the igneous bodies, and these veins are 
cut by calcite-dolomlte veins in the South pit. Realgar occurs along the 
stockwork veins and around the boundaries of altered, feldspar grains. Much of 
the groundmass of the porphyritic intrusions is altered to quartz and clay-
Joralemon (1949) suggested that the alteration of the Igneous dikes may be 
deuteric. The only deuteric alteration noted during the present study con
sisted of partial sericltlzation of biotite in dikes crosscutting tactite 
in the Riley mine to the south of the Getchell mine (Figure 2) . Intense argillic 
alteration and pervasive quartz and sericite along dike boundaries are found 
only in dikes located in areas having gold mineralization. Away from the ore 
bodies or within the granodiorite, dikes are fresh; even a short distance from 
the Getchell fault they do not show alteration of any sort. 

Minor ore minerals include cinnabar, stibnite, and occasional chalcopyrite 
and sphalerite. In addition to quartz and calcite, gangue minerals Include 
marcasite, magnetite, barite, fluorite, and chabazite. Stibnite is most common 
in the South pit ore body and along the East vein. Fluorite occurs in the 
North pit ore body as do the rare minerals getchelllte (Sb3As2S3) and galkhaite 
(Hg,Cu,Tl,Zn)(As,Sb)S2 (Botlnelly and others, 1973). 
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Stratigraphic and Structural Ore Controls 

The Getchell and Village faults are the primary loci of mineralization. 
Alteration and metallizations string out along minor structures into the 
hangingwall or footwall only a few meters. The hydrothermal solutions 
mineralized all rock types in the mine area, although economic mineralization 
for the most part appears to be restricted to the limestone and limy portions 
of the shale of the Preble Formation. 

The strike and dip of the bedding in the Preble Formation are subparallel 
to the Getchell fault; as a result the replacement ore bodies in plan view are 
thin and sheet-like zones along the fault. Isoclinal folding of the sedi
mentary rocks also controls the mineralization: (1) the folds have duplicated 
the relatively thin limestone member of the Preble Formation resulting in a 
thicker mineralized zone transected by the fault zone; and (2) increased 
permeability in the crushed noses of the folds allowed the mineralization 
to follow the plunge, increasing ore length. However, the folds do not 
carry the mineralization away from the main fault zone more than a few meters. 
Depending on the position of the limy rocks relative to the fault the 
mineralization can occur either against the footwall or adjacent to the 
hanging wall. 

The geometry of the ore bodies is shown in Figure 4. Both cross sectional 
and plan views are shown from the South pit (Berger, 1975). The higher grade 
bodies form scattered pods and narrow, continuous shoots down the dip of the 
vein. Although in the interior of the veins ore grade generally decreases 
gradually away from high-grade bodies, locally it decreases abruptly. The 
high-grade bodies commonly persist to the margin of the vein, where grade 
drops off abruptly. 

Joralemon (1975) reported that for ore grades exceeding 0.10 ounces per 
ton the ore bodies apex within 9 to 15 meters of the present-day land surface, 
reflecting current topographic highs and lows and implying a very young age 
for the deposit. Berger and others (1975) found.that for the minimum grade of 
0.10 ounces per ton gold, the relation between the top of the north ore body 
and the surface prior to mining is as shown in Figure 5. Small pods of ore and 
altered rocks cropped out or were exposed in shallow trenches along ancillary 
faults in the footwall of the North pit ore body (Witt, 1936b). Where the 
Center Pit is now located, silicified gold-bearing ledges up to 45 m high and 
24 m thick were traceable for over 900 m to the south (Witt, 1936a) to the 
South Pit (Figure 3). Mine reports indicate that an ore width of over 31 m 
was covered directly by 1 to 6 m of unaltered, unmineralized alluvium in the 
South Pit area (unpublished data, Getchell Mine, Inc., 1934). Five hundred meters 
south of the South pit over 15 m width of ore cropped out, and gold ore crops 
out at the Riley tungsten mine, 2 km south of Getchell. The mineralization is 
pervasive along parts of the Getchell fault, and what constitutes ore is 
wholly dependent upon the economics of mining and recovery. As a result, the 
geometry of ore pods can vary depending on the chosen cutoff grade, and no age 
can be inferred from the ore geometries. 
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GEOCHEMICAL NATURE OF THE MINERALIZATION 

Gold occurs in the native state as micrometer- to submlcrometer sized particles. 
Unpublished electron microprobe data (A. Radtke, personal commun.) show the 
gold to occur in association with carbonaceous raaterial, within sulfide minerals, 
and as particles within and between quartz and clay grains. The average grade 
of the exploited Getchell ore bodies was about 9 to 10 ppm (Table 1). The 
subeconomic mineralization ranges from 0.02 ppm to 3 ppm gold. Silver is 
generally less than 1 ppm in the ore zones, but ranges from 0.2 ppm to 16 ppm 
in samples taken for this study. The gold to silver ratio in bullion for the 
period 1938 to 1945 is shown in Figure 6. Presuming that the mining progressed 
to greater depths with time, there is no discernible systeraatic trend to 
increased gold/silver ratios with depth in the oxidized parts of the ore bodies 
which made up the bulk of the ores mined. Cycles of progressively higher 
ratios followed by progressively lower ratios possibly reflect the somewhat 
irregular grade distributions shown in Figure 4, and the poor gold-silver 
correlations shown in Table 4 also corroborates this Interpretation. 

• 
Erickson and others (1964) suggest that the trace element suite found at 

the Getchell deposit is similar to that found at the Carlin gold mine (Hausen, 
1967; Radtke and others, 1972) and other disseminated gold deposits (Ferguson, 
1924; Gilluly, 1932; Wells and others, 1969). Arsenic, mercury, and antimony 
are most closely associated with gold mineralization. Erickson and others 
(1964) also suggested that tungsten may be anomalous in the Getchell ore, 
though any genetic relationship is obscured by the proximity of tungsten-
bearing tactites to the main productive gold zones. 

The average trace element content of the Getchell gold deposit based on 
50 samples collected for this study is shown in Table 2 • The most notably 
enriched elements are arsenic, antimony, and mercury . The low 
concentration of copper, zinc, and lead is conspicuous and characteristic of 
the disseminated gold deposits along the Getchell fault. There appear to be 
trace element variations between the north, center, and south ore zones 
(Table 3) although the population of 50 samples evenly divided for each pit 
is not large enough to statistically validate the differences shown. Never
theless, the geological relationships in the pits provide corroborative 
evidence to the geochemical variations shown. Silver, molybdenum, and 
tungsten are highest in the South pit (Figure 3) where the most pre-gold 
calc-silicate is in evidence. Disseminated molybdenite can be found in the 
granodiorite stock adjacent to tungsten-bearing skarn along the West Vein, 
and granodiorite dikes in the east wall of the pit are spatially associated 
with the alteration of some of the Preble Formation limestone to a garnet-
pyroxene skarn. The average mercury abundance Increases from about 15 ppm 
in the North pit to over 80 ppm in the South pit. The highest mercury values 
occur as cinnabar in association with antimony. The footwall of the Center 
pit is siliceous hornfels, which may explain the generally lower concentrations 
of copper, lead, and zinc in the central ore zone. However, the concentrations 
of these base metals are uniformly low and the differences between the pits 
minor. 
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TABLE 2a. 

Element-

Arsenic 
Boron 
Barium 
Cobalt 
Chromium 
Copper 
Gallium 
Lanthanum 
Manganese 
Molybdenum 

Average trace eleraent 

Average 
abundance(%) 

0.285 
0.0052 
0.019 
<0.0009 
0.0031 
0.0047 
<0.0016 
0.0028 
0.0113 
0.001 

concent of the 

Element 

Nickel 
Lead 
Antimony 
Strontium 
Titanium 
Vanadium 
Tungsten 
Yttrium 
Zinc 

Getchell gold deposit. 

Average 
abundance(%) 

<0.0018 
0.0018 
<0.0935 
<0.0186 
0.103 
0.034 
0.0016 
<0.0015 
0.0050 

TABLE 2b. Abundance of arsenic, mercury, and antimony in ore and 
unmineralized host rock. 

fNumbers in parantheses show the sample population size] 

Element Ore Background 

Arsenic 

Mercury 

Antimony 

0.285% (181) 

0.0022% (181) 

0.0325% (36) 

0.0003% (74) 

0.000007% (50) 

0.0007%(40) 

TABLE 3. Trace element variations in parts per million between mining areas 
at the Getchell mine. 

[All samples other than Oxide' Zone represent primary sulfide ore] 

Location Ag Cu Pb Zn Mo As W Hg 

North Pit 

Center Pit 

South Pit 

Oxidized Ores 

2.3 

1.9 

7.4 

— 

84 

69 

44 

169 

27 

14 

42 

59 

99 

69 

98 

— 

22 

13 

208 

18 

2,800 

2,800 

2,800 

900 

26 

19 

33 

— 

. 15 

30 

88 

14 
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The results of a correlation analysis of selected eleraents in ores are 
shown in Table 4. The ore samples were collected from all of the mining areas 
including the Section 4 pit south of the South pit and north of the Riley mine 
(T. 38 N., R. 42 E.). The relatively higher correlations between gold and 
molybdenum and gold and tungsten are interesting in light of the trace-element 
chemistry of disseminated molybdenite and scheelite-bearlng skarn mineralization 
in the area. These correlations suggest that the gold, molybdenum and tungsten 
were deposited in response to different geochemical parameters than the arsenic, 
mercury, antimony, and thallium. Arsenic, mercury, antimony, and thallium are 
closely related, with thallium also showing a dependent relationship with 
molybdenum. The fluorine content is linearly independent of all of the elements 
except arsenic. The lack of correlations between gold, arsenic, mercury, and 
antimony with copper, lead, and zinc underscore the deficiency of base metals 
as a characteristic of the disseminated gold ore bodies. 

TABLE 4. Table of correlation coefficients for selected elements in ores from 
the Getchell mine. 

Au 

Ag 

Z . 
u As 
M 
£«8 
S Sb 

R
E

L
A

T
IO

N
 

»-
• 

8F 

Mo 

Cu 

Pb 

Zn 

Au 

.11 

.13 

.20 

.004 

.24 

.14 

-.10 

.50 

-.10 

-.02 

-.10 

Ag 

78 

.20 

.29 

.60 

.09 

.33 

-.05 

.32 

.19 

.48 

.09 

As 

67 

66 

.73 

.91 

.33 

.71 

.50 

.08 

-.03 

-.01 

-.03 

Number of 

Hg 

77 

77 

72 

.69 

.27 

.73 

.13 

.03 

-.05 

-.08 

-.11 

Sb 

44 

44 

37 

36 

.37 

.72 

-.04 -

-.20 

-.13 -

.14 -

-.26 

Qualified 

W 

81 

78 

69 

82 

37 

.38 

-.07 -

.38 

-.008 

-.08 

.13 

Tl 

42 

43 

40 

40 

37 

47 

-.04 

.75 

-35 

-.21 

.41 

Pairs 

F 

37 

34 

30 

30 

38 

37 

37 

-.26 

-.15 

Mo 

57 

59 

46 

57 

15 

59 

17 

7 

.05 

.05 

.21 

Cu 

56 

60 

46 

57 

16 

58 

17 

7 

66 

.13 

.38 

Pb 

48 

51 

44 

56 

9 

50 

8 

0 

58 

58 

.55 

Zn 

49 

.52 

46 

58 

8 

52 

10 

0 

59 

59 

58 
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There is no strong evidence, however, for mechanical or chemical supergene 
leaching and enrichment of gold at the base of the oxidized zone. Sorae 
depletion of arsenic and mercury has taken place in the oxidized, mineralized 
zones (Table 3) but no enriched areas are recognizable. The abundances for 
arsenic and mercury from selected samples are given in Table 5. Therefore, 
observed arsenic and mercury dispersion halos are primarily hypogene features, 
a fact which is useful in applying these data to exploration. 

TABLE 5. Representative arsenic and mercury data from oxidized ores. 

[Data from Erickson and others (1964)] 

Sample 
No. 

252 

250 

212 

214-C 

245 

246 

251 

Arsenic 

700 

30 

3,000 

1,000 

2,000 

1,000 

500 

Mercury 

3 

<2 

3 

10 

2 

8 

<2 

Sample 
No. 

216-G 

216-H 

216-J 

216-K 

216-R 

216-S 

216-T 

Arsenic 

' 

500 

300 

1,000 

700 

40 

1,000 

500 

Mercury 

9 

6 

5 

9 

8 

30 

14 

Major element redistribution accompanying hydrothermal alteration is 
illustrated in Table 6. In the limestone calcium, carbon dioxide, and 
magnesium were removed and silica, aluminum and iron were added. There 
was a loss in the granodiorite of silica, ferrous iron, and sodium. Since 
there was a decrease of bulk density during alteration, there was probably a 
significant loss of aluminum. Titanium, phosphorus, and manganese were 
essentially unchanged. There was an Increase in ferric iron, magnesium, 
calcium, potassium, water, and carbon dioxide. 

Trace element halos around the ore bodies are not extensive except where 
the rock is strongly fractured. Erickson and others (1964) demonstrated that 
calcite and quartz veinlets and limonlte-coated fractures away from the 
pervasive hydrothermal alteration represent leakage halos and may contain 
pathfinder elements leading to buried mineralization. The present study has 
found that arsenic and mercury have moved along fractures for several hundreds 
of meters laterally and vertically from the ore zones. Within the pervasively 
altered zones and in fractured rock away from the main faulting, arsenic and 
mercury anomalies are scarcely broader than the areas with detectable 
concentrations of gold (more than 0.02 ppm). 
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TABLE 6. Whole rock analyses of altered and unaltered rock types tn the 
Getchell mine area. 

Si02 

AI2O3 

Fe203 

FeO 

MgO 

CaO 

Na20 

KjO 

Ti02 

P2O5 

MnO 

CO 2 

H2O+ 

H20~ 

F(%) 

Au (ppm) 

As (%) 

Hg (ppm) 

Sb (%) 

Tl (ppm) 

1 

57.6 

L6.8 

1.3 

1.6 

1.0 

4.0 

3.5 

2.8 

.42 

.22 

.10 

.05 

; : 

— 

— 

— 

— 

— 

2 

68.4 

16.8 

1.6 

1.4 

1.2 

4.0 

3.5 

2.8 

.40 

.22 

.09 

.05 

— 

— 

— 

— 

— 

— 

3 

65.9 

16.8 

1.5 

2.0 

1.4 

4.3 

3.6 

2.8 

.53 

.19 

.07 

— 

4 

44.0 

16.8 

2.3 

.96 

2.4 

10.4 

.06 

7.8 

.62 

.27 

.10 

10.1 

3.3 

7.8 

.50 

19.5 

.001 

— 

5 

5.8 

.80 

.43 

.01 

.26 

52.7 

.07 

.12 

.04 

.09 

— 

40.1 

.01 

6 

2.4 

.34 

.10 

.02 

.42 

54.9 

.06 

.02 

.02 

.10 

.01 

42.6 

.02-

7 

53.1 

26.4 

3.0 

5.3 

1.7 

.19 

1.0 

3.9 

.87 

.14 

.11 

.05 

5.1 

8 

83.4 

4.2 

1.70 

2.60 

.13 

^92 

.01 

1.10 

.23 

.25 

.30 

— 

.80 

2.30 

.12 

9.3 

.39 

101.8 

.005 

80 

9 

76.4 

5.1 

.11 

1.20 

.21 

1.10 

.01 

1.30 

.35 

.70 

.077 

— 

1.50 

9.80 

.15 

.08 

3.6 

110.6 

.068 

50 

10 

59.0 

10.4 

1.30 

1.90 

.83 

1.60 

.05 

2.60 

.38 

.09 

.097 

— 

1.20 

19.0 

.13 

6.2 

14.5 

112.5 

.17 

69 

1, 2 Granodiorite—unaltered, Hotz and Willden (1964) 
3 Granodiorite—unaltered, Silberman and others (1974) 
4 Granodiorite—altered, Silberman and others (1974) 

5, 6 Preble Formation—limestone, Hotz and Willden (1964) 
7 Preble Formation—phyllite, Hotz and Willden (1964) 

8, 9, 10 Preble Formation—altered limestone, this study 
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The variation of total sulfur and total carbon (carbonate and organic) 
with gold, arsenic, and mercury contents in ores is shown in Table 7. There 
is no apparent correlation between the gold tenor and the sulfur or carbon 
contents, suggesting that gold was Introduced at a different stage in the 
alteration-metallization paragenesis. An increase occurred in sulfur 
introduced as pyrite in the sedimentary rocks during hydrothermal activity. 
The hydrothermal solutions apparently removed virtually all the carbonate from 
Intensely altered limestone (see CO2 analyses for altered and unaltered 
limestone. Table 4). Assuming that these solutions were just as effective in 
removing carbonate from other rock types as well, the carbon analyses shown 
for altered rock in Table 7, which are total carbon determinations, represent 
mainly carbonaceous material rather than carbonate. 

TABLE 7. Sulfur and carbon data for selected ore and host-rock samples showing 
correlation between sulfur, carbon, gold, arsenic, and mercury. 

Gold 
oz/ton 

0.023 

0.006 

0.05 

0.029 

0.006 

0.006 

0.131 

0.015 

0.175 

0.090 

0.114 

0.073 

Arsenic 
ppm 

700 

640 

0.16% 

0.84% 

2.1% 

380 

12.8% 

5.7% 

6.4% 

7.8% 

0.28% 

4.8% 

Mercury 
ppm 

100.9 

72.6 

45.8 

641.8 

67.9 

69.0 

248.9 

400.1 

93.9 

89.3 

57.6 

467.8 

% Sulfur 

0.10 

0.74 

0.89 

1.28 

2.46 

1.27 

6.7 

6.9 

4.5 

7.7 

1.12 

2.88 

% Carbon 

0.90 

1.17 

1.42 

0.97 

1.10 

0.46 

0.23 

0.34 

0.20 

0.51 

2.29 

1.72 

Carbonaceous (oxidized) 

Carbonaceous 

Carbonaceous 

H Carbonaceous 

X Carbonaceous 
H 
trt Si l iceous 

Siliceous,arsenical 

Siliceous, arsenical 

cd I Argillic, arsenical 
ti3 H 

u j A r g i l l i c , arsenical 

X I Carbonaceous 
H H 
ai M 
O CU 
z I Carbonaceous, arsenical 

Carbonaceous limestone 
(unmineralized) 

Limestone (unmineralized) 

0.012% 0.505 0.44 

0.007 0.82 0.18 

10.9 

7.13 

Carbonaceous shale 
(unmineralized) 0.0480 0.86 0.16 3.55 
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AGE AND ORIGIN OF THE MINERALIZATION 

Age Relationships 

Controversy has surrounded discussions concerning the ages of the various 
disseminated gold deposits. Associations of mineralization with Basin-Range 
faults and Tertiary volcanic rocks have led several workers to assume a late 
Tertiary to Quaternary age for all of the disseminated gold occurrences (Jorale
mon, 1951; Hotz and Willden, 1964; Hardie, 1966). At most of the occurrences, 
geologic relationships are obscure, allowing only maximum age estimates. 

Silberman and others (1974) and Berger and others (1975) interpreted the 
age of the Getchell deposit to be Cretaceous based on both field and laboratory 
evidence. Alteration assemblages associated with gold mineralization yielded 
K-Ar ages of 80 to 96 m.y., and the mineralization is consistently associated 
with intrusive dikes of the same age. Granodiorite and/or porphyry dikes of 
similar or equivalent composition occur in all of the mineralized areas along 
the Getchell fault trend including the Hansen Creek (3 km south of Getchell), 
Suramer Camp Creek (5 km south), Ogee-Pinson mine (10 km south), and Preble 
prospect (32 km south). A discordant Cretaceous age obtained using K-Ar was 
found for sericite from a granodiorite dike in the Preble deposit (M. L. 
Silberman, personal commun.). Oxidation of the dike rocks inhibits using 
radiometric age dating techniques on most samples. Further investigations 
of the age relationships are currently being done by B. R. Berger and R. P. 
Ashley of the U.S. Geological Survey. Fission track studies on apatite from 
the granodiorite stock in the South Pit indicate a major thermal event during 
the Miocene. The significance and precision of this event need to be assessed 
before a better understanding of the relationship of the age to the gold 
mineralization can be reached. 

Character of the Hydrothermal Solutions 

Discussion of the geochemistry of the ore-forming solutions is tenuous 
due to the lack of detailed laboratory studies relevant to the Getchell 
deposit. The ore mineral suite (Au-As-Hg-Sb) and alteration assemblage 
(quartz-clay-K-mica) suggest one possible interpretation that the mineraliza
tion took place from near-neutral to slightly alkaline, low salinity solutions 
(Tunell, 1964; Barnes and Czamanske, 1967; Seward, 1973; Learned and others, 
1974). Fluid inclusion studies by Nash (1972) suggest that the temperature 
of formation may have been as high as 200''C, and the salinity of the fluid 
about 6% (NaCl equivalent by weight). The character of the products of 
alteration and metallization, taken together with properties of the fluid, 
suggest that the ore constituents may have been transported as sulfide complexes 
in solutions of low ionic strength (F. W. Dickson, personal commun.). Fluids 
having these properties are found in presently active hot springs systems. 
Joralemon (1951) noted the similarities between present-day hot springs 
systems and the alteration and mineralization at Getchell. Hausen and Kerr 
(1967) suggested a similar origin for the Carlin deposit and the stable Isotope 
data of Rye and others (1974) are consistent with a thermal spring origin for 
the Cortez deposit. 
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EXPLORATION GUIDES 

The Getchell gold deposits contain raany of the characteristics that 
typify the; Garlln-type disseminated gold occurrences. They are as follows: 

(1) Moderate to low temperature hydrothermal replacement-type deposits; 
(2) They are best developed in thin-bedded, carbonaceous, sandy carbonate 

rocks; 
(3) Intrusive Igenous rocks of intermediate granitic composition are 

present as dikes or sills; 
(4) Gold predominates- over silver in abundance, and che gold la 

associated with arsenic, mercury, and antimony and to a lesser 
extent with thallium, fluorine, tungsten, and molybdenum; and 

(5) High-angle faults serve as condalcs for the ore-forming solutions. 

These characteristics are the best exploration guidelines. The geochemical 
studies at Getchell suggest sever a!! other relationships that may be useful in 
regional expioration programs.. 

There Is a consistent trace-elemenc suite through all of the skarn, 
stockwork sulfide, and disseminated gold deposits in and around the Osgood 
Mountains stock, This is the suite Mo~rW+Sn. This fact of oeburrence suggests that 
ixrespective of the relative ages of the various types of deposits, the 
same trace-element suite ia being produced by hydrothermal activity, implying 
that the crustal source of magmas Is the same through time or the crust Is 
uniform in composition, giving rise to a consistent trace-element suite 
through time. This is particularly exemplified if one considers the disseminated 
gold mineralization to be much younger (e.g., Miocene) than the skarn formation 
which has been interpreted to be Cretaceous by .Silberman and others (1974)• 
An analogous magma to-hydrothermal situation has been Inferred by the present 
author from studies by Shawe (1977) in the Round Mountain, Nevada, 7 1/2-
minute quadrangle, where the trace-element suite of Mo-Sn-W is- asso elated 
witih four separate episodes of igenous activity spanning the time interval 
from approximately 90 m-.y. to at least 26 m.y. B.P. Additionally, Joralemon 
(1978) documents a Carlin-type gold deposit in the area; the fact of this 
occurrence again underlines the possible importance of the Mo-Sn-W trace-
element suite as an exploration guide. 

The whole-rock chemistry of the Osgood Mountains stock may provide some 
clues as to the types of igneous rocks that may be related to the disseminated 
gold deposits* Neuerburg (1966) found the. stock to be higher than normal 
granitic rocks in Its gold content, and showed that the gold content was 
highest near the eastern coritacts with the sedimentary rocks. Berger (1979) 
reported chat the trace-element suite fto~Sn-W is found associated with 
leucocratic batholithlc rocks in southwestern Montana thac have low K20/Na20 
ratios and low calcium contents. The data in Table 6 show the Osgood 
Mountains stock to also be somewhac sodium-rich relative to potassium, 
further suggesting thac the whole-rock chemistry raay provide clues to the 
species of metals associated with specific Igneous complexes. 

Berger (1976) and Brooks and Berger (1978) investigaCed two approaches 
CO exploradon in Che Gecchell area. The presence of potassium-rich alteraclon 
phases and thallium In che ores suggesCed that radiometric surveys may be of 
some value in exploration. Figure 7 shows the results of an aeroradiometric 
suryey over the Getchell mine area. A trend clearly outlines the fault zone. 
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G O L D MINERALIZATION 

FIGLrRE 7. Bi' " I K ' " ratio. (A) ,„d T I " ' radiadon (B) over gold mineralization a, the Getchell mine. 
Oata from Berger (19761. 
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FIGUR E 8. Relationship of anomalous concentrations of anenic in soil to gold 
mineralization at the GetcheU mine. Data from Brooks and Berger (1978). 
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but the locations of ore grade mineralization are not detected. Figure 8 
shows a summary of the findings of Brooks and Berger (1978) wherein they 
found that arsenic and mercury in soils may be anomalous in the vicinity of 
gold mineralization, but the soil type plays a stronger role in arsenic and 
mercury entrapment than the presence or absence of arsenic and mercury in 
mineralized rock beneath the soil. Thus high-organic soils can lead to partial 
or displaced anomalies. 
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Grants district: Publication updates 
geology and exploration technology 
The Grants district, located in northwest
ern New Mexico, is the principal source 
of US uranium and is expected to remain 
such for some time, h contains several of 
the world's largest uranium orebodies. In 
1963, the New Mexico Bureau of Mines 
& Mineral Resources published Memoir 
15, Geology and Technology of the Grants 
Uranium Region. Subsequent develop
ments in the area, including much well-
financed exploration and development by 
oil companies, has lead to an increase in 
both reserves and understanding of the 
geology. The need for a new, up-to-date 
volume has now been filled by Memoir 
38, Geology and Mineral Technology ofthe 
Granis Uranium Region, 1979. It consists 
of 49 papers, most of which were pre
sented at a symposium in Albuquerque in 
1979 and have just recently been issued in 
memoir form. 

Included papers will be useful to people 
new to the district and to those already 
familiar with it. A good introduction is 
David C. Fitch's "Exploration for Urani
um Deposits, Grants Mineral Belt." He 
describes the general features of the 
deposits of the belt, ore guides, theory of 
origin, and methods of exploration. Ore is 
confined to the Brushy Basin, Westwater 
Canyon, and Recapture members of the 
Jurassic Morrison formation. 

Fitch describes the usual three-stage 
exploration drilling program: 
• Delineation stage, in which holes are 
drilled Vi mi to several miles apart. 
• Mineralization search using five to 10 
• drill holes per square mile. 
• Closely spaced drilling in mineralized 

areas to define ore zones. 
While Fitch's paper is a good introduc

tion to the area, a paper by John B. 
Squyres on "Origin and Significance of 
Organic Matter in Uranium Deposits of 
Morrison Formation, San Juan Basin, 
New Mexico," might be considered a 
review paper for someone already ac
quainted with the area who wants the 
latest thought on the most widely 
accepted theory of Grants area ore gene
sis. Several lines of evidence suggest the 
age of the ore is about the same as the 
age of the host rock. According to the 
prevalent model, "humic acids were 
leached from buried plant debris by 
groundwater, during or shortly after 
Morrison sedimentation. The acids mi
grated with the groundwater and eventu
ally consolidated into streamlined, inter
stitial humate [the solid or semisolid 
equivalents of humic acids] masses. Ura
nium in the groundwater was chelated by 
the humates and subsequently reduced." 

Squyers' detailed examination of the 
evidence, with accompanying photos and 
diagrams, is followed by conclusions and 
inferences. Two of the inferences are that 
"ore occurrences will not be confined to 
the margins of the San Juan Basin. Addi
tional trends or belts of ore deposits deep
er in the Basin are likely to be arranged in 
a radial pattern with a hub in the general 
area of the Westwater Canyon fan apex," 
and "Jordisite-impregnated sandstone is a 
strong indicator of ore in the immediate 
vicinity." 

The historical side of the Grants region 
(Continued on p 31) 
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is presented in "Exploration in Grants 
Uranium Region Since 1963," by Wil
liam L. Chenoweth and Harlen K. Holen. 
The nature of the Morrison formation as 
several large, low-gradient, humid-region 
alluvial fans is described by William E. 
Galloway. He gives special attention to 
the Westwater Canyon member. Frank 
G. Ethridge, et. al., did laboratory flume 
studies to determine the effect of variable 
flow rates, porous-media layering, baffles 
(mudstone lenses), fluid density differ
ences, and geochemical reactions. Simi
larities between flume results and effects 
observed in deposits in the field suggest 
that the laboratory studies can be useful 
in predicting the shape and distribution of 
tabular orebodies and the relationship 
between these bodies and groundwater 
flow patterns. 

A detailed description of one deposit as 
viewed through the generally accepted 
organic hypothesis is "Sedimentary Con
trols of Uranium Ore at L-Bar Deposits, 
Laguna District, New Mexico," by L. C. 
Jacobsen. A somewhat different ore gene
sis is presented in an abstract by Douglas 
G. Brookins of a paper entitled "Geo
chemical and Clay Mineralogical Studies, 
Grants Mineral Belt," in which he writes 
that "Uranium for the deposits of the 
Grants mineral belt was most likely car
ried in solution as an oxyion . . . 
although organic transport cannot be 
entirely ruled out." 

James W. Melvin, in "Uranium Royal
ties and Sevei-ance Taxes in the Grants 
Region, with Examples of their Effects on 
Minimum Producible Grade," examines 
eight actual royalty agreements and 
relates cutoff grade to royalty and sever
ance taxes applied to an actual orebody. 

A paper by Dean S. Clark describes an 
orebody in the Nose Rock area of the San 
Juan Basin, the furthest down-dip deposit 
of the Grants area. Memoir 38 is 400 pp 
and costs $18.00. Write to New Mexico 
Bureau of Mines & Mineral Resources, 
Socorro, N.Mex. 87801.• 

Ongoing projects. 
Sweden: Boliden has announced discovery 
of an 800,000 mt orebody containing 
2-3% lead, 1% copper, and 5-6% zinc at 
its Saxberget mine in central Sweden. A 
new level will be opened at 665 m, and 
there will be exploration drilling to 900 
m. The mine has been in production 100 
yrs, producing a complex copper-lead-
zinc ore. 

Canada: Dynamic Mining Exploration 
Ltd. has announced that it has entered 
into an option agreement to purchase 
claims covering about 511 acres in the 
Bird River and Euclid Lake areas of 
Manitoba. Diamond drilling on the prop

erties by other owners has indicated about 
13 million st of low-grade chromite 
reserves. 

US: Kerr-McGee Corp. has announced 
that while it has discontinued efforts to 
find commercial uranium in Wisconsin's 
Florence Co., it will continue exploration 
•for base metals in northern Wisconsin. 
The company has obtained mineral rights 
in Florence, Forest, Langlade, Oneida, 
and Vilas Counties through an agreement 
with the Chicago and North Western 
Railroad. 

Australia: US-owned Newmont Holdings 
Pty. Ltd. has taken a 60% stake in a 
mineral prospect. Location 50, near Kal
goorlie in Western Australia. As manager 
of a joint venture, it has agreed to spend 
the first $2.9 million within the first four 

. years of exploration. 

US: The Goldfield Corp. says it has found 
a silver deposit at a depth of 100-400 ft 
on its St. Cloud property in New Mexico. 
One hole showed 31.79 oz/st silver over 
14.3 ft with additional values in copper 
and other base metals. 

Texasgulf Inc. has acquired a two-year 
option on another Goldfield Corp. proper
ty in New Mexico, the San Pedro proper
ty, operated as a copper mine and mill 
prior to 1976. 

US: The Minnesota Dept. of Natural 
Resources, Div. of Minerals, has recently 
completed a ground EM and magnetic 
survey and limited drilling over the 
Greenwood Lake anomaly in Lake Coun
ty. The single drill hole, completed this 
year, penetrated 113 ft of glacial drift and 
26 ft of bedrock. The bedrock consisted of 
banded trc«olite gabbro with dissemi
nated sulphides throughout. Details are 
available from David Meineke at the Div. 
of Minerals, P.O. Box 567, Hibbing, 
Minn. 55746. 

Australia: Endeavour Resources Ltd. has 
entered into an option agreement for a 

• 50% stake in gold mining leases-'at Bar
ry's Reef and Simmon's Reef in Victoria. 
The area is said to have been worked for 
gold intermittently since the middle of the 
last century, and records show that some 
workings reached a depth of 300 m. 

Canada: Thunderwood's Malartic, Que,, 
property adjoining Camflo has received 
final assays indicating an 8.5-ft section 
starting at 244.5 ft, assaying 0.54 oz gold 
per St. On a different zone 1,400 ft to the 
northeast, a hole cut 5 ft, starting at 
174.3 ft, that assayed 0.286 oz/st. Gold 
Hawk Resources (Ont.) Ltd. will acquire 
^ 50% interest in the property. Additional 
drilling is planned for the very near 
future. 

Australia: UNC Resources Inc. has sold a 
50% interest in its Australian exploration' 
venture, Teton Exploration Drilling Co. 
Pty. Ltd., to North Kalgurli for $5.8 
million. As part of the agreement, Teton 
will undertake general mineral explora
tion throughout Australia that UNC will 
fund jointly with North Kalgurli. Teton 
^Australia is a wholly owned subsidiary of 
Teton Exploration Drilling • Co., Inc., 
which in turn is a subsidiary of United 
Nuclear Corp., the operating company 
for UNC Resources. 

US: Sunshine Mining Co. has said that 
three new drill holes completed by Sun-
:shine on ground leased to it by Chief 
Consolidated Mining Co. in the East Tin
tic mining district of Utah encountered 
significant mineralization at depths be
tween 1,500 and 1,600 ft beneath the 
surface, including 8 ft containing 12.8% 
lead, 4.1% zinc, 4.0 oz/st silver, and 0.07 
oz/st gold; another hole with 41 ft of 
mineralization assayed 23.6% lead, 1.8% . 
zinc and 19.8 oz/st silver and a trace of 
gold; and the third hole has 37 ft contain
ing 13.8% lead, 3.4% zinc, 32.6 oz/st 
silver, and trace gold. According to Chief 
Mining, Sunshine intends to reopen the 
Apex No. 2 shaft on the property in 
preparation for further underground drill
ing as well as testing of ground and water 
conditions. The block Chief Mining leases 
includes the now-inactive Burgin mine, 
previously operated by Kennecott Corp., 
during the period 1966-1978. 

US: Spearhead Energy Inc., of Casper, 
Wyo., has signed an exploration and 
option agreement with Texaco that will 
permit Texaco to purchase all or part of 
about 50,000 acres of uranium leases in 
Wyoming's Powder River Basin. 

Australia: Utah Development Co. and 
Gold Copper Exploration Ltd. have 
entered into a joint venture to explore a 
tungsten-molybdenum prospect near .,. 
Cairns in northern Queensland. The ven
ture will test leases held by Gold Copper 
and a mining lease application by Utah 
for a 425-hectare area west southwest of 
Cairns. Gold Copper will be the operator 
of the venture and plans to undertake a 
major diamond drilling prograrn. TTie 
area is to be assessed as a potential 
large-tonnage, low-grade deposit suitable 
for open-pit mining. . ^ 

US: Operating plans for stepped-up 
exploration this summer in the platinum 
and palladium mineral zone of the Still
water Complex in southern Montana are 
being reviewed by officials of the Custer 
and Gallatin National Forests. 

Stillwater PGM Resources, a joint ven
ture of Chevron USA Inc. and Johfis-

(Continued on p 201) 
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{Cctntimed from p 31) 
Manville Sales Corp., is proposing •con
struction of an exploratory adit at least 
750 ft long, drilling of 25 more explorato
ry core holes, and construction of a S-itii 
extension from a new US Forest Service 
road under construction., Johns-Manville 
has actively explored in the area since 
1967. Operations accelerated after the 
company entered the agreement with 
Chevron. 

In the same district; Dewey Whittaker, 
a Seattle independent operator,is propos
ing drilling 16 exploratory holes on his 
claims. The PGM and Whittaker operat
ing plans are under review by the Forest 
Service's Big Timber District. Rangei' 
John McCulloch said he has not com
pleted study of the plans but "there does 
not seem to be. anything in them that 
would significantly disturb any area!" 

Anaoonda Co., which is exploring in. 
the Bear T«3th District of the Ciister 
National Forest, is propcsing, to deepen 
by more than 2,000 ft an existing explor
atory adit driven about 3,000 ft in the 
past' two summer seasons. Anaconda is 
also proposing 20-24 expbratory drill, 
holes. 

PGM said it expects to reach a decision 
in early 1983 on whether to go ahead with 
a cpmmercial development. In late April, 
the first public meeting was held in Big 
Tiniber to determine the scope of an 
Environmental Impact Statement to he 
prepared by the Forest Service and.Mon-
tana state agencies during the next 18: 
months. PGM will contribute at least $1 
million toward the cost of the study. 
PGM officials said if a decision is made 
to go ahead with commercial develop
ment, it could be on the order, of 1,000-
3,000 st of pre milled per,day. An opera
tion of 2,000 st/d'would produce-60 st of 
concentrate, which would ht hauled to a 
smelter to be constructed at Big Timber. 

Canada: .Pear! Resources Ltd., a Van
couver, B.C., exploration and develop
ment iiompany, plans a diamond drilling 
program to explore the potential of the 
Union Mine gold property near Franklin 
Garnp, B.C. The property was leased last 
August from Hecla Mining Co: of Wal-

^ lace, Ida. Hecla operated the- property 
prior to 1935. 

Yugoislavia: Government geologists have 
finished the first stage of exploration of 
accumulations of alluvial material near 
the bed of Timok River in eastern Serbia. 
The deposits are reported to have poten
tial as a titanium-manganese ore. 

India: The Indian government has 
launched :an intensive, five-year gold 
exploration program in the states of Kar-
nataka, Andbra Pradesh, Bihar, Orissa, 
Kerala, arid Maharashtra, to be jointly 
executed by the Geological Survey of 
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ABRESIST 
The Lining Tliat 

LASTS! 
Abresist. . . the hardest, most durable lining 

material ever developed to resist sliding 
abrasion. This is the time-tested conclusions 

of major industries throughout tMe world. 
Abresist. ...far superior to metallic alloys 

in abrasion resistantqualities. 
Abresist. . . no observable wear after 20 

years' use in transporting fly ash 
ina German mine. 

Uniformly adaptable to both hydraulican.d 
pneumatic system, Abresist pipe systems 

come completeand ready to install. 
Complete-range of sizes and special 

fabrications^—with bendS; elbows, tees, 
reducers ahd branches—plus rotating 

flanges tor easy alignment and connection. 
Transports all types of abrasive rhatertals— 
dust, coal, sand, tailing^, slurries, grain, etc. 

—in siu ices,,flumes, cyclones, conveyors, 
bins, hoppers. 

Historically outwears steel linings by a 
ratio of 6 to 1. Test apptications and 

engineering assistanceavailable. 

Send for Abresist Bulletin A8-64 

r s ^ . 
20 NO. WACKER DRIVE, CHICAGO, ILL. 60606 

Exclusive Licensee inthe U.S. and Canada for ABRESIST, the International Answer to Sliding Abrasion 
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Now yott can splice 
a 48-inch bdt 

in less than an hoar... 
with toffgh Hexed 

rivet fasteners 

Fast, easy belt splicing; That's what you need to minimize con^ 
veyor downtime. And that's what.ybu get with the patented Flexco 
rivet systern. 

,F!exco rivet fasteners.are provided'in strips.,A portable tool 
holds belt and fasteners in proper alignment. Rivets are driven and 
set in one step. And a new "multiple rivet driver" lets you load 20, 
40, or more rivets at once. 

What's rriore—the staggered rivet pattern gives ybo greater 
holding power than any other belt fastener, And that means 
longer-lasting splices in high tension belting. 

. For inforrnation on both hinged and soHd-pIate " 
Flexco rivet fasteners, write ot call the address/phone below. 

FLEXIBLE STEEL LACING CO. 
2525 Wisconsin Ave,. Downers Groye, IL 60515" 

Phone (312) 971-0150 

INDUSTRIN. 
DtSTRIBUIDRS 
Belt (asleniog prod gets 
in sloek at your'local distributor. 
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India (GSI) and Mineral Exploration 
Corp. (MEC). The prpgram calls for 
drilling 44,300 m, exploratory rhiriing of 
5,460 m, analysis pf 45,000 samples, and 
mapping. 

The GSI, irt coordination with Hutti 
Gold Mines (HGM), will explore the 
Manglur, WandaUi, and Toppaldoddi 
areas with integrated surveys. Explorato
ry mining by MEC is proposed at the 
Budhint block, explored earlier by GSI. 

Another belt in Karnataka known as 
the Gadag bell will also be investigated 
by GSI, whose work will be followed up 
by exploratory- mining and detailed drill
ing by MEG in the Hosur-Champion and 
Mysore Mines. 

In the state oiF Andhra Pradeish, the 
Ramagiri Gpld Mines closed since 1929, 
are now being reopened. GSI estimates 
1.64 million mt of gold-bearing rock in 
the area. In the Chittoor district of Andh
ra Pradesh, south of the Anantapur dis
trict, some 0.3 million mt of gold-bearing 
rock with 5.5 gm/mt of gold have been 
identified. 

US: Wendover Queen Mine Corp., a 
closely held private company based in 
Ogden, Utah, reports reserves of micro-
finejold arid silver near Wendover, Nev. 
LeGrant E. Shreeve, president, said the 
assays show gold yields of 0.18-1.08 oz/st 
gold and silver yields of 0.51-7.82 oz/st. 
The assays are a low average of eight 
series of core drilling programs taken over 
the last 12 yrs' on at least VJ of Wendov-
er's 42 claims, which cover 840 acres. 
Shreeve said the-deposit could total 3.5 
million oz of gold and 14 million. oz of 
silver. 

Australia: Bridge Oil "Ltd. Kas reported 
that uranium ore grades ranging.between 
1.08 and 3.96 lb of UJOE per It have been 
found in four drill holes on the Pandanus 
Greek uranium prospect in the Northern 
Territory. '̂ One of the samples also 
assayed 10' gm/mt gold and 1 gm/mt 
silver. The:prospect covers an area of 68.5 
krrî  and is close to the Queensland bord
er, 400 km northwest of .Mt. Isa. 

Australia: Eastmet, Ltd. and .Aberfoyle' 
Ltd. have discovered a significant suit. 
phide tin deposit below the oxidized zone' 
on their Ddradilla prospect near Bourke, 
New South Wales, the oxidized zone 
extends to a depth of SO.m with grad^ up 
to 0.85% tin. . -

New Zealand: Amax Exploration {New' 
Zealand) Inc. is manager of a joint ven
ture with Mineral Resources (N.Z.) Lid. 
and Green and McGahill Mining Ltd. 
and is maintaining an exploration pro
gram at Martha Hill, Waihi, North 
Island. Diamond drilling is in progress 
and earlier holes assay up to 37.0 gm/mt 
silver and 4.2 gm/mt gold. • 
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