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ABSTRACT

Amchitka Island, inAlaska, was used for underground nuclear
testing from 1965 to 1971. Since the test program concluded,
there have been concerns about the possible release of radionu-
clides into the marine environment of the Aleutian Islands. The
hydrogeology of islands such as Amchitka is characterized by a
layer of freshwater overlying a saltwater layer, with the salinity
increasing across a transition zone �TZ�. Hydrogeologic model-
ing can provide an estimate of the timing and amount of radionu-
clide release from the explosions beneath Amchitka Island. This
modeling is inconclusive because of a lack of information re-
garding subsurface structure. To address this problem, magneto-
telluric �MT� data were collected on Amchitka Island in 2004.
Broadband MT data were recorded on profiles passing through
three explosion sites to give information about subsurface poros-
ity and salinity. A 2D MT inversion produced models of sub-
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B47
urface electrical resistivity and showed a pattern of increasing,
ecreasing, and increasing resistivity with depth at each test site.
he depth at which resistivity begins to decrease defines the top
f the TZ. The deeper increase in resistivity approximates the
ase of the TZ. The depths of the top and bottom of the TZ were
etermined as follows: Cannikin 900–2500 m; Long Shot 600–
700 m; Milrow 900–1700 m. Uncertainties were estimated for
hese depths. Effective porosities were also estimated and ranged
rom 10%–20% at the surface to 1%–3% at 3-km depth. These
orosities are higher than those assumed in several hydrogeo-
ogic models, and give longer transit times from the explosion to
he marine environment. Subject to the limits of the analysis, it
ppears that each of the cavities resulting from underground nu-
lear explosions is located in the TZ from fresh to saltwater. This
mplies shorter transit times to the marine environment than if the
etonations had been located in the saltwater layer.
INTRODUCTION

From 1965 to 1971, Amchitka Island in the western Aleutian Is-
ands of Alaska was used as an underground test site for nuclear
eapons that were too large for the Nevada test site. Projects Long
hot, Milrow, and Cannikin tested nuclear warheads with yields of
pproximately 80, 1000, and 5000 kilotons, respectively. Since the
est program was concluded, there have been concerns about the re-
ease of radionuclides into the marine environment. The hydrogeol-
gy of an island such as Amchitka is characterized by a freshwater
ayer that is recharged from precipitation, and discharges offshore.
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roundwater flow in the freshwater layer can be quite rapid, while
he underlying saltwater layer is relatively stagnant �Hubbert, 1940;
reeze and Cherry, 1979�. It is vital to understand the hydrogeologic
ontext of the nuclear explosions on Amchitka Island, because this
ontrols the timing of radionuclide transport into the marine envi-
onment, which is a major concern for both native groups and com-
ercial fisheries.
A number of hydrogeologic studies were made prior to the test

rogram �U.S. Army Corps of Engineers, 1965�. Groundwater mod-
ling has been used to estimate transit times from the explosion cavi-
ies to the ocean and, without geophysical constraints, gave a wide
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B48 Unsworth et al.
ange of times �Wheatcraft, 1995; Hassan et al., 2002�. Since 1995,
here has been a concerted effort to evaluate and remediate sites in
he United States that were contaminated during the production and
esting of nuclear weapons. Some of this work has been undertaken
hrough the Consortium for Risk Evaluation with Stakeholder Par-
icipation �CRESP�. In 2004, a CRESP expedition visited Amchitka
sland and undertook a multidisciplinary evaluation of the environ-
ent. A key component of this research was an onshore magnetotel-

uric �MT� survey that investigated the subsurface porosity and sa-
inity structure. In this paper, the MT data are described, and the in-
erpretation is outlined. Finally, a hydrogeologic modeling study is
escribed that uses the MT data as a key constraint.

BACKGROUND AND PREVIOUS STUDIES

eologic setting

Amchitka Island is located in the forearc of the Aleutian subduc-
ion zone. The bedrock is primarily volcaniclastic rocks of Tertiary
ge with both lava flows and intrusive units �U.S.Army Corps of En-
ineers, 1965�. Tectonic processes in the rapidly deforming forearc
ave produced a series of faults oriented northeast-southwest. A
umber of wells were drilled and cored, and resistivity logs were
easured at the Long Shot site in 1964 �U.S. Army Corps of Engi-

eers, 1965�. The Long Shot explosion was located within an andes-
te sill within the Banjo Point formation, which consists mainly of
asaltic rocks of submarine deposition �Carr and Quinlivan, 1969�.
eep wells were also drilled at the Milrow and Cannikin test sites

nd revealed similar geology to a depth of 2 km.

oastal hydrogeology

The hydrogeology at many coastal locations is characterized by a
ayer of freshwater that is replenished from rain, and which overlies
deeper saltwater layer intruding from the ocean. The change from
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igure 1. Theoretical study of the effect of subsurface porosity and
alinity on the resistivity of a rock. �a� Salinity as a function of depth
TDS � total dissolved solids�, �b� resistivity of the groundwater,
c� porosity decreases with depth, and �d� the rock resistivity de-
reases through the TZ, and increases in the saltwater layer. TZ

transition zone from fresh to saltwater.
resh to saltwater typically takes place over a broad transition zone
TZ� whose geometry is the result of a dynamic balance between
uoyancy and diffusive effects. The wells drilled on Amchitka Is-
and prior to nuclear testing gave some indications of the depth of the
Z but were not adequate to constrain hydrogeologic models. Geo-
hysical imaging can be used to study this scenario through remote
ensing of the electrical resistivity.

The bulk resistivity in the near surface is controlled by the salinity
f the groundwater, the porosity, and the degree of interconnection
f the fluid �Ward, 1990�. Figure 1a shows the salinity-depth profile
or a typical coastal location with a transition from fresh to saltwater.
he groundwater resistivity, computed with the empirical equation
f Block �2001�, decreases through the TZ as the salinity increases
Figure 1b�. Porosity typically decreases with depth �Rubey and
ubbert, 1959; Giles et al., 1998�, and a simple linear variation is

hown in Figure 1c. Combining the information in Figure 1b and c,
nd assuming a relatively high degree of interconnection between
he pores, the bulk resistivity of the rock was computed using Arch-
e’s Law �Archie, 1942� �Figure 1d�. The TZ is expressed as a de-
rease of bulk resistivity with increasing depth. This is because be-
ween depths of 500 and 1200 m the resistivity decreases as the
roundwater becomes more saline. Below 1200-m depth, the salini-
y is constant, and the decreasing porosity caused by increasing over-
urden pressure causes a rise in bulk resistivity. The top of the salt-
ater thus corresponds to the depth at which the bulk resistivity be-
ins to increase again with depth. This study suggests that under fa-
orable conditions, electromagnetic �EM� surveys can determine
he subsurface fluid distribution and composition in a noninvasive

anner. Note that the porosity value used in computations of bulk re-
istivity will be the effective porosity. This is less than the actual po-
osity, since only well-connected pores will make a major contribu-
ion to the transport of electric current or the flow of groundwater.

A number of geophysical techniques can be used to measure the
ear-surface electrical resistivity �McNeill, 1990�. Direct current re-
istivity and ground-based loop-loop EM surveys can be used for
hallow studies �Hagemeyer and Stewart, 1990; Goldstein et al.,
990�. For deeper penetration, the time-domain method can image
o depths in excess of 1 km by using a larger transmitter loop �Hoek-
tra and Blohm, 1990�. For imaging at greater depths, the MT tech-
ique is most effective and uses natural EM signals in the band
000–0.001 Hz. In audio-frequency magnetotellurics �AMT�, fre-
uencies of 10,000–10 Hz are used. If the natural signals are not ad-
quate, then they can be supplemented by the use of a transmitter
n the controlled-source audio-magnetotelluric �CSAMT� method
Unsworth et al., 2000�. The target depths of 1–2 km on Amchitka
ere too deep for DC resistivity and at the depth limit for large loop

ime-domain methods. The logistical effort for large loop time-do-
ain measurements would have been significant in the trackless tun-

ra, so MT exploration was chosen as the most effective tool for
apping the salinity and porosity beneath the island. In addition, it
as also hoped that the MT survey would detect subsurface features

ssociated with underground nuclear explosions. Zones of fractur-
ng, such as the shot cavity and collapse chimney, would be expected
o have a lower resistivity, because of the enhanced porosity. It was
lso expected that faults might be detected through their effects on
roundwater flow. Faults can act as both seals that prevent ground-
ater flow or conduits with enhanced porosity and hydraulic con-
uctivity � Caine et al., 1996; Unsworth et al., 1997; Unsworth et al.,
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Amchitka Island MT study B49
000�. Hydrogeologic models are very sensitive to the presence of
hallow faults, and locating major zones of enhanced flow is vital for
ccurate modeling.

DATA COLLECTION AND ANALYSIS

T data collection

Broadband MT data were collected at 29 stations on Amchitka Is-
and in June 2004, using six Phoenix Geophysics V5-2000 systems
Figure 2�. Details of data acquisition are listed in Unsworth et al.
2005�. Where logistically possible, both electric and magnetic field
ata were recorded. At sites far from roads, only electric field data
ere recorded, and the magnetic fields from the nearest five-channel

tation were used in the data processing. Magnetic fields generally
xhibit a weaker spatial variation than the electric fields, and this as-
umption was shown to be valid by Unsworth et al. �2005� for the
mchitka Island data.

ime-series analysis

Time series were processed using the algo-
ithm of Egbert and Booker �1986�. Strong winds
aused significant ground motion throughout the
urvey and resulted in magnetic noise that caused
downward bias in the apparent resistivity �Fig-
re 3a�. This noise was removed through use of
he remote-reference technique �Gamble et al.,
979� with a station separation of a few hundred
eters �Figure 3b�. Six MT units recorded simul-

aneously, giving data that were used for multista-
ion data processing �Egbert, 1997�. At some sta-
ions, this gave a modest improvement over the
emote-reference results. Vertical magnetic fields
ere also recorded during the survey, but even
ith remote-reference processing, it was not pos-

ible to obtain usable data.

imensionality of the MT data

Before MT data can be converted into a resis-
ivity model of the subsurface, it is essential to un-
erstand the dimensionality of the data. Given the
ateral contrast in resistivity produced by the sea-
ater, a 1D approach is not valid.A2D analysis is
uch simpler than a full 3D analysis, but must be

arefully justified. The geoelectric strike direc-
ion was computed using the phase-tensor meth-
d �Caldwell et al., 2004� �Figure 4�. As the fre-
uency decreases, the depth sampled by the MT
ignals increases. At high frequency �1000–10
z�, the strike direction is poorly defined, and the
T data are approximately 1D. At frequencies

elow 10 Hz, a well-defined strike of N55°W or
35°E is observed. Note that there is a 90° ambi-
uity in the strike angle and external information
ust be used to determine which of these direc-

ions is correct. Since the geometry of the low-re-
istivity seawater dominates the resistivity struc-
ure, it is clear that an island parallel strike of
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T pseudosections, apparent resistivity, and phase
urves

A typical apparent resistivity and phase curve on the Long Shot
rofile are shown in Figure 3b. The electric currents flowing along
he island comprise the transverse-electric �TE� mode, and electric
urrent flowing across the island comprise the transverse-magnetic
TM� mode. In a 1D configuration, these two modes give identical
alues of apparent resistivity and phase. However, over a 2D earth,
he apparent-resistivity values computed from the TE and TM

odes will be different. Since the depth of MT signal penetration in-
reases as frequency decreases, the horizontal axis can be consid-
red as a proxy for depth. At high frequency �shallow depth�, the ap-
arent resistivity is approximately constant at a value of 30 �m. Be-
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chitka Island showing the MT transects and bathymetry. The trian-
ions of the nuclear explosions. Black circles show the locations at
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B50 Unsworth et al.
ow 1 Hz, the TE and TM curves diverge. The TM-mode curve
hows high apparent resistivities, while the TE-mode curve exhibits
ower values. This basic pattern is observed at all MT sites and is
aused by the effect of the ocean: The low resistivity ocean layer in-
reases the TM-mode electric currents that flow across the island.
he apparent resistivity is the ratio of electric-field to magnetic-field
trengths, and this increases the apparent resistivity.

The MT data on each profile can also be displayed in pseudosec-
ion format with distance on the horizontal axis and frequency on the
ertical axis. Because lower frequencies penetrate deeper into the
arth, this gives an impression of how resistivity varies with depth.
he Long Shot pseudosection displays a pattern of low-high-low-
igh apparent resistivity in both TE-mode apparent resistivity and
hase �labeled C-R-C-R in Figure 5�. A pattern of conductive
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igure 4. Dimensionality analysis. The gray and black lines denote t
irection that gives the best fit to the measured 2D data. Note that ther
n this quantity. At high frequencies �1000–10 Hz�, the strike direc

ined. At lower frequencies, corresponding to deeper signal penetra
trike, parallel to the axis of the island, is observed.
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igure 6. MT data and fit for the Cannikin profile. Data were fit with a
fter 100 iterations.
00–100 Hz�, resistive �30–10 Hz�, conductive �3–0.3 Hz�, and re-
istive �0.1–0.03 Hz� features is observed in Figure 3. The MT phase
lso exhibits these changes, since a phase angle above 45° is consid-
red high and indicates a conductive structure, while a phase below
5° indicates resistive structure. These subtle oscillations in appar-
nt resistivity and phase are the result of an approximately layered
esistivity structure in the upper 1–2 km of the subsurface. Note also
hat the TM-mode pseudosections show the high resistivity and low
hase of the ocean effect below a frequency of 0.1 Hz. This obscures
he oscillations caused by the layered structure in the upper 1–2 km
f the island. The relatively smooth variation in apparent resistivity
cross the island on each profile indicates a smooth spatial variation
n subsurface resistivity. The Milrow pseudosection was similar to
he Long Shot line and is not shown in this paper. The pseudosection

was noisier than the other profiles because re-
cording times were reduced — less than 6 hr at
some stations.

The Cannikin pseudosection is shown in Fig-
ure 6. Note that high-frequency apparent-resistiv-
ity values are slightly higher than on the Long
Shot profile. The conductive-resistive-conduc-
tive-resistive pattern can be seen in the TE-mode
apparent resistivity, but it is not as clear as on the
Long Shot profile because there is more near-sur-
face variability. This pattern is also observed in
the TE phase, especially to the west of Cannikin
ground zero. MT data are sometimes affected by
static shifts that are the result of small-scale, near-
surface structures that spatially alias the MT data
�Jones, 1988�. Significant static shifts were not
observed in theAmchitka Island data set.

MT inversion

To interpret the MT data, the frequency-do-
main MT data must be converted into a model of
subsurface resistivity as a function of true depth.
The dimensionality analysis showed that a 2D ap-
proach is appropriate, and the inversion algo-
rithm of Rodi and Mackie �2001� was used. The
inverse problem of MT is nonunique, which
means that if a solution can be found, then an infi-
nite number of models can be found that also fit
the data �Parker, 1994�. Thus, additional con-
straints must be applied to the resistivity model to
give a unique solution. This process of constrain-
ing the solution is termed regularization �Tik-
honov and Arsenin, 1979� and generally requires
the model to be spatially smooth and/or close to a
starting model. Interpretation of MT data from a
coastal environment requires that the low resis-
tivity of the seawater is correctly modeled, be-
cause seawater is a strong conductor.

A seawater resistivity of 0.3 �m was assumed
for both the Bering Sea and the Pacific Ocean and
a starting resistivity model was developed with a
100-�m resistivity seafloor and simplified bath-
ymetry. Two methods were used to include the
conductive ocean in the inversion. In the first, the
resistivity of the seawater and underlying seafloor
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Amchitka Island MT study B51
as fixed during the inversion process. This method was found to be
nstable and resulted in a spatially rough resistivity model beneath
he island. Instability occurs because any inaccuracy in seawater
epth cannot be overcome by extending the seawater conductor to
epth, and the inversion placed artificial conductors beneath the is-
and.Amore satisfactory approach was to use a softer constraint that
llowed the regularization to find the smoothest model compared to
he starting model. The Long Shot inversion model shown in Figure
used data in the frequency band 300–0.001 Hz, with error floors

or apparent resistivity and phase of 20% and 4%, respectively. The
nversion automatically estimated the static-shift coefficients, but
hese were small. Figure 5 shows the measured MT data, and the pre-
icted apparent resistivity and phase. These two quantities are very
imilar, indicating that the measured MT data are well fit. The statis-
ical fit of the data can be measured by the root-mean-square �rms�

isfit. A statistically ideal fit would be close to unity, but a value in
he range 0.5–1.5 is acceptable. The Long Shot model has an rms

isfit of 0.818 and was obtained after 195 iterations.
A profile of resistivity as a function of depth at the Long Shot

round zero is shown in Figure 8b �thick curve�. From 0 to 700 m, the
esistivity increases, likely because of a freshwater layer with de-
reasing porosity. From 700 to 1500 m, the resistivity decreases as
he salinity increases. Below 1500 m, the saltwater layer is encoun-
ered, and a decrease in porosity causes an increase in resistivity.
ote that the TZ is observed as the zone where resistivity decreases
ith depth �Figure 7�, and the top of the saltwater layer is located at

he depth where resistivity begins to increase again �Figure 1�. Many
ermutations of the inversion control and regularization parameters
ere investigated to ensure that the final resistivity model did not de-
end on a particular choice of parameters. The parameter � controls
he balance between fitting the MT data and regularizing the resistiv-
ty model. A high value of � produces a resistivity model that has a
oorer fit to the measured MT data, but is spatially smooth. A small
alue of � will give a better fit to the MT data, but the model may be
ough and contain artifacts. The parameter � controls the balance be-
ween horizontal and vertical smoothness of the resistivity model. A
alue of ��1 produces a model with horizontal layering, while a
alue of ��1 produces vertical features.

A set of nine inversions that included all combinations of �
�0.3,1,3� and � = �1,3,10� was undertaken �Figure 8�, and it can

e seen that only small changes are produced in the final resistivity
odel. The basic pattern of low-high-low-high resistivity was ob-

erved in all nine models and shows that the Long Shot inversion
odel is relatively robust. Other inversion parameters were varied

nd, in the majority of cases, the same basic resistivity model was
btained. This included using several techniques for estimating stat-
c-shift coefficients, changing the value used for the resistivity of the
cean, and altering the frequency range of MT data inverted. The in-
ersion algorithm of Siripunvaraporn and Egbert �2000� produced
esistivity models similar to those in Figure 7. The coordinate system
sed in the 2D inversion was also varied and showed that the model
s insensitive to changes in the rotation angle of 5°–10° �Figure 8�.
he model resolution was also investigated by inverting synthetic
T data �Unsworth et al., 2005�.

D MT forward modeling

There are several strong indicators that the Amchitka Island MT
ata are 2D above a frequency of 0.1 Hz. These include the dimen-
ionality analysis, the low rms misfits achieved by the 2D inversions,
nd the similarity of the three inversion models, which show that ma-
or changes in resistivity do not occur along the island. Despite these
ndications, it is important to consider if 3D coastline effects are in-
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B52 Unsworth et al.
uencing the onshore MT data. While the bathymetry is approxi-
ately 2D, the finite length of the island must be considered.Aset of

D resistivity models were generated using regional bathymetry
ata �Figure 9�. Forward MT responses were computed using the al-
orithm of Mackie et al. �1994�. Model 1 represents the actual
athymetry around Amchitka Island, with a quasi-layered structure
ased on Figure 7. In model 2, the island is extended east-west, and
n model 3, it is shortened. These changes produce a significant ef-
ect on the predicted MT data at frequencies below 0.1 Hz. Since the
hallow structure produces responses in the 300–0.1-Hz frequency
and, it is unlikely that 3D effects are influencing the models in Fig-
re 7. A range of other 3D models were investigated and gave essen-
ially the same result. The analysis presented in this section has
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INTERPRETATION

omparison with well logs

The resistivity models derived from the MT data were compared
ith well logs described by U. S. Army Corps of Engineers �1965�.
T images subsurface resistivity from surface measurements and

etects relatively large-scale features. In contrast, the well-log mea-
urement is made within the borehole, much closer to the target, and
maller-scale variations in electric resistivity can be detected. Figure
0a shows the well-log comparison at the Milrow ground zero. The

well-log data have been spatially smoothed to al-
low a more objective comparison. Good agree-
ment is observed between the well logs and the
resistivity models, with a steady increase in resis-
tivity from 20 to 40 �m. The log for EH-3 is
shown in Figure 10b and was measured in the
borehole closest to the MT station at Long Shot.
This well, plus others not shown, all show a de-
crease in resistivity from the surface to a value of
approximately 10–20 �m at a depth of 200–
300 m, followed by a steady increase in resistivi-
ty from 200- to 800-m depth. This basic pattern is
also observed in the resistivity-depth profile de-
rived from the MT measurements. However, the
agreement is not as close as observed on the Mil-
row and Cannikin profiles. Figure 10c shows a
comparison of MT-derived resistivity and well-
log information for the Cannikin location. Good
agreement is observed between the two indepen-
dent measurements of subsurface resistivity. In
the upper 400 m, the resistivity is around 20 �m,
and this increases to 100–200 �m below 600 m.
This comparison verifies that subsurface resistiv-
ity values are being correctly imaged with the MT
data. No major shifts in resistivity have resulted
from the proximity to the low-resistivity ocean.

Porosity and salinity at Long Shot and
Milrow ground zeros

The models for Long Shot and Milrow show a
layered resistivity structure �Figure 7�, which can
be qualitatively interpreted as outlined in Table 1.
Figure 11a shows the salinity �total dissolved sol-
ids �TDS�� values from well UAe-2 at Milrow.
The uppermost data point is at 400-m depth, and a
linear decrease is assumed between this point and
the surface. Below 1500 m, the TDS value for
seawater is used. The resistivity of the groundwa-
ter ��w� was then computed using the empirical
relationship of Block �2001�. This assumes that
the resistivity of the water �in �m� is given by �w

= 4.5 �TDS�−0.85, where TDS is the amount of to-
tal dissolved solids in g/l.As the salinity rises, the
resistivity of the water decreases �Figure 11a-
11b�. The next stage of the analysis is to deter-
mine the porosity that is required to give agree-
ment between the resistivity imaged with the MT
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ata and that predicted by the salinity variation in Figure 11b. In this
tudy,Archie’s Law was used to relate the resistivity of a completely
aturated rock ��o�, the porosity ���, and pore-fluid resistivity ��w�.
rchie �1942� showed that

�o

�w
= F = �−m, �1�

here the cementation factor m generally lies between 1.1 and 2.5,
nd F is the formation factor. The case m = 1 corresponds to fluid
istributed in cracks, while m	2 corresponds to fluid distributed in
oorly connected pores and is typically found in carbonates. A value
f m = 1.5 represents an intermediate case and was used as the pre-
erred value for the expected lithology. Figure 11c shows the com-
uted porosity. The porosity inferred with m = 1.5 is 30% at the sur-
ace, decreasing to 2% at a depth of 3000 m. The porosity values ob-
ained for Milrow are similar to those reported by Giles et al. �1998�,
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igure 10. Comparison of the resistivity model �thick dashed line�
ith the smoothed electric well-log data. The three well-log curves

n each well were obtained with different logging tools. Thick con-
inuous � short normal log; thin continuous � long normal log; thin
otted line � lateral log. The lower row shows the conductance inte-
rated with respect to depth.

able 1. Summary of layers in the hydrogeology model for
ilrow.

ayer 1 0–700 m Increasing resistivity,
freshwater, decreasing porosity

ayer 2 700–1500 m Decreasing resistivity, transition zone,
increasing salinity

ayer 3 Below 1500 m Increasing resistivity, saltwater,
constant salinity, and decreasing
porosity
s shown in Figure 12b. Most of these studies report an exponential
ecrease in porosity with depth �Rubey and Hubbert, 1959�. These
orosity estimates are in agreement with values of 10%–20% for
ore in the upper 2 km recovered from pretest drilling �Hassan et al.,
002�.
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Note that measurements made on core give values of total porosi-
y, while those determined from geophysical measurements will be
loser to effective porosity; it is expected that the effective porosities
easured with MT are less than those made on core. The porosity

alculations were repeated with other equations relating salinity and
orosity to bulk resistivity, and similar results were obtained �Schill-
ng et al., 1997; Meju, 2000�. The top of the TZ is located at a depth
f 900 m, where the resistivity begins to decrease. Figure 8 indicates
his depth could be in the range 800–1100 m. The base of the TZ is
xpressed by the depth at which the resistivity increases with depth,
here the salinity has reached the seawater value and cannot in-

rease any more. Decreasing porosity below this depth causes a rise
n resistivity. Thus, the MT data show that the base of the TZ occurs
t a depth of 1700 m at Milrow �Figure 11�. Figure 8 indicates that
he TZ base is in the range 1500–2100 m.Asimilar analysis for Long
hot showed a similar porosity-depth variation �Figure 13�. Deep
ell-log information was not available, so salinity data from Milrow

UAe-2� were used, and TZ depths are listed in Table 2.
In summary, realistic values of porosity can explain the observed

ubsurface resistivities. The MT study confirms the hydrogeologic
vidence that both Long Shot and Milrow explosions were detonat-
d toward the upper edge of the TZ. It must be stressed that a limita-
ion of these calculations is that borehole measurements were made
rior to the nuclear explosions, while the geophysical measurements
ere made afterward. If the explosions caused significant changes in

ubsurface porosity and salinity, then this will influence the calcula-
ions.

orosity and salinity at the Cannikin ground zero

The resistivity models for Cannikin show a layered structure in
he upper 4000 m of the subsurface. While the relative depth varia-
ions are similar to those observed in the Long Shot and Milrow ar-
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igure 13. Hydrogeology for Long Shot ground zero. �a� Salinity
TDS� at the nearby Milrow UAe-2 well �circles�. Line denotes a
implified form. �b� Resistivity of the pore fluid derived from �a� us-
ng the empirical equation of Block �2001�. �c� Effective porosity re-
uired by the MT data. Computation uses Archie’s Law with expo-
ents m = 1, 1.5, and 2. �d� Bulk resistivity from MT data inversion
sed as a constraint for �c�. The asterisk � *� denotes the depth of the
xplosion.
as, the absolute resistivity values are higher �Figure 14�. This
hange in absolute-resistivity values is observed in both the MT
odels and resistivity logs. Salinities at Cannikin are significantly

ower than in the Long Shot and Milrow areas, and at a depth of
500 m in the Milrow shaft, a salinity of 30 g/l was observed in
Ae-2 �Beteem et al., 1971�. In contrast, at the base of the Cannikin

haft, the reported salinity was 3 g/l �UAe-1�. Given the higher ele-
ation of Amchitka Island on the Cannikin profile, it would be ex-
ected that the freshwater/saltwater interface would be at a greater
epth than in the Long Shot and Milrow areas. Assuming a static
roundwater regime and a water table at height h above sea level,
uoyancy calculations require that the interface is at a depth of z
40h below sea level �Ghyben-Herzberg formula, Freeze and Cher-

y, 1979�. On Amchitka Island, the water table is at the surface, and
he equation predicts depths of 1800–2200 m and 2800–3200 m in
he Long Shot-Milrow and Cannikin areas, respectively, consistent
ith the depths determined from the MT data. The Ghyben-
erzberg formula also predicts a lens-shaped zone of freshwater, as

maged in Figure 7. It is important to determine what combinations
f salinity and porosity are consistent with resistivity models de-
ived from the MT data. The first stage of analysis for Cannikin was
o assume that the salinity �TDS� values measured in well UAe-1 for

able 2. Depth of TZ at the location of each nuclear
xplosion. For the top and base of the TZ, the preferred
alue and possible range are listed.

Shot
depth
�m�

Top of
TZ
�m�

Possible
range
�m�

Base of
TZ
�m�

Possible
range
�m�

ilrow 1200 900 800–1100 1700 1500–2100

ong Shot 700 600 500–1000 1700 1500–2000

annikin 1700 900 800–1000 2500 2000–2700
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igure 14. Hydrogeology for Cannikin, showing the same quantities
s Figure 13. Note that salinities in well UAe-1 �a� are lower than ob-
erved at a similar depth for Milrow. Below the base of the emplace-
ent shaft, the salinity is assumed to rise to the seawater value of

5 g/l. The asterisk � *� denotes the depth of the explosion.
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annikin are reliable. These TDS values are low, and it has been
peculated that they reflect mixing of drilling fluids with the ground-
ater �Fenske, 1972�. The MT data collected in this project provide a
ay of evaluating these TDS data �Figure 14�. Below the bottom of

he shaft, a linear increase of salinity to seawater values was as-
umed. The computed porosity is similar to that at Long Shot and

ilrow, and decreases from surface values of 30% to 3% at 3000-m
epth.

It is possible that the Cannikin salinity �TDS� data are unreliable,
ince the values at the base of the shaft are significantly below those
xpected for seawater. To test this hypothesis, a second calculation
as performed. This assumed that the porosity-depth profile ob-

ained for Milrow is also valid for Cannikin. The computation used
= 1.5 and showed that an increase in salinity below 2000 m is re-

uired to give agreement with the resistivity model derived from the
T data, indicating the presence of the saltwater layer. A simple ex-

onential decay of porosity with depth gave a similar result �Figure
5�. This analysis suggests that the reported salinity data in well
Ae-1 are consistent with the MT data, assuming a similar porosity-
epth variation to that in the Milrow-Long Shot areas. This indicates
hat the Cannikin cavity is located in the TZ. Note that the transition
rom fresh to saltwater is indicated by the decrease in resistivity at
epth in each model in Figure 7. In the Cannikin model, this occurs at
greater depth than for Milrow and Long Shot. At the greater depth
f the Cannikin explosion, the porosity is lower, and the relative de-
rease in resistivity is smaller. It is possible that the detonation
aused significant changes in subsurface structure. The formation of
oth Cannikin Lake and a chimney has shifted the TZ downward
rom its location before the explosion.

DISCUSSION

The porosity values at Cannikin are slightly higher than at Milrow
nd Long Shot, but show a similar trend �Figure 12a�. Given the fact
hat the TDS values for Cannikin and Milrow-Long Shot were quite
ifferent, this result suggests that the computational approach is val-
d, as similar geological structures and porosities are expected in
hese two parts of the island. It should also be stressed that the poros-
ties computed in this analysis are effective porosities. Many rocks
ontain dual-porosity systems with fluids in both networks of frac-
ures and isolated pores within the matrix. The MT exploration

ethod uses natural electric currents to image subsurface resistivity,
hich is dominated by the porosity and interconnection of fluids.
his effectively measures the amount of interconnected pore space
nd is expressed as the m value in Archie’s Law. An additional per-
pective on the porosity values can be obtained by comparison with
ther studies of porosity-depth variations. Giles et al. �1998� com-
ile a number of data sets for varying lithologies. Note that the po-
osities inferred for Amchitka Island, with m = 1.5, are low com-
ared to the data of Giles et al. �1998�, but within the range of ob-
erved values. Is it reasonable for the porosities to be systematically
igher at Cannikin than at Milrow? The geological setting is essen-
ially the same at the two locations, so that is unlikely to be the expla-
ation. The effect of the explosion would be to increase porosity
hrough fracturing. If the enhanced porosity at Cannikin is the result
f the explosion, then a low-resistivity zone should be centered on
he shot location. In contrast, the resistivity values at Cannikin are
igher across the entire profile. Additionally, an increase in porosity
ould also have resulted from the 1-megaton Milrow test.
Shallow faults can be observed by their influence on the near-sur-
ace resistivity, since they act as barriers to shallow groundwater
ow or as conduits of enhanced permeability �Caine et al., 1996�.
hese effects are not observed on Amchitka Island, where the resis-

ivity models are spatially smooth. Another reason for the apparent
bsence of fault-induced resistivity variations in the models shown
n Figure 7 is that most of the faults mapped on Amchitka Island are
ssentially parallel to the MT profiles. Do the resistivity models in
igure 7 show evidence for features produced by the underground
uclear explosions? A fundamental limitation in answering these
uestions is that MT profiles were not collected in regions unaffect-
d by the underground nuclear explosions. While each MT profile
hows a predominantly layered structure, there are some lateral vari-
tions, which are likely because of heterogeneity within the layers,
ut the nonuniform station spacing can also have some effect. Sever-
l features can be seen that may be related to the alteration of the sub-
urface, especially for the Cannikin profile. These include low-resis-
ivity values in the upper 500 m of the eastern part of the Cannikin
ine. In this area, the profile crosses the collapse area, and the surface
s highly fractured, a situation that would lower the electrical resis-
ivity. There is also a hint in Figure 7 that in the high-resistivity layer
t 1000–2000-m depth at Cannikin there is a reduced resistivity co-
ncident with the shot cavity and collapse chimney. However, the
tation spacing does not allow this feature to be resolved with confi-
ence.

The salinity distribution and porosities defined by the geophysical
ata are being used as a constraint in modeling the groundwater flow.
his uses the FEFLOW algorithm of Diersch �2002� to determine
teady-state flow patterns. A homogeneous and isotropic hydraulic
onductivity was used to study groundwater flow from the Long
hot cavity. Figure 16a and b shows how the depth of the TZ varies
s the hydraulic conductivity and surface recharge were varied. Us-
ng the TZ depths defined from the MT, it can be seen that only a sub-
et of these parameters are in agreement with the geophysical obser-
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B56 Unsworth et al.
ations. These models were then used to compute transit times from
he explosion site to the seafloor. With a recharge value of R = 3.1

10−4 m/day and a hydraulic conductivity of K = 8.5
10−7 m/s,
he TZ occurs between depths of 640 and 1700 m, in agreement with
he MT models. The traveltimes for this scenario are illustrated in
igure 16c.An increase in transit time from 900 to 7100 years occurs
cross the TZ, because flow is slower in the saltwater layer than the
reshwater layer. A complete description of the groundwater model-
ng with geophysical constraints is in progress �A. M. Wagner, D.
arnes, M. J. Unsworth, and D. Kosson, personal communication,
006�.

CONCLUSIONS

MT data collected on Amchitka Island have constrained the depth
f the transition from fresh to saltwater beneathAmchitka Island and
mply that the cavities created by the three nuclear explosions are lo-
ated within the TZ. The relatively low salinity data measured in
Ae-1 prior to the Cannikin test are consistent with the MT data. In-

erred effective porosities are around 30%–40% at the surface, de-
reasing to 2%–3% at 3000 m. These values are higher than those
ssumed in several hydrogeologic models, thus giving longer transit
imes from the explosion to the marine environment. No evidence
as found for shallow faults influencing the groundwater flow. Hy-
rogeologic modeling constrained by these depths suggest that radi-
nuclides from Long Shot explosion could reach the seafloor in 500–
000 years.
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