
Electrical Resistivity Structure of the Snail
Site at the Southern Mariana Trough
Spreading Center

19

Tetsuo Matsuno, Maho Kimura, and Nobukazu Seama

Abstract

The electrical resistivity of the oceanic crust is sensitive to the porosity of the crust and the

fluid temperature within crustal fractures and pores. The spatial variation of the crustal

porosity and the fluid temperature that is related to a hydrothermal circulation can be deduced

by revealing an electrical resistivity structure of the oceanic crust involving a hydrothermal

site. We carried out a magnetometric resistivity experiment using an active source to reveal

an electrical resistivity structure of the oceanic crust at the Snail site on the ridge crest of the

Southern Mariana Trough. Active source electric currents were transmitted along and across

the ridge axis in a 4,000 m2 area including the Snail site. Five ocean bottom magnetometers

were deployed around the Snail site as receivers to measure the magnetic field induced by the

transmission of the active source electric currents. The amplitude of the induced magnetic

field was calculated by maximizing data density and the signal to error ratio in the data, and

locations of the transmissions were determined using several types of calibration data. An

optimal 1-D resistivity structure of the oceanic crust, averaged over the experimental area,

was deduced by least squares from the data of the amplitude of the magnetic field and the

location of the transmission. After calculatingmagnetic field anomalies, which are deviations

of the observed amplitude from the prediction of the optimal 1-D resistivity model, an

optimal 3-D resistivity structure was deduced from the magnetic field anomalies through

trial and error 3-D forward modeling. The optimal 1-D resistivity structure is a two-layer

model, which consists of a 5.6 Ω-m upper layer having a 1,500 m thickness and a 0.1 Ω-m
underlying half-space. Using Archie’s law and porosity profiles of the oceanic crust, the

resistivity of 5.6 Ω-m at depths ranging from 800 to 1,500 m suggests the presence of high-

temperature fluid related to the hydrothermal circulation. The resistivity of 0.1 Ω-m below

1,500 m depth may represent a magma mush that is a heat source for the hydrothermal

circulation. The optimal 3-D resistivity structure includes a conductive anomaly (0.56 Ω-m
in approximately 300 m2 area down to 400 m depth) immediately below the Snail site,

two resistive anomalies (56 Ω-m with slightly larger volumes than the conductive anomaly)

adjacent to the conductive anomaly on the across-ridge side, and three conductive anomalies

away from the Snail site. The conductive anomaly immediately below the Snail site suggests

hydrothermal fluid, and the adjacent resistive anomalies suggest areas of low porosity.

The size and distribution of the conductive and resistive anomalies near the Snail site

constrains the size and style of the hydrothermal circulation.
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19.1 Introduction

The Mariana Trough has been an active back-arc basin since

its rifting and subsequent seafloor spreading approximately

6 Ma ago (e.g., Hussong and Uyeda 1982; Fryer 1996).

The southern part of the Mariana Trough is inferred to be

in an area of high melt production (e.g., Martı́nez et al. 2000;

Kitada et al. 2006). A group of hydrothermal sites, which are

called as the Snail, Yamanaka, Archaean, Pika, and

Urashima sites, have been discovered on and off the ridge

axis of the Southern Mariana Trough at 12�550 to 12�570N
(e.g., YK03-09 and YK05-09 cruise reports; Urabe et al.

2004; Kakegawa et al. 2008). The heat source for hot fluid

venting at the hydrothermal sites is expected to come from

abundant magma sources. A thicker seismic layer 2 (upper

crust) with a lower seismic velocity than other normal

mid-ocean ridges in a 15 km2 area at 12�560N suggests an

abundant melt production under the hydrothermal sites,

which is affected by the high content of volatiles derived

from the subducted Pacific slab (Sato et al. Chap. 18).

A low velocity structure under the on-ridge sites (Snail and

Yamanaka) suggests that a heat source is present for hydro-

thermal circulations at these sites, and a high velocity struc-

ture under the off-ridge sites (Archaean, Pika, and Urashima)

suggests a thick seismic layer 3 (lower crust) and a residual

heat source for hydrothermal circulations (Sato et al.

Chap. 18). Low seismicity under the on and off ridge sites

indicates that tectonic stresses resulting in faulting are not

related to the hydrothermal activity (Sato et al. Chap. 18).

In addition to the group of hydrothermal sites, a seismic

reflector was observed approximately 15 km northeast

along the spreading axis at approximately 3 km depth at

13�050N, indicating the presence of a magma chamber

(Becker et al. 2010).

The Snail site, which is the target of this study, is located

at a mound cut by fissures on the ridge crest and is

surrounded by unaltered pillow lavas and sheet dykes

(Urabe et al. 2004; Yoshikawa et al. 2012; Kakegawa et al.

2008). A diking event is possibly related to development

of the site, and hence, the life span of the hydrothermal

circulation is inferred to be relatively short (Yoshikawa

et al. 2012). Hot fluid at approximately 250 �C was venting

at the time of its discovery in May 2003. The temperature

of the fluid decreased to �116 �C in October 2003 and to

110 �C in July 2005 (Wheat et al. 2003; Kakegawa et al.

2008; YK05-09 cruise report). The low temperature of

the vent fluid was a result of sub-seafloor mixing of cold

seawater and hot fluid (>300 �C) (Ishibashi et al. 2006).

Thin sulfide layers having a 3–15 cm thickness covers

altered pillow lavas around the northeastern discharging

zone, and low temperature fluid at 20–40 �C vents from

clay mounds in the southwestern area (Kakegawa et al.

2008). These observations suggest that hydrothermal circu-

lation under the Snail site occurs on a several or more tens of

meters scale and that spatial variation in the porosity and

permeability, which controls the size and geometry of the

hydrothermal circulation, exists on a similar scale.

The electrical resistivity of the oceanic crust changes with

the porosity of the crust, the amount and connectivity of fluid

within the crust, and the temperature of the crust and the

fluid. This property of the electrical resistivity suggests that

a spatial variation in the porosity and the temperature of

fluid within the crust is deduced by revealing an electrical

resistivity structure of the oceanic crust. The magnetometric

resistivity (MMR) technique is useful for revealing the elec-

trical resistivity structure of the oceanic crust (e.g., Edwards

et al. 1981). The first application of the MMR technique for

exploring an electrical resistivity structure of an active

hydrothermal system was implemented off the Juan de

Fuca Ridge by Nobes et al. (1986), Nobes et al. (1992).

Evans et al. (1998) conducted a MMR experiment at the

Juan de Fuca Ridge. They determined electrical resistivity

structures down to 1 km depth below the seafloor on and off

the ridge axis, and concluded that a low resistivity structure

found on the ridge axis at 600–800 m depth was related to a

recent dike intrusion event and subsequent high-temperature

fluid circulation. AMMR experiment at the East Pacific Rise

also revealed a low resistivity structure on the ridge axis,

suggesting the presence of hot pore-fluids beneath the ridge

center (Evans et al. 2002). Tada et al. (2005) conducted a

MMR experiment at the Alice Spring Field site on the back-

arc spreading ridge in the central Mariana Trough, and

discussed the temperature of hydrothermal fluid and the

spatial variation of the hydrothermal circulation based on

1-D electrical resistivity profiles on and off ridge axes.

We present a result of a MMR experiment conducted

at the Snail site in the Southern Mariana Trough in this

contribution. A summary of the MMR experiment and

magnetic field data obtained in the experiment is described

first. The magnetic field data are analyzed to obtain a 1-D

electrical resistivity structure averaged over the experimen-

tal area and then to obtain a detailed 3-D electrical resistivity
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structure of the experimental area. The resulting 1-D and

3-D electrical resistivity structures are presented, and their

features are discussed in terms of the hydrothermal system at

the Snail site.

19.2 MMR Experiment

The MMR experiment was conducted at the Snail site from

November 21 to 30 in 2003 during the KR03-13 cruise of

R/V Kairei from the Japan Agency for Marine-Earth Science

and Technology (JAMSTEC). Instruments used in the

MMR experiment are categorized into transmitter, receiver,

and calibrator. The transmitter comprised two electrodes

connected by an insulated wire, one of which was set near

the sea surface (upper electrode), and the other of which was

set near the seafloor (lower electrode). The electrodes were

strung out from the stern of the ship. The upper electrode

was kept at 7 m below the sea surface and the lower elec-

trode was kept at 20 m above the seafloor. A rectangular

alternating current at a period of 16 s, with a peak current

of 16 A, was applied between the electrodes for the active

source electric current. The receiver comprised five ocean

bottom magnetometers (OBMs). The OBMs, which each

houses a fluxgate magnetometer, measured the time varia-

tion of the three-component magnetic field at a sampling rate

of 1 s. The observed magnetic field includes the component

induced in the crust by applying the electric current through

the transmitter. A two-component tilt meter was equipped

on the OBM to measure the instrumental tilt and to correct

the tilt for the data analysis. The calibrator comprised a GPS,

acoustic transponder, and Super Short Base Line (SSBL)

system. The GPS system mounted on the ship was used

to determine the location of the ship. The acoustic trans-

ponder was attached 100 m above the lower electrode along

the insulated wire to measure its own seawater depth and

height above the seafloor, as well as the distances between

the acoustic transponder, the ship, and the OBM. The SSBL

system equipped on the ship bottom was used to locate the

lower electrode and the acoustic transponder.

The active source electric current was applied during ship

runs along five transmission lines (L1-5) and at ten station-

ary points on the ends of the lines (Fig. 19.1). The location of

the upper electrode was determined from the GPS position of

Fig. 19.1 An area map including the MMR experimental area (left),
and a detailed MMR experimental area map (right). The yellow square
in the left map indicates the location of the experimental area. Symbols
in the right map denote the followings: colored triangles with names,

locations of receivers (M); filled circles, transmission points during the

ship runs along lines; light green circles on ends of transmission lines,

stationary transmission points; red circles with names, locations of

known hydrothermal sites. Names for the transmission lines (L) are

also shown. High-resolution seafloor topography data on the ridge crest

in the right figure are given from Yoshikawa et al. (2012)
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the ship and a visual measurement of the distance to the

electrode from the stern. The location of the lower electrodes

was determined by using several types of calibration data of

the GPS, the acoustic transponder, the OBM, and the SSBL

system. The ship speed was kept at 0.5 knots during the

transmission along the lines to minimize a horizontal dis-

placement between the upper and lower electrodes as well as

the operation time for the experiment. The horizontal dis-

placement between the upper and lower electrodes, which is

not avoided as far as the ship runs, may be a problem in the

MMR data analysis because the bipole for the source current

is assumed to be vertical in the MMR technique theory (e.g.,

Edwards et al. 1981). The location of the transmission point

along the lines is approximated by the horizontal midpoint

between the upper and lower electrodes. The validity of this

approximation was demonstrated by Seama et al. (2013).

The location of the transmission at the stationary points is

supposed to be consistent with that of the upper electrode

because the ship did not run. The electric current was applied

for 30 min at the stationary transmission points.

The five OBMs were deployed on the seafloor as

surrounding the Snail site with separations of 300–800 m

(Fig. 19.1). The locations of the OBMs were determined by

minimizing misfits in slant range between the observation

and the prediction through a grid search (Table 19.1). Out of

the five OBMs, four OBMs (M2-5) measured the magnetic

field during the L1 line transmissions, and the remaining

OBM (M1) measured the magnetic field during the L2-5

line transmissions.

19.3 Data Analysis

19.3.1 Processing the Magnetic Field Data

Data measured by the receiver OBM is a three-component

magnetic field in the time domain with the instrumental

tilt. The instrumental tilt was corrected to retrieve a three-

component magnetic field without the influence of the

instrumental tilt, and then, a net force of the horizontal

two components was obtained. The horizontal net force

magnetic field was next processed through the fast Fourier

transformation to obtain the amplitude of the magnetic field

at a period of 16 s, which is the same period as that of the

transmitter electric current. The amplitude of the magnetic

field was finally normalized by the peak ampere of the

electric current, 16 A.

Six length data segments in the time-domain (32, 64, 128,

256, 512, and 1,024 s) were used to calculate the amplitude

of the magnetic field at 16 s. The longer length segment was

used for the longer transmitter-receiver separation, and the

shorter length segment was used for the shorter separation.

Using variable length segments, which has not been done in

previous MMR studies, is useful not only to obtain a higher

density of amplitudes at the shorter separation but also to

ensure a good signal to noise ratio of the amplitude at the

longer separation (one datum of the amplitude per approxi-

mately 10 m separation with a 10�10.7 T/A noise level for the

32 s segment, and one datum of the amplitude per approxi-

mately 100 m separation with a 10�11.5 T/A noise level for

the 1,024 s segment) (Fig. 19.2). Segments were overlapped

by their half length to augment the number of data stacking

to obtain a good signal to noise ratio of the amplitude (for

example, 32 s segments were overlapped by 16 s). The noise

level in the magnetic field amplitude was determined by

averaging two adjacent non-transmission data to the 16 s

transmission data in the frequency domain.

19.3.2 Obtaining a One-Dimensional Electrical
Resistivity Structure

A 1-D electrical resistivity structure under the experimental

area was obtained by using the data of the amplitude of the

magnetic field and the horizontal separation between the

transmitter and the receiver. All data pairs of the transmitter

and the receiver were used, meaning that the resulting 1-D

resistivity structure should represent a structure averaged

over an area covered by all of the pairs of the transmitter

and the receiver. An optimal 1-D electrical resistivity struc-

ture was determined by a least squares fitting of the model

prediction to the observation. The model prediction was

obtained from the analytical solution of Edwards et al. (1981).

19.3.3 Obtaining a Three-Dimensional Electrical
Resistivity Structure

A 3-D electrical resistivity structure was examined by trial

and error forward modeling of magnetic field anomaly for

all of the transmission points. The magnetic field anomaly

is obtained by subtracting the magnetic field amplitude

predicted from the optimal 1-D resistivity structure model

Bp from that observed Bo in logarithmic scale (log |Bo| �
log |Bp|). A program developed by Tada et al. (2011) was

Table 19.1 Location and depth of the receiver OBMs determined

through a grid search, and RMS misfit distance in the determination

of the OBMs’ positions

Receiver Latitude Longitude Depth (m)

RMS misfit

distance (m)

M1 12�57.3480N 143�36.9420E 2,858 1

M2 12�57.1990N 143�36.9270E 2,862 4

M3 12�57.0980N 143�37.0660E 2,845 4

M4 12�57.2800N 143�37.3730E 2,855 8

M5 12�57.4150N 143�37.0940E 2,858 2
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used for the forward modeling. The size of the modeling area

was 4,000 � 4,600 � 4,000 m in the x-, y-, and z-axes (the

x-axis is parallel to the ridge axis) and was constructed using

80 � 92 � 80 cubes (the dimension of the cube is 50 m).

The seafloor depth is a constant 2,900 m, and the sub-

seafloor modeling area has a thickness of 1,100 m. The

depth of the lower electrode is 2,850 m. The electric current

intensity of the active source is 1 A for modeling the mag-

netic field amplitude normalized by the applied electric

current. The resistivity of seawater is 0.3 Ω-m, and that of

the crust is 5.6 Ω-m, which is for the optimal 1-D resistivity

structure and is described later in detail. Three-dimensional

resistivity anomalies examined are cuboid with lower and

higher resistivity values than 5.6 Ω-m by one order of mag-

nitude in logarithmic scale (i.e., 0.56 and 56 Ω-m). The

actual transmission lines were not strictly straight due to

the movement and drift of the ship and the electrodes, but

deviations from the straight lines are small as they are almost

less than a few tens of meters (Fig. 19.1). Hence, transmis-

sion lines are set to be linear in the forward modeling.

19.4 Result

19.4.1 One-Dimensional Electrical Resistivity
Structure

The amplitude of the magnetic field at 16 s with the horizon-

tal separation between the transmitter and the receiver is

plotted in Fig. 19.2. The amplitudes decay with a larger

horizontal separation and are within the predictions of

uniform 1-D resistivity models with 1 and 10 Ω-m. The

resistivity of the uniform resistivity structure fitted to all of

the data was determined to be 5.6Ω-m (Fig. 19.2). There is a

good fit of the prediction of the 5.6 Ω-m uniform resistivity

structure to the observed amplitude at �1,500 m separation,

but large misfits are found at >1,500 m separation. A two-

layer model improves the fitting at >1,500 m separation

(Fig. 19.2); the resistivity of the upper layer down to

1,500 m depth is 5.6 Ω-m, and that of the underlying half-

space is 0.1 Ω-m.
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Fig. 19.2 The amplitude of the magnetic field for the horizontal

separation between the transmitter and the receiver. Observed

amplitudes are represented by colored circles and model predictions

are shown by solid and dotted lines. The names of the receivers and the

transmission lines are shown at the upper right in the figure. Circles
with “M” denote each receiver data for the L1 line transmissions, and

those with “L” denote data of the M1 receiver for each transmission

line. Data at stationary transmission points are shown by colored
triangles with error bars (one standard deviation) at 1,500–2,000 m

horizontal separation. Solid lines with “1 Ω-m uniform” and “10 Ω-m
uniform” represent analytical solutions of Edwards et al. (1981) for

each uniform resistivity structure. A black dotted line represents an

analytical solution for the 5.6 Ω-m uniform structure that is best fitted

to the observations, and a red dotted line represents an analytical

solution for a best fitting two-layer resistivity structure. The best fitting

two-layer model comprises an upper layer with 5.6 Ω-m and a 1,500 m

thickness and an underlying 0.1Ω-m half-space. A black solid linewith
“T ¼ 2 �C” is an analytical solution assuming 2 �C seawater at depths

of 800–1,500 m for the bulk resistivity of 5.6 Ω-m, the exponent in

Archie’s law of 1.2, and a porosity profile from Evans et al. (1998)

(Fig. 19.8a); see the discussion section in text
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19.4.2 Magnetic Field Anomalies and the
Three-Dimensional Electrical
Resistivity Structure

Magnetic field anomalies for the optimal two-layer 1-D

resistivity structure are shown in Figs. 19.3 and 19.4.

On the L1 line, the M3 receiver exhibits a positive anomaly

(�0.2 log T/A) at 1,500–2,200 m horizontal separation, and

the M4 receiver shows a negative anomaly (��0.5 log T/A)

at 1,500–2,500 m separation (Fig. 19.3). The M2 and M5

receivers exhibit small variations (�0.1 log T/A in absolute

value) (Fig. 19.3). The M1 receiver has different features

on the four transmission lines of L2-5 (Fig. 19.4). Positive

anomalies (�0.3 log T/A) are found at approximately

1,000 m and at 1,800–2,200 m separation on the L3 line, at

1,000–1,500 m separation on the L5 line, at 1,000–1,700 m

separation on the L2 line, and at 1,400–1,800 m separation

on the L4 line.

A resulting optimal 3-D resistivity structure is shown

in Fig. 19.5. The magnitude and variation of the observed

magnetic field anomalies (Figs. 19.3 and 19.4) provided a

good initial guess for the 3-D resistivity structure, particu-

larly in cross-areas of pairs of the transmitter and the

receiver. A remarkable anomaly related to the Snail site is

a conductor (C1) immediately below the site. Two resistive

anomalies (R1 and R2) extending along the ridge axis sand-

wich the C1 conductive anomaly. Three other conductive

anomalies (C2-4) to the north and west of the Snail site are

required by the data. The reliability of the size and distribu-

tion of the deduced 3-D anomalies depends on the spatial

coverage of transmitter-receiver pairs. The C1-3 and R1

anomalies are well constrained by the data due to good

coverage. In contrast, the C4 and R2 anomalies, especially

their lengths in the y-axis (across the ridge axis), are not

strongly constrained.

Fitting of the prediction of the 3-D resistivity model to the

observation in magnetic field anomaly is shown in Figs. 19.6

and 19.7. The optimal 3-D resistivity model explains

the M2-M5 receiver data on the L1 line and the M1 receiver

data on the L3 line. The misfit is large near the M2 receiver

on the L4 line (Fig 19.7). A conductor near the M2

receiver would generate a positive magnetic field anomaly

that could improve the fit, and we examined the possibility

of such a conductor. However, the conductors tested gener-

ate positive magnetic field anomalies not only on the L4 line

but also on the L3 line. Predicted positive magnetic field

anomalies on the L3 line near the M2 receiver were incon-

sistent with the observed anomaly, and consequently, we do

not believe that a significant conductor exists near the

M2 receiver.

The resistivity values used for the 3-D conductive and

resistive anomalies in this study are only one pair, 0.56 and

56 Ω-m, and other resistivity values could explain the obser-

vation better. Even if there are better resistivity values, the

optimal 3-D resistivity structure deduced in this study

provides the general sense of the resistivity structure of
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along the L1 line. Triangles on
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Fig. 19.5 (a) A plan view map of the optimal 3-D resistivity model

overlain on the seafloor topography. Red rectangles represent conduc-
tive anomalies (0.56 Ω-m), and blue rectangles represent resistive

anomalies (56 Ω-m). Locations of the known hydrothermal sites

(red circles), the receivers (colored triangles), and the transmission

points (filled black circles) are also shown. The Snail site is located

near the center of the map. (b) A schematic illustration of the optimal

3-D resistivity model viewed from the southeast. The dimensions

of the conductive and resistive anomalies are shown below the

illustration
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the study area because the equivalency of conductance for

different resistivities and different dimensions of a certain

anomaly may be valid. As one example for the conductive

body, a decrease in resistivity (i.e., the conductive anomaly

becomes more conductive) can be compensated by a

decrease in size.

19.5 Discussion

The optimal 1-D resistivity structure is the two-layered

model (5.6 Ω-m down to 1,500 m depth and 0.1 Ω-m further

below). The optimal 3-D resistivity structure exhibits several
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lower and higher resistivity anomalies (0.56 and 56 Ω-m)

than the basal 1-D resistivity structure at and around the

Snail site (Fig. 19.5). The conductive anomaly of C1 is

located immediately below the Snail site, and two resistive

anomalies of R1 and R2 border the C1 anomaly and extend

along the ridge axis. Three other conductive anomalies of

C2-4 exist away from the Snail site.

Any resistivity value between 0.56 and 56Ω-m in the 1-D

and 3-D resistivity models is too low to represent the resis-

tivity of basaltic upper oceanic crust without a conductive

fluid at geothermal temperature (e.g., Drury and Hyndman

1979). The bulk resistivity of the oceanic crust, including the

conductive fluid, has been reasonably explained by Archie’s

law (Archie 1942)

ρm=ρf ¼ Φ�t ð19:1Þ

where ρm is the bulk resistivity of a host (the crust), ρf is the
resistivity of conductive fluid in the host,Φ is the porosity of

the host, and t is a free exponent that has been proven and

considered to depend on the interconnected form of the

conductive fluid in the host (e.g., Sen et al. 1981; Mendelson

and Cohen 1982). The resistivity of the conductive fluid in

the oceanic crust changes with temperature, and an empirical

relation between ρf and fluid temperature, T, is introduced by

T ¼ 0:34=ρ2
f
þ 4:2=ρ

f
� 16 ð19:2Þ

at 2–350 �C after the study of Nesbitt (1993).

Archie’s law with the thermal dependence of the resis-

tivity of fluid involves three variables (fluid temperature,

porosity, free exponent: T, Φ, t) and one observation (bulk

resistivity: ρm). A possible range of fluid temperature is

supposed to be 2–350 �C. A porosity profile from Evans

et al. (1998) is used for the porosity, which is a simplified

profile of a DSDP ocean drilling at Hole 504B at the Costa

Rica Rift of Becker (1989) (Fig. 19.8a). In the profile, the

porosity is 17 % in the top 200 m layer, decreases linearly to

2 % at 200–800 m depth, and is a constant 2 % down to

1,500 m depth (Fig. 19.8a). The porosity of the oceanic crust

of the study area could be higher than this profile because

less compression is expected for a younger oceanic crust (the

seafloor age of the study area is almost 0 Ma, while that

of Hole 504B is approximately 6 Ma (Becker 1985)).

We consider a hypothetical porosity profile for the newborn

seafloor of the study area by assuming that 34 � 16 %
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Fig. 19.8 (a) A porosity profile of the oceanic crust from Evans et al.

(1998) (solid line) and a hypothetical profile of the doubled porosity

(dotted line). (b) Profiles of fluid temperature within the crust for the

resistivity of 5.6 Ω-m for the optimal 1-D resistivity structure. Solid
lines represent estimations with the porosity profile from Evans et al.

(1998), and dotted lines represent estimations with the hypothetical

doubled porosity profile. Black and red colors show estimations with

two exponents of 1.2 and 2.0 in Archie’s law, respectively. (c) Profiles
of fluid temperature within the crust for the conductive anomaly,

0.56Ω-m. A solid line represents an estimation with the porosity profile

from Evans et al. (1998), and a dotted line represents an estimation with

the hypothetical doubled porosity profile. The exponent in Archie’s law

is 1.2. The profiles are shown only at depths ranging from 50 to 400 m,

which is the depth range of the conductive anomaly
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porosity, which was estimated from outcrop rock samples at

the northern Gorda Ridge (Pruis and Johnson 2002), is a

plausible porosity for the uppermost crust. The hypothetical

profile is just double of the porosity profile from Evans et al.

(1998), and the highest porosity of the hypothetical profile is

34 % in the uppermost layer (Fig 19.8a).

To determine a t value in Archie’s law, two representative

exponents of 1.2 and 2.0 are examined, which were exten-

sively used in prior studies (e.g., Becker 1985; Evans 1994).

In general, a larger t implies a less interconnected conductive

fluid network through the rock (e.g., Evans 1994). With

ρm ¼ 5.6 Ω-m (the optimal 1-D resistivity structure) and

the porosity profile from Evans et al. (1998), the fluid tem-

perature for t ¼ 1.2 is negative, and that for t ¼ 2.0 is less

than 200 �C down to 500 m depth (Fig. 19.8b). Below 500 m

depth, the fluid temperature for t ¼ 1.2 is less than 200 �C
and that for t ¼ 2.0 is over 350 �C (Fig. 19.8b). With

ρm ¼ 5.6 Ω-m and the hypothetical porosity profile, the

fluid temperatures for t ¼ 1.2 and t ¼ 2.0 both decrease,

but the temperature for t ¼ 2.0 results in over 350 �C below

approximately 700 m depth (Fig. 19.8b). For the possible

range of fluid temperatures (2–350 �C), t ¼ 1.2 yields more

reasonable fluid temperatures for the optimal 1-D resistivity

structure than t ¼ 2.0. We use t ¼ 1.2 in further discussions.

The fluid temperature at depths ranging from 800 to

1,500 m is estimated to be at 44–200 �C (Fig. 19.8b). This

temperature is likely supported by the data from the mag-

netic field amplitude (Fig. 19.2). A prediction of the mag-

netic field amplitude from a model in which 2 �C seawater

was forced to exist at depths of 800–1,500 m (T ¼ 2 �C line

in Fig. 19.2) yields a different trend from the observation.

The trend is especially different at �1,200 m horizontal

separation, where the observed data are probably sensitive

to the structure at depths of 800–1,500 m (Fig. 19.2). This

result suggests that fluid estimated at 44–200 �C is not

replaced by 2 �C seawater. Fluid at 44–200 �C and at depths

of 800–1,500 m may represent a hydrothermal heating zone,

one example of which was deduced at the East Pacific Rise

(Tolstoy et al. 2008).

The resistivity of 0.1 Ω-m below 1,500 m depth in the

optimal 1-D resistivity structure implies a magma mush

under the spreading ridge, which is a heat source for the

hydrothermal circulation at the Snail site. The resistivity of

0.1 Ω-m is proper for a basaltic silicic melt (�1 Ω-m
at �1,200 �C) (e.g., Tyburczy and Waff 1983). A low

seismic velocity below 1,500 m depth on the ridge axis

(Sato et al. Chap. 18) likely supports the presence of the

heat source. Unfortunately, the conductive structure of

0.1 Ω-m is not reliable because the data for the long hori-

zontal separation, which is sensitive to deeper structures, is

sparse (Fig. 19.2).

The conductive anomaly of 0.56 Ω-m immediately below

the Snail site (C1 in Fig. 19.5) is examined. The depth of the

conductive anomaly is determined to be 50–400 m, and the

fluid temperature for the conductive anomaly is estimated to

be 120–260 �C for the lower porosity (17–12 %) and

26–59 �C for the higher porosity (34–24 %) at these depths

(Fig. 19.8c). These fluid temperatures suggest that there is

hydrothermal fluid related to the Snail site activity, although

the estimation of temperature changes with porosity.

The two resistive anomalies of 56 Ω-m near the Snail site

(R1 and R2 in Fig. 19.5) are examined. Assuming 2 �C
seawater, the upper bound of porosity for the resistive

anomalies is inferred to be 1 %. This low porosity suggests

that these areas would not involve a lot of fluid, potentially

because this area is massive and less fractured. The regions

of high resistivity could act as barriers for across-axis hydro-

thermal circulation, leading to preferential along-axis circu-

lation, similar to the observation at the East Pacific Rise

(Tolstoy et al. 2008).

The conductive anomalies away from the Snail site (C2-4

in Fig. 19.5) are unlikely to be related to the hydrothermal

circulation at the Snail site because of their distance from the

Snail vents. There is no evidence for active vents near these

conductive anomalies. The conductive anomalies are located

in areas dominated by normal faulting (Yoshikawa et al.

2012; Asada et al. Chap. 20). Faulting of the oceanic crust

prompts a local increase in permeability (Becker et al. 1994)

and may result in high porosity and the conductive

anomalies. Weak crustal magnetizations near the conductive

anomalies (Seama et al. Chap. 17) could suggest relic hydro-

thermal systems and low porosity (and low resistivity) due to

the presence of past hydrothermal paths.

19.6 Conclusion

We carried out an MMR experiment at the Snail site on the

ridge axis of the Southern Mariana Trough, and deduced

basal 1-D and detailed 3-D resistivity models of the oceanic

crust under the Snail site. The 1-D resistivity model suggests

that high-temperature fluid at 44–200 �C exists at depths of

800–1,500 m. The conductive structure below 1,500 m depth

in the basal 1-D model implies a magma mush as a heat

source for the hydrothermal circulation. The 3-D resistivity

model contains a conductive anomaly immediately below

the Snail site and two resistive anomalies adjacent to the

conductive anomaly. The conductive anomaly immediately

below the Snail site suggests the presence of hydrothermal

fluid at 26–260 �C that is certainly related to the hydrother-

mal vent. The size and distribution of the conductive and the

resistive anomalies at and around the Snail site give a con-

straint on the size of the hydrothermal circulation and imply

that the circulation preferentially develops along the ridge

axis rather than across the ridge axis.
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