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It is convenient to consider the present state of our MT instrumentation in terms of
its hardware and its operating software,

a) MT System Hardware. ~ Our MT system is currently a five-channel, single-’
station unit, with the capability to handle either coils.or a SQUID magnetometer. Data
acquisition and processing is under control of a Digital Equipment Corporf:ltion (DEC) LSI
11/23 computer Operﬁting under contirol of RT=11. The computer system currently
consists of the 11/23 processor with floating point unit, 192 Kbytes of RAM memory, an
8 Mbyte Wiﬁchester disk, two DEC TU 58 tape drives, a DEC VT 100 video text terminal,
and a DEC LA-50 printef. This equipment is mounted in a half-ton 4 X 4 pickup with a
camper shell.

Analog-equipment consists of preamplifiers and signal conditioning hardware to

_handle the electric and magnetic field data, analog-to-digital conversion hardware, and
an 8-channel strip chart recorder.

Electric fields are measured with a 5-electrode cqnfjguration utilizing low-noise,
lead-lead chloride electrodes of our own design. Qur standard configuration is 100 meter
lengths in a cross configuration, located approximately 100 meters from the recording
truck. Connections are made at the central ground electrode to a remote prog;amma‘ble
electric field signal conditioner consisting of low noise differential preamplifiers, high-
pass and notch filters, offset control, and line drivers. The-gain in this box is'a maximum
of 64 dB and is programmable. The high-pass filter is infout selectable and has three
programmable cutoffs. The 60/180 Hz noteh filter is in/out selectable and can be tuned
over"five percent of the center frequency at 60 Hz or 180 Hz for maximum rejection of

both harmonies. The offset control is independently programmable‘in each charinel to



provide SP buck-out for DC coupled operation. These options provide control to handle a
wide range of field conditions. Constant-current line drivers are utilized for low-noise
transmission of data to the recording truek.

We have currently achieved an overall instrument noise floor of 40 nWH?zU 2 at
1 Hz in the electrie field measurement, with a 10 K-ohm source resistance. This is more.
than a factor of two better than the figure of 100 nV/Hzl/2 recently reported by Clarke
et al. (1983a) for the intrinsic noise of the electric field preamplifiers in their remote
r.efere‘nce' MT system. Furthermore, the intrinsic resistance of our custom-fabricated
lead-lead chloride electrodes is approximately 30 ofims. They have been designed with a
large metal-electrolyte surface area to reduce intrinsic noise, and a large ground contact
surface area to minimize contact resistance. We have obtained electrode ground
resistances as low as'50 ohms with these electrodes.

Our system was initially designéd to utilize a SQUID magnetometer. However, &
recent donation by the Mobil Oil Co. _of Geotronics coils and associated hardware,
combined with an instrument failure in our SQUID magnetometer, has prompted us to
modify our system so that it is capable of collecting magnetic field data using either
coils or a SQUID magnetometer. Coils for the ‘horizontal field measurement have a peak
sensitivity of 140 mV/gamma at approximately 100 Hz. Coils for the vertical field
measurement are smaller, with a peak sensifi_vi't_y of 60 mV/gamma at 100 Hz. The coils
came with chopper-stabilized preamplifiers designed by Mobil Oil Co. having an intrinsie
noise of 60 nV peak-to-peak in a 100-HzZ bandwidth. In-house modifications to their
circuitry has r...esulted'-in a reduction of intrinsie noise to 40 nV peak-to-peak in a 100-Hz
bandwidth.

The magnetic field sensors are located near the center of the electrie field sensor
arrajn Signals from the SQUID magnetometer are transmitted over the manufacturer's

transmission eables, and are processed at the recording truck with the manufacturer's



signal conditioning and control units, which provide switch-selectable gain, low-pass, and
notch filter control. Alternatively, signals from the induction eoils are fed immediately
into a preamplifier in the coil head and then to a control box for transmission to the
recording truck. The coil control box contains remote switching control, line drivers; and
battery power. A high- or low-gain circuit in the coil preamps is switch‘s'electable from
the recording truck. The high-gain circuit provides an additional 20 dB of gain and
incorporates a single'pole low-pass filter with a cutoff at 4 Hz to provide attenuation at
the high frequencies.

At the recording trueck, high-level signals dre passed through line receivers to:
programmable signal conditioning cards that prepare the signals for digitization. The
signal conditioning cards (one for each channel) plug into the backplane.of the computer
and provide programmable anti-alias and high-pass filtering options, and a final
programmable gain stage. The output of these eards is fed to a card that contains
sample-and~hold circuitry and a programmable time base to control sampling rates.
Digitization is performed by a Data Translation 14-bit A/D converter. The.
programmable time base and A/D cards also plug into the backplane of the computer and :
are controlled directly by software. Measurements have shown that the noise in the
programmable signal conditioning cards is sufficiently low that the full dynamic range of
the 14 bit A/D is utilized; the limiting system noise is the noise of the sensors _and the
first stage preamplifiers.

Power for the system, with the exception of the battery powered coil preamplifiers
and control box, is supplied by a 4 KVA gasoline motor generator. Power for the
computer system and analog hardware is fed through an uninterruptable power supply
which provides regulation and battery backu_p. in case of generator failure. The power
'sys;tém, is trailer mounted and is obe_rated approximately 30 meters from the recording

truck, in the opposite direction from the measurement sensors. The power 'sup;‘ply is well



isolated and does not interfere with the measurements.

t;) MT System SoftWare. - The software which controls data acquisit’ion and
reduction in real time is menu driven under cont;ol of an operator at the video
terminal: Two-letter commands are typed to execute subroutines which accomplish
specifie tasks. These tasks include hardware set up, data collection, computation of
spectra with 'archiving!'computation of impedance and tipper fﬂunctidns and other related
parameters, file manipulation, and.system calibration.

Our MT system is set up to acquire date in three bands. Data below 2.5 Hz are
acquired in two bands using a modified versioﬁ of the.real-time decimation algorithm
developed by Weight et al. (1877) and Bostick and Smith (1979). This algorithm computes
spectra at the sixth and eighth harmonies of 32-point data sequences. The sampling rate
is thus four points per cycle of the ei‘g,hth harmonic. An appropriate analog low-pass
filter is employed initially to avoid ﬂiasing. Correlations with sine and cosine sequences
to which a Hanning window has been applied are performed on 32-point segments of the
incoming data to compute a set of periodograms at the two harmonics. The data are
then filtered digitally and decimated by two. A filtered 32-point data segment with a
sampling frequency half that of the initial data sequence is created from two of these
decimated data segments, Correlations with the windowed sine and cosine sequences are
performed on the filtered data, and periodograms are computed at tﬁe sixth and eighth
harmonies of the decimated data sequences. The fi_lter.ing, decimation, and correlation
process is continued to obtain sixth and eighth harmonic spectral estimates an octave
apart to as low a frequency as desired. The filtering and decimation process muslt
continue uninterrupted until data aequisition:is terminated. However, all periodogram
estimates from individual 32-point data sequences at a given level need not be
incérp(:rated into the spectral averages, as described shortly.

Data from 2.5 Hz to .25 Hz are recorded with a two-pole, high-pass filter having a



ciitoff at .3 Hz to limit the bandwidth, allowing high gain settings to be utilized, Data
below .25 Hz are recorded with this filtef out. Wé intend to modify this {ilter to have a
low-frequency cutoff at 0.1 Hz. A four-pole, anti-alias filter with a kKnée at 2.5 Hz or
.25 Hz, respectively, has been chosen for low-frequeney runs. Additional pre-whitening
filters wfith appropriate cutoffs can be selected to provide proper spectral shaping with
éither coils or SQUID magnetometer.

Program control is identical for data acquisition.in the mid and low bands. The
operator first configures the hardware appropriately, enters data file-header information,
and computes the response of the hardware configuration. The hardware configuration
and response factors are stored as part of the spectral data file header. The operator ~
then calls & program which initiates A/D conversion and storage of raw data into a
circular data buffer in memory via direct memory transfers (DMA). This program isan
interrupt service routine to handle "data reédy" interrupts from the A/D converter by
initiating a DMA transfer. At other times, the processor is free to carry out other tasks
under control of the operator.

The primary task during a data run is to compute and archive spectra. The:
operator calls a subroutine that automatically carries out these tasks. This routine is-
interruptable from. the keyboard to allow the operdtor to ¢heck the status of a:run by
computing coherencies or impedance and tipper quantities. Incoming data are buffered
during the interrupt: The buffer is 32,767 samples long and provides 1.4 hours of
buffering for five channels of data at & 1-Hz sample rate, which is the sample rate of our
low-band run. .A run is terminated under operator control; or if the circular data buffer
is overrun, Data can be dequired and spectra computed and archived indefinitely in both
the mid and low bands.

| Data above 2.5 Hz are acquired differently, because the processor becomes 100

percent occupied by the data acquisition, decimation, spectral computation, and



archiving algorithms at a data frequency between 2.5 Hz and $ Hz: If the decimation
algo,rith‘m is used at higher frequencies, data are acquired only until the buffer is
overrun. The remaining data in the buffer can be processed and a new run initiated, but
this is'not efficient because of the large amount of time spent processing data compared
to the time spent collecting data. In particular, & large amount of time is spent by the
decimation algorithm performing digital filtering.

At these higher frequencies, it is more efficient to avoid digital filtering and
decimation. Instéad, data are acquired in 32-point buffers; and windowed sixth and
eighth harmoric sine and cosine correlations are performed on the 32—pbint data
sequences. The eighth harmonie lies at the 3-3B knee of the analog anti-alias filter,
which in turn is selectable from the keyboard. Spectra are then computed and archived
in the same manner as for the low and mid bands. A new data set is acquired as soon as
the processor is free and the cycle répeats. Data are thus acquired one pair of
frequencies at a time. The operator can interrupt the collection process from the
keyboard to select a different analog anti-alias filter cutoff and sampling rate and thus
change frequencies, to change dvata selection criteria which controls srchiving
procedures, or to compute coherencies or impedance and tipper functions from the
currently archived spectra. We intend to test the utility of 64- or 128-point data
sequences for eliminating spectral leakage from nearby frequencies due to the strongly
non-stationary character of the natural fields, espe;:ially in the high band.

Data are processed according to selection and archiving procedures described
below. These c_ombinéd procedures are to our knowledge unique and are designed to
exploit nonstationary behavior of the signal or noise components-of the measured fields.

Note that at each level of decimation, periodogram estimates are obtained each
timé‘ & 32-point data segment is proces;sed, The option exists at this point to incorporate

these estimates into & spectral average. Our software allows the operator to set an



amplitude cutoff value which is compared to the amplitude of the digitized fields. Data
sets for which the sum of the amplitudes of the horizontal electric or magnetic field
components is less than the specified cutoff are 1m mediately rejected. The operator is
presented with a continuously updated display informing him of the percentage of data
being kept-at each level to guide the selection of a.cutoff value. The operator may
change the cutoff value at any time.

Periodogram estimates which pass the cutoff criteria are averaged in a temporary
array to generate spectral estimates. ‘The number of averages in the speetral estimates
at each level is set by the operator at the start of a run. When the specified number of
averages is reached, multiple coherence functions ere computed and the spectra in the
temporary array at that level are archived on disk storage in two separate data files. In
one data file, the spectra are sorted and accumulated into one of ten bins based on the
multiple coherence values. All spectral data are accumulated in this file. In a second
data file, only the ten best data sets are retained in separate bins, based on the computed
multiple coherence values. These two data files-allow sglectié'n, of the best data to
compute impedance and tipper functions. We intend to incorporate additional weighted
averaging procedures as described by Stodt (1983)..

In Figures 1 and 2; eXample results of a field test in August, 1985 show what we
have achieved in MT instrumentation thus fer. Tensor apparerit resistivities p Xy andp yx
and impedance phase ny and ny’ with x-north, y-east, z-down, obtained in the Western
Cascades Range of Oregon near U.S. Highway 20, are plotted as measured by five
academic institutions on successive days as part of the mini~EMSLAB test traverse. The
systems of Utah and Michigan are without remote reference sensars, that of Oregon
carries a local coil reference with analog wire communications, while a complete dual-
s’tat.ion telemetry systems is implemented by CICESE/San Diego State. The long period

measurements by J. Booker of Washington required time series recording of .abbut‘ a week
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and used a battery powered system without a reference. Of relevance to this proposal,
the Utah data scatter is as small as that of any of the systems, and our data show good

agreement in the region of overlap with the long-period measurements of Booker,

Parallel Research Efforts.

Substaritial advances in the interpretation of MT data and in the understanding of
deep resistivity have been achieved with NSF and other funding to date. These have
resulted in a number of papers, either in press, submitted, or presented at scientific
meetings. |

For example, theoretical develgpment and 3D computer simulations in the paper by
Wannamaker et al. (1984b) have addressed the applicability of 1D and 2D MT interpre- -
tation schemes in.3D environments and have provided methods of gircumventing the
troublesomeé effects of near-surface .exftraneous resistivity structure (geological noise).
Most of the 3D model studies appearing in this paper were supported by DOE, but a
significant portion of the modeling, as well as preparation of the findl manuseript for
publication, were performed under NSF sponsorship. This paper has been cited as an
"important contribution” and "of major benefit to the MT community" by the reviewers.

. ‘These 3D modél results were compiited using our newly—‘develqped integral equation
‘algorithm for simulating the MT responses of 3D bodies in layered earths (Wannamaker et
al., 1984&). We believe this to be a uniquely versatile and accurate algorithm for
modeling this class of problem. While this pregram was developed to fulfill contracts for
DOE, it exemplifies‘tﬁe capﬁbili,ties,o’f our research group in the numerical simulation of
inhomogeneous resistivity structure.

Prineipelly under NSF sponsorship, Wannamaker (1983) has carried out a review of
the fesistiVity structure of the northern Basin and Range. Emphasis was'placed on the

effects of upper crustal lateral inhomogeneity upon estimates. of deep resistivity



structure. Many if not most published models of deep resistivity from both natural and
artificial source methods suffer some, and often 1arge, bias toward erroneously low
:I'esisti'vity at depth. Much of the speculation aboﬁt & free water phase in the lower crust
may result from this bias.

Thermodynamié principles governing the equilibrium existence of fluid phases
affecting resistivity in the lower crust have been discussed by Wannamaker (1985), under.
NSF funding. In higli-grade, intermediate to mafie rocks common to the lower .crust, ‘a
free-water-rich fluid at P; = P, appears improbable at temperatures below those of
melting. However, it is possible for & conductive CO,-rich fluid to evolve through joint
decomposition of carbonate and.amphibole. Moreover in this paper, conductivity of
partial melts produced under water-undersaturated conditions has been quantified using.
the H,O activity model of Burnham (1979). As melting proceeds in the presence of fixed
amounts of water, melt phase conductivity drops sharply due.to dilution of water in spite
of inereasing temperature. Therefore, when typical Archie's Law mixing models are
relevant, bulk econductivity varies only weakly for melt fractions greater than about 0.2..

Recent progress has been achieved in finite element modeling of 2-D MT responses ‘
with DOE and NSF support. Developments include capability to model topographic
variations as well as direct calculation of secondary field fesponses fi.e.; those just due
to the inhomogeneity). One conclusion of the topographic modeling is that a horizontal
placement of ‘the sensors (coils or SQUID) for Hy and HY will reduce topographic effects
at low frequencies relative to a placement of sensors parallel to the slope.
Implementation of the sécondary field formulation has ecircumvented dif ficulties with
computer word length at low frequencies obsérved in total field solutions for the TM
mode especially, butalso for the TE mode. Two manuseripts on this work are in
prepﬁration for publication by Wannamaker.

Stodt (1983), primarily with DOE support, has provided a rigorous error dn’aJ,ySis for
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conventional and remote reference magnetotellurics under the assumption that noise in
the E~- 'and H-field measurements is governed by a complex normﬂ.dist;ibu'tion., He found

that the standard unweighted least squares estimates of the impedence and tipper

‘functions (e.g., Gamble et al., 1979) are not minimum-variance when the measured fields

are non-stationary. Furthermore, the weighted least squares estimate:
z= (R "Tv,'m 1 R*Tv, "1,

where Z’f =( Ziy Zi,Y)" and R= A B is the matrix of N-dimensional column vectors
of harmonics (':omputed. from two reference {not necessarily remote) field measurements
A and B, is minimum variance provided only the E-fields are noisy. Here V, is the
covariance matrix for the column vector Ei. However, because errorsin the tensor MT
estimates depend on the noise power in E;, and on the noise to signal ratios in H and R,
generalized weights which reflect this behavior can be estimated from subsets of the
data using the appropriate multiple coherence functions (Stodt, 1983). Three manuscripts
have returned from journal review and are undergoing revision for publication by Stodt.
Proposed.Upgrade of MT S}stem

_ Beéause bf the low instrument noise levels we had achieved we initially were
Opfimistic about the possibility of acquiring high quality data without employing a.
remote reference in areas where correlated cultural noise was insignificant.

Unfortunately, at this time we are near a minimum in solar activity. During our initial

field tests in southern Utah, we observed magnetic fiel,d signal stréngths averaging:

approximately .005 gamma peak-to-peak in-a 1-Hz bandwidth. This is roughly an order of
magnitude decréase in the average strength of the natural fields compared to that
observed during a survey conducted in 1977. However, we have not achieved an order

magnitude of improvement in signal to noise ratio compared with instrumentation

~avaiiable in 1977.

Our field tests, especially the one:in Oregon where signals were higher, have been



encouraging because we can acquire good quality data in all three frequency bands. The
data selection and archiving techniques described above have proved valuable in editing
for high quality data. We have found, however, as corroborated in conversations with .
commercial MT contractors, that precise data remains most dif ficult tc; obtain in the
mid-band (0.1 - 1. Hz), and not at low frequencies. -A remote reference is required to
utilize effectively measuréments having low signal contents. The weighted averaging
techniques proposed by Stodt (1983) are expected to be most advantageous when applied

to remote reference data.

Funds are requested to upgrade our current magnetotelluric data acquisition
system by incorporating a local "remote" referénce. The Tocal reference will
consist Gf an additional pair of horizontal magnetic field measurements obtained
simultaneously with measurements from the base station sensor array. Goubau et
al, (1984) showed that a separation of only 200 m was sufficient to eliminate
bias erroyrs at their test 10catﬁons: This approach represents a good and econ-
omical way for us to field a stateqof{theeart system with separate reference
capability, and it should be very advantageous for the field work of our proposals.

Our MT system was built and is matntained by:S.-LI Olsen electronics engineer,
and J, A, Stodt, Ph.D. geophys1c?st of the Earth Science Laboratory, University
of Utal Research Inst1tute They have a fu11y equxpped, stategof-thewart electron-
ics laboratory at their disposal. The amount we are requesting for upgrading the

MT system is divided between equipment cost and suppert for Olsen and Stodt,
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ABSTRACT

We have utilized resistivity models of silicic magma chambers to explore effects
that layering can have on three-dimensional (3-D) magnetoteliuric (MT) responses. Model
simulations show that MT detection of magma may depend strongly on its one—
dimensional (1-D) host. The 3-D responses of a model juvenile magma body which is
connected electrically to deeper less resistive crust of regional extent were véry
subdued. However, intermediate and mature magmatic systems leaving magma no longer
in contact with lower less resistive crust may be detectable with the MT method.
Further, the release and ascent of ‘volatiles from erystallizing melt may lead to
fracturing above the chamber, thereby establishing electrical contact of the magma with

shallow conductive crust and thereby amplifying its MT response.



INTRODUCTION

This paper is concerned with some factors that characterize magnetotelluric (MT)
responses of three dimensional (3-D) structures embedded in layered media.We have
emphasized, for practical application, resigtivity models of silicic magma chambers. The
MT responses studied here were computed using the algorithm of Wannamaker et al.
(1984a). This algorithm is based on the method of integral equations and is suited for one
or a few 3-D bodies in layered hosts. The MT method has been applied to detect magma
bodies beneath geothermal systems because of its potentially large depth of exploration
(Ward, 1983).

Dissolved water strongly affects magma resistivity (Lebedev and Khitarov, 1964).
Concentrations of dissolved water within magma have been inferred to range from about
1 to 5 wt% (cf., Crecraft et al., 1981; Hildreth, 1981). Burnham (1975) has shown that
siliceous melts composed of 4 to 1 wt% dissolved water have corresponding resistivities
between 1 and 100 ohm-m at 1000°C. A resistivity of 4A-m could represent a silicic
liquid in the middle crust possessing 2.5 wt% of dissolved water at 1000°C. Burnham
(1979) proposes that such liquid originates from anOr-absent fusion of hornblende-
bearing rocks in the lower continental crust.

The resistivity structure of the 1-D host for the magma chambers we consider
resembles that of the Basin and Range as interpreted by Brace (1971). In Brace's
interpretation, the increase in the resistivity in the upper 15 km of the crust refiects a
decrease with depth in rock porosity; bulk resistivity in this regiom is controlled by
electrolytic conduction. Below 15 km depth, resistivity decreases as solid-state
electrical conduction in minerals becomes more important. This resistivity structure is

shown in Figure 1 with an upper mantle resistivity of 40/L-m below 35 km depth.



MODEL RESPONSES OF A JUVENILE MAGMA BODY

Figure 1 displays a simplified resistivity structure that could be associated with a
juvenile magma chamber in the western United States. The magma chamber has a
resistivity of 4 fL- m and is represented in an early stage of its development, i.e., before
it has risen completely from its site of generation in the lower crust (Hildreth, 1981).

Apparent resistivity and impedance phase pseudosections for the 3~D model of
Figure 1 are compared to pseudosections of a 2-D structure of identical cross-section in
Figures 2 and 3. These pseudosections are calculated at the center cross-profile of the
magma chamber model. Note that the x axis of Figure 1 is the strike direction of the
magma chamber. Only half of each pseudosection is shown in these figures since the
model is symmetric across the x-axis. The 2-D results were calculated with a finite
element program written by Rijo (1977). Note that 2-D apparent resistivit‘t_ypyx and
impedence phase ny (Figure 2) correspond to the TM or E .| mode of excitation, while
apparent resistivity ny and phase ny (Figure 3) correspond to the TE or E“ mode of
excitation. , .:

For both modes, the 3-D pseudosections (Figures 2 and 3) illustrate very subdued
departures from the layered host response. This subdued response would be especially
difficult to recognize in the presence of any extraneous structure mearer to the surface
(Wannamaker et al., 1984b). The results for the 2-D TM mode and corresponding 3-D
results agree closely since current channeling figures prominently in both responses. This
agreement indicates that an increased strike length for the magma body will not amplify
its signature in the E ) mode, so that detection of the body in this mode will be very
difficult. Current channeling is caused by a boundary polarization charge at
discontinuities in the normal component electric field along resistivity boundaries. The
current channeling responses of a 2-D (TM mode) or 3-D structure will affect the

apparent resisitivity to arbitrarily low frequencies. However, at low frequencies the
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impedance phase response' of the structure will not be distinguishable from that of its
layered host (Wannamaker, et al., 1984b).

As expected there is disagreement between 2-D TE mode results and corresponding
3-D results. Current channeling is a strong source of the 3-D E“ mode response due to
the limited strike extent of the magma body. On the other hand, volume currents alone
are the source of the 2-D TE mode response. Responses in apparent resistivity and phase
due to volume curirents are band-limited in frequency and vanish as frequency falls
(Wannamaker et al., 1984b).

In order to understand how the layered host affects the MT response of the magma

.body, the layered host was removed and replaced with a 40001- m half-space. This
calculation showed that the response of the magma chamber in both ((ny, ny) and

(f yx’ ny) was much stronger in the half-space than in the layered host. The sensitivity
of the response of the magma chamber to its host is important and demonstrates that
detection of magma depends strongly on its 1-D host.

Physical understanding of current channeling is important if we are to explain this
sensitivity in detecting magma for different 1-D hosts. The specific effects of layering
upon current channeling can be demonstrated in section view. Figures 4a and 4b
illustrate the distortion of the electric field due to the magma chamber for the layered
host of Figure 1 and a 4000 m half space. The centrally located longitudinal section
shows polarization ellipses of electric field at 0.01 Hz. In Figures 4a and 4b the
polarization ellipses are normalized to the layered host and half-space electric field
magnitudes, respectively, at the earth's surface. The polarization of the incident
electric field in both figures is parallel to strike. Also included in these figures are
profiles of normalized real and imaginary total electric field (E) at the earth's surface.

Figures 4a and 4b show that the electric field at this low frequency is essentially

linearly polarized and in phase with the incident electric field since the polarization



ellipses of electric field have degenerated into line segments. The linearly polarized
electric field (distorted with respect to the direction and streﬁgth of the incident

electric field) demonstrates the current channeling response of the magma body in both
1-D hosts. The overshoot-to-undershoot behavior in normalized total electric field drawn
at the top of these figtires gives another view of the current channeling phenomenon.
These profiles also show how much more subdued is the 3-D response at the surface for
the layered host than for the half-space.

The interesting point in comparing Figure 4a to 4b is the manner and the degree to
which the electric field is altered by the body for different 1-D hosts. In Figure 4a, the
electric field alteration is stronger below the body in the layered host than in the half-
space (Figure 4b). However, above the body the opposite is true; the electric field is
distorted more strongly in the half-space. We interpret this discrepancy as being caused
by current channeling in layered media. Two factors could be at work here. First, the
scattered currents due to charges on the body are short circuited into the lower less
resistive crust. Second, the conductive overburden in the shallow crust (the top 400.N\.m
layer) reduceé the scattered electric fields that do reach the earth's surface.

We determiﬁed which part of the layering was causing the attenuated responses by
removing the layering beneath the magma bod§. The 1-D structure now corresponds to a
2 km thick, 400 f..m top layer overlying a 4000fL .m basal half-space. We emphasize that
the 3-D body now is connected neither to a less resistive layer at its base nor to the less
resistive layer at the surface. The 3-D pseudosections of apparent resistivity and phase
are shown in Figure 5. The response of the magma body is now distinguishable in both
apparent resistivities, (’yx and ?xy’ but is much stronger for the E“ polarization. We
conclude that the lower 400 f-m layer in the mid-crust, directly beneath the magma

body, is mainly responsible for the attenuated 3-D responses in Figures 2 and 3.



MODEL. RESPONSES OF A MATURE MAGMA BODY

This physical insight into current channeling is helpful in predicting the MT
responses of more evolved magmatic systems that are conductive. We believe that these
bodies with the 1-D host of Figure 1 may be detectable with the MT method. Consider
uprise of silicic magma from depth continuing to the point where the magma chamber is
disconnected electrically from the lower less resistive layers in the deep crust (Hildreth,
1981). Furthermore, the release and ascent of volatiles with melt erystallization may
lead to sufficient crustal fracturing above the magma (Burnham, 1979) so as to establish
electrical contact with the shallow conductive crust. Thus, current channeling in the
shallow crust may cause a substantial MT response for the more mature magmatic
system.,

A simplified model of a mature silicic magmatic system is illustrated in Figure 6.
The 400 f}- m cap directly above the magma fepresents a zone of crustal fractures filled
with fluids. This zone connects electrically with the shallow conductive crust. Note that
we have assigned 10 m resistivity to the magma instead of 4fL- m. ,This assignment is
intended to aid convergence in the algorithm of Wannamaker et al. (1984a) for receiver
stations over the body.

Pseudosections in apparent resistivity and impedance phase of this model are
compared to those of a 2-D structure of identical cross-section in Figures 7 and 8. These
A pseudosectioné are located on the y axis at x = 0. Once again only half of each
pseudosection is shown due to symmetry.

The response of the magma body is now quite distinguishable in the 3-D apparent
resistivities ((> VX and exy), but less so in the 3-D phases (ny and ny). The 3-D E_L(?yx
and ny) mode results are verified by direct comparison with the 2-D TM mode results.
As expected, there is poor agreement between the 2-D TE '(? Xy and ny) and 3-D
E“ (Qxy and ny) modes. Since the 3-D and 1-D phase responses nearly coincide, the



secondary magnetic fields induced by the magma body are very weak and we are looking
once again at a current channeling phenomenon. '

We cannot say, however, that the apparent resistivity responses of the magma body
would be distinguishable in the presence of severe near-surface geological noise. We are
only pointing out the effect of layering on the response of the magma body.

A comparison of the 3-D E" ‘mode to the E .L mode illustrates that the E“ mode is
more sensitive to the magma body. For receiver stations located more than 4 km from
its center, the magma body is undetectable in the E _Lmode. However, in the E“ mode,
the magma body is detectable with stations within 8 km of its center.

We interpret the spatially weak response in the E _Lmode as being caused by the
physical dimensions of the magma body. The weak response in the E _Lmode is observed
when the depth to the magma is greater than or equal to the cross-width of the magma
chamber (ef. Wannamaker et al., 1984b). On the other hand the stronger response in the
E " mode is due to the magma chamber's strike extent being large compared to its
depth. It is then apparent that 3-D E . mode results may be too weak to show the magma

body, even though these are the results which can be modeled rigorously with a 2-D TM

algorithm (ibid.).

CONCLUSIONS
From our limited model simulations we conclude that the detection of silicic
magma with the MT method depends strongly on the 1-D resistivity host. Current
channeling is the dominant source of MT responses from the magma bodies we have
studied due to their limited strike extent. Therefore, physical insight into current
channeling in layered media is important if we are to understand some of the factors that
determine the detectability of silicic magma.

An analysis of the current channeling response of a juvenile magma body was



presented. The analysis h.as shown that when the chamber is in electrical contact with
the lower less resistive crust, current flow in the body is short-circuited into the lower
crust. This short-circuiting of the scattering currents strongly inhibits detectability of
the MT response of the magma body at the earth's surface for both El| and E.L modes.

We have shown that conductive intermediate and mature magmatic systems can be
detected with the MT method. Electrical contact with the shallow conductive crust may

be established for these magma bodies. A detectable MT response at the earth's surface

especially in the E| results may occur for such magmas because of current channeling in

{
the shallow crust and disconnection electrically of these magmas with the lower less

resistive crust.
In summary, our 3-D MT model simulations suggest that a dike-like magma
chamber may, depending upon its relation to its layered host, be detectable in the

E“ mode, but that generally the response in the El_mode is rather weak. The spatially

weak response in the E, mode is interpreted as being caused by the physical dimensions
of the magma body. Apparently this weak response is observed when the depth to the
magma is greater than or equal to the cross-width of the magma chamber. Therefore,

2-D TM mode modeling of E, field data may not distinguish such magmatic systems.

L

However, while the E , response may be stronger, a fully 3-D modeling program is

]
necessary for its rigorous interpretation.
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The model represents a highly simplified juvenile magma body in a Basin and
Range 1-D host. The MT response of the magma body is virtually

undetectable.

These pseudosections of apparent resistivity (€ yx) and phase (ny) are
calculated for the magma chamber model of Figure I and its corresponding
2-D version at the earth's surface. The results are based on an incident

electric field perpendicular to strike.

These pseudosections of apparent resistivity (ny) and phase ((ny) are
calculated for the magma chamber model of Figure 1 and a corresponding 2-

D version at the earth's surface. The results are based on an incident

" eleetric field parallel to strike. .

a. This illustration shows the longitudinal-section of the magma chamber
model enclosed in the layered host of Figure 1. The section view is of
polarization ellipses of normalized total electric field which have reduced to
almost linear segments at 0.01 Hz. The current chamneling response of the
body is shown by this linear polarization in the electric field. The incident
electric field at the earth's surface is polarized in the x direction and its

magnitude is shown in the lower right hand corner of the diagram.



Figure 4.

Figure 5.

Figure 6.

Figure 7.

Figure 8.

b. This illustration shows the longitudinal-section of the magma chamber
(Figure 1) enclosed in a 400 n.m. resistivity half-space. The section view is

again of polarization ellipses of electric field at .01 Hz.

Pseudosections of apparent resistivity (¢ yx? ?xy) and phase (ny, ny) for -

magma chamber model and 1-D host of 2 km thick 400.4.m overburden and

4000 N°m basal half-space.

A highly simplified, mature magmatic system in a Basin and Range
environment. The 400.1°m zone that caps the magma body represents
crustal fractures filled wit‘h fluids that connect electrically with the
conductive upper crust. The MT response of this magma body is detectable

in the E“ mode, but spatially weak in the E_Lmode.

These pseudosections of apparent resistivity (p yx) and phase (ny) are
calculated for the magma chamber model of Figure 6 and its corresponding

2-D version at the earth's surface.

These pseudosections of apparent resistivity (@ xy) ard phase (ny) are
calculated for the magma chamber model of Figure 6 and its corresponding

2-D version at the earth's surface.
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ABSTRACT

Water-undersaturated melting in the crust can occur at lithostatic
pressure.in the presence of an HZO-CO2 fluid, of no CO2 or fluid but with all
H,0 bound structurally in hydrous minerals, or of an insufficient amount of
H20 fluid to saturate a melt at liquidus temperatures. The composition of any
fluid in equilibrium with possible source rocks depends on the metamorphic
grade of the rocks; the fluid at lithostatic pressure in ductile granulite
facies rocks would be CO,-rich while an increased fraction of Hy,0 in a fluid
is probable in lithologies of lower metamorphic grade or in rocks of the brit-
tle regime. With limited amounts of pore fluid and hydrous minerals, melting
is a highly non-linear function of temperature and may extend over a broad
temperature range. Electrical conductivity of the resultant feldspathic
liquids can be estimated to first order from early conductivity measurements
on granite under conditions of excess water and recent theories on dissolution
of HZO in aluminosilicate magmas. According to the model, melt phase conduc-'
tivity falls with increased melt fraction due to dilution of water in spite of
increased temperature. Melt fraction and temperature estimates for the lower
crust derived from field electrical surveys are complicated seriously by melt
phase tortuousity in the crystalline matrix, by H,0 content of the source
rock, and by the possibility of a conductive C02-H20 fluid. However, if the
upper levels of a crustal magma chamber are near liquidus temperatures and if
depth and confining pressure can be inferred from geophysical surveys, then
electrical conductivity theoretically could provide both temperature and mole

fraction of water for mole fractions less than about one-half.



INTRODUCTION

To explain high electrical conductivities inferred for the lower conti-
nental crust of high heat flow areas, researchers often have considered ’
partial melting (Stanley et al., 1977; Olhoeft, 1981). In the way of
laboratory calibrations of partial melt conductivity, one may consult
measurements of dry, intermediate to silicic melts (Tyburczy and Waff, 1985)
or the study of Lebedev and Khitarov (1964) on water-saturated granitic
melt. In nature, silicic magmas typically possess calculated pre-eruptive
water contents in the range of 1 to 5 wt. %, and thus should not have
originated in either dry or water-saturated melting events at depths below
about 5 km (Wyllie, 1977; Burnham, 1979a,b; Hildreth, 1981). To the extent
that silicic magmas reaching shallow levels originate from middle or lower
crustal melting, conditions of melting at these greater depths should be
water-undersaturated,

That the availability of H20 for melting in the lower crust is limited
appears likely on other observational and experimental grounds. Although only
grossly layered in composition, the crust most often shows a near-horizontal
disposition of metamorphic grade, with greenschist facies in supracrustal
rocks through amphibolite grade at middle levels to granulite facies in the
deepest crust (Fountain and Salisbury, 1981; Kay and Kay, 1981; Windley,
1984). Seismic and geological evidence points to upper and middle levels in
the crust containing the greater abundances of sedimentary and felsic magmatic
rocks (Smithson et al., 1977; Oliver et al., 1983). Intermediate composition
igneous rocks (diorites to tona]ites) of granulite metamorphic grade comprise
the commonest lower crustal sample, but with mafic and felsic lithologies,
including sedimentary granulites, commonly interspersed and locally dominating

(Smithson et al., 1977; Kay and Kay, 1981; Padovani et al., 1982; Windley,



1984). Laboratory experiments imply that H,0 fluid at Vithostatic pressure in
high-grade lower crustal rocks reacts with anhydrous silicates to form hydrous
minerals, particularly amphibole (Burnham, 1979b). Fluid inclusion composi-
tions, volcanic lava and gas chemistries and carbonate minerals in xenoliths
moreover indicate a strong C0, component to f]uids present in the deep crust
(Newton et al., 1980; Kay and Kay, 1981; Touret, 1981; Wendlandt, 1981;
Bailey, 1983; Menzies and Wass, 1983).

In this paper I consider water-undersaturated melting and electrical
conductivity in the presence of an HZO-CO2 fluid, of no CO2 or fluid but with
all H20 bound in hydrous minerals, and of an inadequate quantity of H20 fluid
to saturate a melt at liquidus temperatures (Robertson and Wyllie, 1971).
Discussion centers upon a dioritic to tonalitic granulite composition, but
compared also are mafic and felsic rocks gand rocks of lower metamorphic
grade. Equilibrium conditions are assumed, although the persistence of
disequilibrium needs more study. Defining the existence of HZO-COZ fluid as.
temperatures approach and exceed those of melting is important because fluids
are expected to be conductive also and may obscure detection of melt. Esti-
mating conductivity of subsequent H20-undersaturated melts combines the early
water-saturated study of Lebedev and Khitarov (1964) with the theory and
experiment principally of Burnham (1979a) on dissolution of H,0 in alumino-
silicate melts. The available data indicates a substantial dependence of melt
phase conﬂuctivity on water concentratioﬁ and temperature, but large un-
certainties in bulk conductivity remain regarding lower crustal water content

and melt tortuousity.



FLUID-PRESENT AND FLUID-ABSENT MELTING

Even in lower crustal rocks of high metamorphic grade, water-undersat-
urated conditions for melting are not necessarily fluid-absent. HZO diluted
by the relatively inert agent CO,, as well as being the most commonly inferred
fluid state for the lower crust, is employed in the laboratory to demonstrate
stability and fusion of crustal materials at partial pressures of water less
than lithostatic.

Lower Crustal Fluids and Melting at Constant Pressure

In Figure 1 appear a tonalite solidus (Wyllie, 1977; Wendlandt, 1981) and
equilibrium boundaries of an amphibole-in and a carbonate-in reaction as a
function of temperature (T) vs. mole fraction of water X; 0 in an excess HZO'
co, fluid phase. These are defined for fluid pressure (Pi) equal to total
pressure (P,) of 8 kbar. Amphibole-producing reactions principally involve
pyroxene, feldspar and water (Eggler and Burnham, 1973; Holloway, 1973;
Burnham, 1979b; Thompson, 1983). The carbonate-in reaction shown specifically
consumes diopside, but other CO,-consuming reactions in the lower crust |
involving olivine, pyroxene or plagioclase appear to have similar

T - X; 0 topologies (Wyllie, 1979; Newton et al., 1980; Jacobs and Kerrick,
2

1981). Shown also is a downward-sloping univariant curve U projecting out of
the diagram. Curve U is the intersection of downward-é]oping amphibole-in and
carbonate-in surfaces in T - xf - P¢/P, space.
H0 = TfTTt

Consider invariant point [ in Figure 1 at a temperature TI = 700°C
(perhaps 50-100°C lower if CO2 is buffered by plagioclase and carbonate;
Jacobs and Kerrick, 1981). In a lower crust containing pyroxene and feldspar,
the boundaries of Figure 1 imply that the condition P¢ = Py cannot be

maintained at T < TI unltess sufficient volumes of H20-C20 fluid are introduced

to exhaust one or both of the aforesaid volatile-free silicates. Such deple-



tion has not occurred for the granulite facies, intermediate composition model
of the lower crust. Specifically, diorite-tonalite compositions can absorb
nearly 1 wt. % of H,0 as hornblende (Wyllie, 1977; Burnham, 1979b). There-
fore, through production of amphibole and carbonate, Pe < Pt obtains at T < TI
along the univariant curve U for the high-grade rocks. Finite pore volume at
P¢ < Py may be supported in rocks of a brittle mechanical regime (Brace, 1980;
Chen and Molnar, 1983). 1In a lower crust which deforms ductilely in response
to stress, howevgr pore space at Pf < Pt should collapse to a vanishingly
small volume (Richter and Simmons, 1977; Brace, 1980; Thompson, 1983). In
this case, there remains only a residual grain boundary population of
volatiles. It is noted that the COz-rich fluid inclusions from presumably
lower crustal samples are intracrystalline and isolated from carbonate-
producing silicate reactants (Touret, 1981).

If a Tower crust bearing amphibole and carbonate mineral is subjected to

T> TI, for instance with the onset of lithospheric extension or magmatism

f

H20

may evolve at lithostatic pressure starting at I through joint decomposition

(Lachenbruch and Sass, 1978), a CO,-rich fluid (X = 0.1 with amphibole)

of carbonate and amphibole and exist with P¢ = P at temperatures below those
of melting (cf. Thompson, 1983). 1In the presence of hornblende, approximately
1 vol. % COz—rich fluid is produced per vol. % of carbonate mineral in the
“rock (Glassley, 1983). Theoretically, depending on temperature and initial
ratios of carbonate and hydrate, this free vapor may exist anywhere within the
ruled region F. The volume abundance of amphibole must exceed that of
carbonate by about a factor of two for carbonate to be consumed first and for
the fluid to evolve from I toward M (melting) as temperature increases
(Glassley, 1983). With sufficient amphibole, continued input of heat effects

melting at M with activity of water in the melt and in any ambient fluid being



determined by hornblende breakdown (Burnham, 1979a,b).
Wherever CO, is absent in the lower crust, a diagram analogous to Figure

1 is relevant except that Xf is replaced by P, ./P. and carbonate reactions
) H20 HZO t

are not applicable. Fusion in the presence of amphibole essentially would
occur at the same temperature as that of M and yield a melt of similar compos-
ition and water content (~ 3 wt. %) since activity of H,0 again is buffered by
the hydrate. Introduction of CO, tends to increase alkalinity and decrease
silica content of the melt somewhat (Wendlandt, 1981). Still in ductile gran-
ulite rocks no aqueous fluid evolves at temperatures below melting since

Pe = PH20 <Py
minerals is taken up directly by the melt at M until amphibole is depleted

The H,0 supplied by amphibole in the absence of carbonate

(Thompson, 1983). A relatively inert substance such as CO2 is needed to
dilute water for a finite volume of fluid to exist in lower crustal granulites
at lithostatic pressure. Stabilization of amphibole to temperatures higher
than that of M as given by the suprasolidus boundary in Figure 1 requires that
water be supplied in excess of that from amphibole decomposition (e.g., Eggler
and Burnham, 1973).

P¢-T Relations of Fluids and Melting

Water-undersaturated melting in the presence of several hydrate minerals
is illustrated in Figure 2, a more familiar pressure-temperature projection of
melting relations for tonalite. In this diagram appears the H20-saturated
solidus, the dry liquidus, and stability boundaries for amphibole, biotite,
muscovite and Mg-chlorite in the presence of quartz (Bird and Fawcett, 1973;
Eggler and Burnham, 1973; Wyllie, 1977). At P¢-T values below the wet
solidus, the stability boundaries mark breakdown of hydrous minerals yielding
anhydrous silicates and H20 fluid at lithostatic pressure. At P¢-T values

greater than the wet solidus, the boundaries mark H20 fluid-absent fusion of



hydrous and anhydrous minerals producing HZO-undersaturated melt and represent
the trace of point M in Figure 1 for amphibole and analogous traces for the
other hydrous minerals. .Low-grade chlorite forms from amphibole after deple-
tion of pyroxene if feldspar is present and water added (Beach, 1980). Moving
on, the trace of point I for amphibole from Figure 1 appears in Figure 2 as a -
dashed line over the pressure interval 4 to 10 kb. Corresponding traces for
the other hydrate minerals are schematic but drawn assuming depletion of
pyroxene, reduced activity of anorthité in plagioclase, and that the stabil-
ities of the other hydrates in COZ-HZO.fluids are similar to amphibole but lie
at lower temperatures and higher X; 0 (Beach, 1980; Jacobs and Kerrick,
1981; Wendlandt, 1981). Finally, gegtherms of Wyllie (1977) for a shield
regime and of Lachenbruch and Sass (1978) for a magmatically-underplated
lithosphere (reduced heat flow of 1.6 HFU) are drawn in Figure 2 with dots.

If the geotherm progresses from that of thé stable environment to that of
the hot tectonic regime, an H,0-CO, fluid at lithostatic pressure should
evolve as the traces of I are intersected provided any carbonate minerals are
present. From the assumptions of Figure 2, such fluid forms at lower tempera-

tures and higher xf for the rocks of lesser metamorphic grade than for

HZO

those greater. This may explain in part the observations of Touret (1981) that
fluid inclusions in granulites are COz-rich but become‘HZO-rich in greenschist
and lower amphibolite assemblages. Moreover, the abi]fty of these fluids to
dissolve solids and form electrolytes relative to pure H,0 1s proportional to
X; 0 (Burnham, 1979a). Possible formation of a COZ'HZO fluid thus may contri-
buse to the intracrustal high conductivities inferred at temperatures below
those of melting by Shankland and Ander (1983).

As temperature continues to rise, melting in the lower crust may commence

near the H20-saturated solidus of Figure 2 only in rocks of formerly low



metamorphic grade where an H20-rich fluid has been provided, for instance by
breakdown of greenschist minerals at lower temperatures, in amounts greatly
exceeding COZ‘ Further melting requires temperatures in excess of the water-
saturated solidus and becomes increasingly water-undersaturated. The rising
temperature profile next would intersect one or more HZO vapor-absent melting
boundaries involving a hydrous mineral, depending upon metamorphic grade
(water content) of the rock. Finally, liquidus temperatures are depressed
below the dry curve of Figure 2 also depending upon bulk water content,
(Wyllie, 1977, and next section).

Figures 1 and 2 are applicable fundamentally to rocks ranging in composi-
tion from granodiorite to gabbro because these rocks all contain some pyroxene
with feldspar. Although a modest dependence‘of hydrous mineral stability on
bulk composition is noted (Wyllie, 1977), variation in mineral abundances pri-
marily determines the buffering capacity of a particular volume of rock to in-
coming H,0 and CO, volatile components (Thompson, 1983). Felsic compositions
would be the first to allow existence of an H,0-rich fluid if high-grade lower
crust were subjected to a thorough retrograde metamorphism. Carbon dioxide,
on the other hand, through dilution of water could allow electrically conduc-
tive fluid at lithostatic pressure at temperatures below melting in rocks
felsic through mafic with any amounts of carbonate and hydrate minerals. A
water-rich fluid appears likelier thermodynamically in the more brittle and

felsic, lower-grade, middle and upper crust.



DEGREE OF MELTING WITH TEMPERATURE

Volumes and water contents of melts generated from crustal source rocks
in the presence of free water or hydrate minerals may be predicted as a func-
tion of temperature to first order from the model of Burnham (1979a,b) for
dissolution of H,0 in such melts. The approximation is possible because these
magmas all are fundamentally Aluminosi]icate (feldspathic) in composition,
i.e., water in the source rock leads to preferential incorporation of feldspar
and quartz in the ﬁelt. A manifestation of this effect is that minimum melt-
ing temperatures in the presence of free water for compositions from granite
to gabbro (amphibolite) are all very close (Wyllie, 1977, 1979). In the
model, melt compositions are expressed by equivalent molal content of albite,
for which thermodynamic relations in the presence of water are well establish-
ed by experiment (Burnham and Davis, 1971, 1974). While much of the HZO
dissolves in molecular form (Stolper, 1982), it is the water dissolved through
hydrolysis and melt depolymerization reactions which most importantly affects
melt viscosity and electrical conductivity (Burnham, 1979a). The model has
predicted successfully the solubility of water in magmas of composition from
pegmatite to quartz tholeiite (Burnham, 1979a; Day and Fenn, 1982).

Under the assumption that crystal-hydrous melt equilibria in the crust
can be approximated by those of albite, Figure 3 was constructed for total
pressure of 8 kbar showing melt volume fraction ¢ as a function of T and

X: 0 in a source rock of intermediate composition with 1 wt., % water provided
2
either as a fluid or from muscovite, biotite or amphibole. To start, albite-

hydrous melt equilibria at constant XE 0 (Burnham, 1979a) simply are mapped

2
uniformly from the interval of minimum melting with free HZO to the dry
1iquidus for albite onto the very similar corresponding interval for tonalite

(Wyllie, 1977). Next, from the definition of mole fraction of water in the

0



melt (Burnham, 1979a), one may show that the weight of hydrous melt W" formed

per gram of H,0 contributed by the source rock is

M .
_r als m m
H,0 2 2
2
In (1), MH 0 and Ma]s are molecular weights of water and aluminosilicate
2

(albite). We are led from (1) to the volume fraction ¢ of hydrous alumino-
silicate produced, given by

4) = wmem (2)
MU

. r ‘ps
where wm and wr are the weights and gm and 3 are the specific volumes of the

hydrous melt phase as a function of Xﬂ 0 and T and of the crystal residuum

respectively (albite values of Burnhamzand Davis, 1971, 1974). With 1 wt. %
H,0 constituting about 2.9 gm per 100 cm3 source rock, equations (1) and (2)
were evaluated at numerous XE 0 to derive the melting curve of Figure 3.
Equation (1) for W" is linear in source rock water content so that liqui-
dus temperatures can be estimated by varying this water content. Because of
the dependence of ™ on XE 0° melt fraction is not exactly but nearly linear
with water content. That azsimple mapping of albite values can predict the
water-undersaturated liquidi of granite compositions at various pressures
within experimental uncertainty has been confirmed by Day and Fenn (1982).
Therefore, while some dependence of H,0 solubility on feldspar composition has
been observed (ob. cit.), the dependence should not be so strong as to obscure
the basic character of the melting curve for felsic to intermediate crustal
rocks. In fact, even with pyroxene in substantial quantities and a generous 2

wt, % HZO in a lower crustal source rock, liquidus temperatures determined

experimentally exceed those given by equation (1) by only about 50°C for

It
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tonalite and 75-100°C for gabbro (Wyllie, 1977). The shape of the melting
curve thus is expected to resemble that in Figure 3 for a wide range of lower
crustal compositions with Timited amounts of. water.

Temperature stability boundaries of muscovite, biotite and amphibole have
been plotted in Figure 3 showing at what temperatures the water content of the
rock, if it is contained in each of these minerals, promotes melting. These
boundaries correspond to point M in Figure 1 and the traces of M in Figure
2. Observe that melting of intermediate compositiontrocks of high metamorphic
grade in the presence of hornblende is calculated to yield undersaturated
feldspathic melts containing 3 to 4 wt. % water. That agrees well with the
experimental determinations of Eggler and Burnham (1973) and is within the
range of pre-eruptive water contents inferred for silicic magmas (Burnham,
1979b; Hildreth, 1981). Indeed, a number of the least evolved silicic melts
appearing in extensional environments imply pre-eruptive water contents as low
as 1 to 2 wt. % (Nash, 1982), which seemingly require melting temperatures in
the lower crust of 1000 to 1100°C. A favored source for high melting tempera-
tures is introduction of mafic melts derived from the upper mantle (Hildreth,
1981). Equation (1) probably becomes inaccurate at high melt fractions in
rocks bearing pyroxene component and with large water contents (>4 wt. %)
since hornblende then may exist at temperatures beyond that at M in Figure 1

or may even constitute the liquidus phase (Wyllie, 1977; Burnham, 1979b).
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ESTIMATES OF ELECTRICAL CONDUCTIVITY

The conductivity data of Lebedev and Khitarov (1964) obtained under

conditions of water-saturation and the T - Xﬂ 0" PH 0 relations provided by
2 2
Burnham and Davis (1974) may be combined to estimate conductivity of H,0-

undersaturated aluminosilicate melts as a function of temperature.. The strong

dependence of melt conductivity on meO and T through the melting interval
2
which is demonstrated carries through to effective medium conductivity of

melt-rock mixtures.

T- XTAD>Dependence of Melt Conductivity

2
In Figure 4, albite-equivalent values of XE 0 are assigned to the

p isobars of saturated conductivity to give X isopleths. To
HZO H20
m
the X
H20

equilibrium with the source rocks, and these temperatures are taken from

values correspond temperatures at which hydrous melts exist in

Figure 3. TheJintersection of said temperatures with the XE 0 isopleths of
conductivity defines the dashed curve for Py = 8 kb in Figurg 4 ‘(note that
experimental conductivity requires some extrapolation, depicted by dots, below
saturated liquidus temperatures). It should be emphasized that the dashed
trajectory does not depend directly upon the shape of the melting curve
(Figure 3) but that both the conductivity trajectory and the melting curve are

functions of the T - Xﬂ 0 fe]ations. Dashed curves shown in Figure 4 for Py =
2

4, 2.5 and 1 kb were derived similarly, allowing estimation of conductivity of

undersaturated felsic melts at various depths.

Olhoeft (1981) in his review noted that electrical conductivity of water-
undersaturated granitic melt at constant temperature shows the greatest varia-
tion at low HZO contents. In this paper, the effects of temperature as well
as of H,0 content on conductivity are accounted for in an equilibrium model of

crustal melting with limited amounts of water in the source rock. Specific-
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ally, at large values of Xﬂ 0 in Figure 4, melt phase conductivity is not

sensitive to temperature. 5ith more melting and dilution of water, however,
conductivity at constant Py drops markedly despite higher temperature. The
model liquid conductivity also is independent of source rock water content
but, from the prior section, the melt fraction ¢ grows almost linearly with
this parameter.

Some approximations inherent to the model conductivity should be dis-
cussed at this point. First, the slight dependence of H,0 solubility on
temperature alone is disregarded (Burnham, 1979a). Second, the effect of P,

on melt phase conductivity for a given T and XE 0 is not accounted for. The

compressibilities of hydrous aluminosilicate me%ts are much greater than that
of dry melt (Burnham and Davis, 1971) suggesting correspondingly greater acti-
vation volumes and decreases in conductivity at greater pressure (Tyburczy and
Waff, 1985). Acting to the contrary, whatever H20 in the melt may be present
as a larger molecular species (Stolper, 1982) could be driven toward dissociaj
ted form at higher Py» thus promoting alkali exchange and conductivity. The
third model uncertainty admitted is the accuracy of the data of Lebedev and
Khitarov (1964) for all aluminosilicate melts at all xﬂéo and T. For example,

the conductivity trends in Figure 4 for XE 0~ 0.27 and XE

n
2 2°
cross if extrapolated subliquidus at a temperature around 1150°C. Data of

0 appear to

Tyburczy and Waff (1985) on dry rhyodacite at 1 bar and 8 kb are included for

comparison. Further experimental determinations at small XE 0 and of possible

2
pressure and compositional effects are desirable.

Two-Phase Medium Conductivity

Jurewicz and Watson (1985) recently concluded through experiment that dry
silicic melt collects along grain intersections for melt fractions of a few

percent but that subsequent melt forms isolated pools throughout the sample.
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The data of Lebedev and Khitarov (1964) simply suggest that melt interconnec-
tion may occur within a few degrees of the solidus under water-saturated
conditions. At this time only crude bounds can be provided to deep crustal
conductivity due to H,0-undersaturated partial melting. Examples of two-phase
conductivity computations for lower crustal rocks with 1 wt. % H20 have been
presented in Figure 5 as a function of melt fraction and temperature (from
Figure 3) at a total pressure of 8 kbar. The two-phase models considered in
Figure 5 are the Hashin-Shtrikman upper and lower bounds (Waff, 1974), the
geometric mean of the melt and solid conductivities (Madden, 1976), and the
Archie's Law with tortuousity coefficient of two used by Hermance (1979). In-
cluded also are conductivity of the melt phase (dashed curve for Pt = 8 kb
redrawn from Figure 4) and the solid-state conductivity of a gabbroic rock
host (Kariya and Shankland, 1983). Since melt fraction at a particular T
varies almost linearly with bulk H20 content, and melt conductivity is a
function of Xﬂ 0’ the relationships in Figure 5 between melt conductivity and'
effective condﬁctivity for all two-phase geometries are specific to the 1 wt.
% H,0 content adopted.

For melt fractions less than about 0.2, the two-phase models range over
about three orders of magnitude in conductivity. For ¢ > 0.2, bulk conduc-
tivity according to the Hashin-Shtrikman upper bound or the Archie's Law
ranges only from 0.2 to 0.4 S/m. At the higher melt fractions with those
models it would be difficult for field electromagnetic measurements to
ascertain ¢ quantitatively, apart frbm inferring simply the absence or
presence of melt. Under assumption of a prevailing hydrous mineralogy, e.g.,
amphibole versus biotite, such inferences would at least provide bounds on
temperature at depth. The geometric mean and the Hashin-Shtrikman lower limit

show a stronger dependence of conductivity on melt fraction throughout the

14
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melting range but also show conductivity remaining below 1072 S/m until melt
fractions of 20 to 30% are reached. In comparison, Olhoeft (1981) and
Shankland and Ander (1983) propose that conductivities approaching the prior
value could arise from hot aqueous brines present in quantities on the order
of 0.1 vol. %. According to my arguments, 002-H20 fluids in only moderately
greater amounts might effect similar conductivities.

Uncertainty over an appropriate two-phase geometry may be less for
silicic magma chambers which result from melt coalescence and diapiric uprise
from the lower crust (Hildreth, 1981). The higher regions of these chambers
appear phenocryst-poor and their temperatures probably are close to the

granite liquidus for the particular pressure and XE 0 (Hildreth, 1981; Fenn

2
and Day, 1982). Electrical conductivity of the crystal-poor regions of these
chambers therefore would be given directly by the conductivity trajectories of
Figure 4. Moreover, if Py can be constrained through geophysical observations

and the magma is near liquidus temperatures, field conductivity estimates

theoretically could provide T and XE 0 independently especially if mole frac- '
2

tion of water is less than about one-half, Before the T - Xﬂ 0 charac-

er 2

tistics of a magma chamber can be described using electromagnetic surveys
however, geophysicists have to unravel the measured field responses which must
be precise, are certainly three-dimensional and may entail complex electrical
interaction of the chamber with its environment (Hermance and Neumann, 1985;

Newman et al., 1985).



CONCLUSIONS

Three modes of water-undersaturated melting at lithostatic pressure have
been discussed in this paper: melting in the presence of an H20-C02 filuid, of
no COZ or fluid but with all H20 bound structurally in hydrous minerals, and
of an insufficient amount of H,0 fluid to saturate a melt at liquidus tempera-
tures. In the high-grade lower crust frequently hypothesized as the principal
site of crustal melting, it is a COz-rich fluid at lithostatic pressure, and
not an H20-rich one, which would exist at equilibrium for temperatures below
or at those of melting. An H,0-rich.fluid can persist in rocks at Tow
metamorphic grade or in rocks of the brittle mechanical regime. With limited
amounts of pore fluid and hydrous minerals in any of the above modes, melting
is a highly non-linear function of temperature and may occur over a broad
temperature range,

The water-saturated conductivity experiments commonly used to interpret
lower crustal fusion represent melts which, on a mole fraction basis, are more
water than silicate. Water-undersaturated melts in equilibrium with residua
of their source rocks are of lower conductivity than corresponding water-sat-
urated melts even though the latter occur at much lower temperatures. Melt
fractions from 10 to 50 volume percent may be needed for bulk conductivity to
exgeed 0.1 S/m. In addition to melt phase tortuousity, melt fraction and tem-
perature estimates for the deep crust derived from field electrical measure-
ments are complicated seriously by H20 content of the source rocks and by the
possible existence of a conductive C02-H20 fluid phase. Conductivity in
theory might tell about water concentration and temperature in crystal-poor
magma chambers, but this assumes reliable estimates of conductivity structure

from the field surveys.

?
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FIGURES

Tonalite melting and devolatilization reactions as a function of
temperature T and of mole fraction of water X; 0 in an excess HZO-CO2
fluid at 8 kbar. Unless the rock is depleted ?n pyroxene or plagioclase,
equilibrium fluid at lithostatic pressure and temperatures below those of
melting is restricted to ruled region F. H20 fluid-absent melting in the
presence of amphibole occurs at M. Partly schematic but based on work of

Eggler and Burnham (1973), Holloway (1973), Burnham (19738b), Wyllie
(1979), Jacobs and Kerrick (1981), and Thompson (1983).

Pressure-temperature projections of melting and fluid production in tona-
lite for various degrees of water-undersaturation. Traces of invariant
points I (dashéd lines) represent first appearance of H20-C02 fluid in
the presence of chlorite (chl), mu