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Driving Science Question

LRO, NASA

Hiesinger & Head, 2006

Near Side Far Side

What is the current state and structure of the 

global lunar interior?

LPI

NASA/Marshall Space Flight Center
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Weber et al., 2011
Canup et al. 2016

The current state is key to constraining origin 

theories.

Lunar Origin Theories
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Magma Ocean Crystallization

The current state of the lunar interior is the 

first step to constraining formation.

Image source: LPI
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NASA

Terrestrial Planets Interior Structure
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Key Open Questions
1. What is the lateral and vertical 

extent of the Procellarum KREEP 
Terrain (PKT) in the upper mantle?

2. What is the global extent of the 
discontinuities in the upper mantle?

3. Does a partial melt region exist in 
the lower mantle?

4. What is the nature and extent of the 
lunar core?

5. How do induced magnetic fields 
interact with the lunar plasma 
environment?

EM Sounding is a 

powerful tool 

capable of 

constraining the 

electrical 

conductivity of the 

Moon, and hence, 

composition, 

temperature, and 

interior structure.

NASA/Marshall Space Flight Center
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Sun-Earth-Moon Space Environment

Image Source: NASA

Stubbs, T. J., GSFC, 
http://www.nasa.gov/topics/moonmars/features/magnetotail_080416.html
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Asymmetric Induction Plasma 
Confinement
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Near Surface Plasma Processes

Image Source: G. Delory
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Lunar Magnetometers
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Physical Laws

• Maxwell’s Equations

– Faraday’s Law of Induction:

– Ampere’s Law:

• Ohm’s Law:

• Diffusion Equation:

• Skin Depth:
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Lunar EM Sounding Periods
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Khan et al 2014

Hood et al 1982

Sonett et al 1972
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Fatemi et al 2015
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Solar Wind Transients

Large transient events 

can be used for EM 

Sounding.

Core size and magnitude 

of transient event size 

induced magnetic 

moment.

Fuqua Haviland & Mittelholz, in press

Summary of Core sizes 

from EM Sounding 

analyses.
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BAR

BATe,n

Time Domain EM Sounding 
Transient Analysis
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Static Hybrid Model Results

Dayside confinement, as predicted. Nightside fields are not confined within wake cavity. Strong 

induced field signatures in the deep wake near surface, especially with large IMF changes.

Fatemi et al., [2015]

Mind = 10^16 A m2

NASA/Marshall Space Flight Center
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Transient Plasma Hybrid Kinetic 
Induction Model

𝝈(r)

• Cell size: 50 km (∼0.028 RL)

• 16 macroparticles (only protons) per cell

• tstep = 0.001 s

• 0 < t < ~300 s, t=24 s IMF discontinuity

• 𝝈1 = 1.0 e – 8, 1.0 e – 4, 1.0 e – 3 [S/m]

• At t=0,     BIMF = [0, +4, 0] nT

• At t=24s, BIMF = [0, −4, 0] nT
• ΔBy = -8 nT

• 𝝈VAC = 2.0 e – 7 [S/m]

• Conducting radius (r1) = 1,600 km (∼ 0.91RL, or ∼ 32 

cells), ~M ind = 1.64 e 17 A m2 (Fatemi et al., 2015; Saur 

et al., 2010).

• Resistive crust (1e-8 S/m) radius = 150 km (~3 cells 

crust). RL=1750 km.

• Model captures inductive and plasma response self-

consistently

• SSE Coordinate System: Selenocentric Solar Ecliptic 

(+XSSE points towards the sun)

ΔBy = -8 nT

Te,i = 8.5 eV

Vsw= 320  km/s

nsw= 6 /cm3

NASA/Marshall Space Flight Center
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General SW Case, 

Perpendicular

AMITIS, Fatemi et al.,2017



Results: Time Dependence

ΔBy = -8 nT

Vsw= 320  km/s

nsw= 6 /cm3

NASA/Marshall Space Flight Center
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SSE Coordinate System (+XSSE points towards the sun)

RL=1850 km

Fuqua Haviland et al., 2019. GRL.
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Results: Case Study 2 Time Series

Fuqua Haviland et al., 2019. GRL.



Electrical Conductivity & Temperature Profiles

NASA/Marshall Space Flight Center
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Crust

Core

Fuqua Haviland & Mittelholz, in press



Lunar Crustal Magnetic Fields

NASA/Marshall Space Flight Center

24Haviland – UCLA EPSS 2025

Tsunakawa et al., 2015, JGR-P

Farside

Regions of weak crustal fields are prevalent.

Surface magnetic field components and total intensity.

Nearside



Apollo Uncompressed Magnetic Fields

NASA/Marshall Space Flight Center

25Haviland – UCLA EPSS 2025

Dyal et al 1973

Descartes 1 nT at 100 km orbit, and 327 nT at the surface, 

(Magnetic fields fall off at r^-3)



Field Interactions with Solar Wind

NASA/Marshall Space Flight Center
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Dyal et al 1973

A16 observed a compression of the crustal field as a function of 

solar wind pressure.

Magnetic Field Energy Density (compressed, 

uncompressed field difference)

Plasma Energy Density (A15, 

Solar Wind Spectrometer)

Scale Size: A12, 2 < L< 200 km

       A16, 5 < L< 100 km

Dyal et al 1972



Lunar Geophysical Network (LGN)

NASA 

Fuqua Haviland et al, 2022, PSJ

NASA/Marshall Space Flight Center

27Haviland – UCLA EPSS 2025

Mission Objectives: to improve the state of knowledge of the 

lunar interior in terms of composition, structure, temperature.

Project Description: The LGN will be composed of a network 

of ~4 stations with one farside station and communications 
orbiter. Each lander containing next generation instruments.

Funding: Preliminary Mission Concept Study 

NASA SMD Planetary Science Decadal Survey 

Update.

CPLS Lunar Magnetic Sounder, Neal et al. 2020, PMCS



Firefly Blue Ghost 1 Lunar Magnetotelluric Sounder

NASA/Marshall Space Flight Center

28Haviland – UCLA EPSS 2025

Firefly

LMS Deployment: https://www.youtube.com/watch?v=je8sHHizhuw

Mission Duration: March 2-16, 2025 

346 hours daylight, 5 hours night



Firefly Blue Ghost 1 LMS Mare Crisium

NASA/Marshall Space Flight Center

29Haviland – UCLA EPSS 2025



Mare Crisium Crustal Magnetic Fields

NASA/Marshall Space Flight Center

30Haviland – UCLA EPSS 2025

BG

170 km

Modeled Max surface field ~34 nT



Firefly Blue Ghost 1 Plasma Regime

NASA/Marshall Space Flight Center

31Haviland – UCLA EPSS 2025 https://artemis.ssl.berkeley.edu/



Conclusion & Future Work
• EM Sounding is capable of providing insights into 

important geophysical methods constraining the electrical 
conductivity, composition, and temperature of the Moon.

• Plasma environment is important context for correctly 
interrupting EM geophysical fields.

• Gaps remain in current analyses including the 
unavailability of some Apollo datasets.

• Additional work is needed to isolate induction with 
magnetometer observations (Apollo, Lunar Prospector, 
Kaguya, THEMIS-ARTEMIS, KPLO, LMS, LITMS).

• Future magnetometer observations at or near the surface 
of the Moon will improve electrical conductivity 
constraints, and knowledge of the current state of the 
lunar interior.

NASA/Marshall Space Flight Center

32Haviland – UCLA EPSS 2025



Questions?

NASA/Marshall Space Flight Center

33Haviland – UCLA EPSS 2025
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