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DREX project

— Concept
— Tectonic settings

Magnetotellurics in Fennoscandia

New regional and deposit scale MT surveys
— Data processing
— 3D MT inversion

= Magnetotelluric models + potential fields

= Joint inversion -> L
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[D _[J (T'// Basic concept

The D-Rex project addresses the ERA-MIN Joint Call 2019
“Raw materials for sustainable development and the
circular economy”, topic 1: “Supply of raw materials
from exploration and mining”. '&

Mineral deposits are often described with reference to a
mineral system concept as the end products of complex
geological processes. Unification, optimum integration and
visualization of geological and geophysical data are important
steps towards understanding how a deposit was formed.
D-REX builds on this paradigm and the research is exemplified
with new Magnetotelluric data combined with available

geophysics from prospective areas in Sweden, Finland and
Norway O I
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Objectives

The first objective of D-Rex is to build onto new paradigm of mineral systems with data from
three prospective areas in Sweden, Norway and Finland and leverage its potential for large
scale mineral systems characterisation by regional magnetotelluric surveys combined with
available regional data (gravity, magnetics)

The second objective of D-Rex is the integration of multi-facetted geophysical data sets

The third objective of D-Rex is the unification, optimum integration and visualization of
geological and geophysical data on the basis of the Common Earth Modelling (CEM) concept
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Mineral system concept

= Mineral deposits are a small part
of large and often deep

Depositional
mechanism

geological context: the mineral
system

Magnetotellurics is an important

tool for characterizing the entire S -
mineral system metals

Fluid source
EMinars:

Graham Heinson, Graham Begg, Phil Wannamaker, ...

Wyborn et al., 1994; McCuaig et al., 2010
V4 V4 E
J.M. A. Hronsky & D. I. Groves, 2008) nergy source I
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(a)

Tectonic settings o

|:| Neoproterozoic and Phanerozoic
sedimentary and subordinate
igneous rocks outside orogens

I:l Caledonide crogen (0.5-0.4 Ga
and, in part, older Neoarchean
or Proterozoic orogenic activity)

|:| Svecenorwegian orogen (1.1-0.9 Ga
and, in part, older Paleo- or

Mesoproterozoic orogenic activity)

I:l Blekinge-Bornholm orogen (1.5-1.4 Ga i
and, in part, possibly older 1.8-1.7 Ga SWEDEN
orogenic activity) W

I:l Proterozaic (1.7-0.9 Ga) magmatic and
sedimentary provinces outside orogens

Archean rocks in Murmansk

Province oF

BOTHNI

Svecokarelian orogen (2.0-1.8 Ga and, in part,
older Meso- or Neoarchean orogenic activity)

s “ Regional structural trend

// Boundary of major lithotectonic

unit west of PDB and RLSC 3 TR Conductance [S]
inside Svecokarelian orogen ~._ESTONIA /

l:l Paleoproterozoic rocks, = 0 -1 0 1 2 3

1 1

pre-orogenic (2.5-2.0 Ga) or N
syn-orogenic (2.0-1.8 Ga) with PHANEROZOIC SEDIMENTARY COVER Paleoproterozoic Other symbols

respect to the 2.0-1.8 Ga orogeny AND IGNEOUS ROCKS [ igneous rocks (1.85-1.66 Ga) ~~_. Shear zones
o Alkaline intrusions [ Granite and migmatite (1.85-1.75 Ga) “se-- FIRE 3a (maindland) and BABEL 3-4
Archean rocks, pre-orogenic with | i ismic seismic li
[ ] et et I i e i [ Sedimentary rocks [ S-type granitoids from the VMC (1.85-1.60 Ga)  (Offshore) seismic seismic line
bythe 2.0-1.8 Ga oragany CALEDONIAN OROGENIC BELT (0.5-0.4 Ga) fsgnem‘s “’tCTS ( '36('11 ':54 ?as)o -
_ . upracrustal rocks (1.90-1. a
[777] Lapland—Kola orogen Il Phanerozoic rocks and reworked I Lapiand granuiite belt (> 1.90 Ga)
Paleo- to Neoproterozoic rocks [ | Supracrustal rocks (2.50-1.96 Ga)
g ——— FENNOSCANDIAN SHIELD (3.2-0.92 Ga) Il Mafic intrusive rocks (2.50-1.96 Ga)
= Karelian province Mesoproterozoic Archaean
= mlr?-t?nmlr?cemvim [ Sedimentary rocks (1.50-1.27 Ga) [ Igneous rocks and gneiss (3.20-2.50 Ga)
PDB = Pajala defofma{im belt Il Rapakivi granite association (1.65-1.47 Ga) [l Supracrustal rocks (3.20-2.75 Ga)
RLSC = Raahe-Ladoga shear complex

F.Chopin, A.Korja, KcNikkila, P.HbItta, T.Korja, M.Zaher, M.Kurh
ila, O.Eklund, O.T.Rémé 2020
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1.90 - 1.88 Ga S . TeCton ic setti ngs |
Svecofennian orogeny 1.92-1.79 Ga f @M

Several accretionary events K"e"a" %
One-two subduction events (1.9 -1.82 Ga) “
Gallivare area is in back-arc settings M °“

Two major ore forming phases (hydrothermal \if\

activity) | Archean crust [ ] ~20Gacrust

- First one during extension. Formation of arc ™" Arhen!-20Gaaust [ ~195 Gacruse

Gothian orogen

and back arc. (VMS’ porphyry, IOA) Lantinen et al. 2005
« Second during the last accretionary phase
(1.8Ga) (IOCG, Orogenic gold)

T.Bauer (2020, in prep)
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Pre BEAR project < 1997

1980th

Norska havet

Kovtun, A. A., Induction studies in stable shield and platform
areas, Acta Geod. Geophys. Mont., Acad. Sci. Hung., 11, 333-346,
1976.

AG. Jones, 1982 Observations of the electrical asthenosphere
beneath Scandinavia, Tectonophysics, v.90
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Data SIO, NOAA, U.S. Navy, NGA, GEBCOjtayen
\ Image IBCAO
Image Landsat / Copernicus.
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BEAR project 1997

Conductance: upper crust 0-10 km Conductance: crust 0—-60 km
o Nge 00 4t 8 120 16° 207 24° 28 327 36 A0 AN a8 ¥ e Nge 00 40 8 1lz° 1§” 29" 2{’ 2§° 3\2" 3§° AQ" M a2

log (Conductance in Siemens) log (Conductance in Siemens)

T. Korja, M. Engels, A. A. Zhamaletdinow, A. A. Kovtun, N. A. Palshin, M. Y. Smirnov, A. D.
Tokarev, V. E. Asming, L. L. Vanyan, I. L. Vardaniants, and the BEAR Working Group.

2003 Crustal conductivity Map of the Fennoscandian Shield.
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Magnetotellurics in Fennoscandia

apicatl o |.Lahti 2005,
X RIS T.Korja, 2008,

O, C (\ 4
S % &&¢?Q§Q
< ANO »

97 > M.Smirnov 2009,
e : K.Vaittinen 2012,
SR M.Cherevatova 2015,

N
A M‘!’{?&_A ol

P.Yan 2017,
o U.Autio 2020
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Data SIO, NOAA, U.S. Navy, NGA, GEBCOjtauen
\ Image IBCAO

Image Landsat / Copernicus.

Image U.S. Geological Survey
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D-Rex regional magnetotell

&l \/

uric measurements

S i
b ‘[

Location of Broadband Magnetotelluric
sites acquired in period range (0.001 —
1000 s). Magnetotelluric measurements
at all three areas were completed in the
summers 2021-2022. All the data are
processed using robust multi remote
reference approaches.
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Field campaigns

Broadband MagnetoTelluric (BMT) data were acquired
during several field campaigns (ongoing efforts)

Most of the data were measured during summer time
with some measurements during winters

Data recorded for at least 1 day (continuous sampling
128 Hz) and simultaneous burst recording at 4096 Hz

for 2h starting midnight to increase signal/noise ratio
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Magnetotelluric Data processing

© KMS Technologies Magnetotelluric Processing (c) 2021
((Process ) Advanced settings  Filters  Log ~ Warnings

Data Directory  MUsers/msmirnoviDatajprocessing =2

Robust remote reference (Smirnov 2003

UrBowLLson T
DRBS07S.1j50n

[Usersimsmirov/Datalprocessing =] DRB5069.tfjson

R Directory DRB5084 1 json A eottiea

Shseros o
iz T Snsewonien onssorsifon -
SRstoac o onesoastion .
Parameters file DRB508.tjson DRB5070.tf.json
Lnadell DRBS0BO.Fjson
Remots Channels 128LFjson DRASO78.thison, DRB5085.f json
131kHF json DRESI0O 50 DRBS057.1f.json

e = referencing and remote reference assembled

DRB5103.tfjson DRBS087.tfjson
e s DRBS077:tjson DRBS102.fjson
DRB5048.ttjson DRBS103.fjson

o & Power harmonics filtering in frequency domain combined wi

HHTF (Hi-He) DRB5105 tfjson

5 .
X Ons0cd i
- onasosatison Ores0ddston
template.ts.json DRBSOBOY, :ig: DRB5105.1fjs0n
. oro
one

5089.1j50n
csem DRBS104tFjs0n ol
DRBSO08E.fson it

processing status:

eoe > KMs (912020 v2022.06.06 eoe > KkMs jos (c) ur v2022.06.06

0 BB = g X% ® J ¥ B / > w3 1D (22 o [ - e g X% ® al ¥ B > 1

Yot Export. ot | Expont
DRBS078-128L_20 oREs078-1281_20

DRB5078-128L_20... Rho_ap, Ohm.m - DRB5078-128L_20. Phase Zxy,Zy xy
DRB5078-40961..2 2P, o Pt DRE5078-40961.2 ik o Pt
Dras0rs. 40962 DRBS076-4096L2..

s = DRB3076-409612 ”
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DRB307D. 409602
DRBS07D. 40962
DRBS07S. 40962
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0.001 0.01 i 1000 . . 1000

2023-03-20 09-56-26RC oxux W ‘Selected data Averace o v

LULEA
UNIVERSITY
OF TECHNOLOGY

LULEA UNIVERSITY OF TECHNOLOGY




Remote referencing

RR electric vs magnetic field as a reference

Rho_ap, Ohm.m Rho_ap, Ohm.m 1 OE+5- Rho_ap, Ohm.m

1.0E+4 ‘f# -H\&&

1000+

10 T T T T TTTITT T T T T 1117 T T T T TTTIT T T T T TTIT] 100 T LR | T LI | T LB ELELELY | T rrrrirr
0.001 0.01 0.1 0.001 0.01 0.1 0.001 0.01 0.1
T, sec

T, sec T, sec

RRE estimates are in blue, RRH are in red (Zxy circles, Zyx crosses)
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Phase tensors (Finland)

T=512s/f=0.00195 Hz T=64s/f=0.0156 Hz T=0.125s/f=8 Hz
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Phase tensors (Sweden)

T=512s/f=0.00195 Hz T=64s/f=0.0156 Hz T=0125s/f=8 Hz

420 440 460 480 500 520 540 560 580 420 440 460 480 500 520 540 560 580 420 440 460 480 500 520 540 560 580
E [km] E [km] E [km]
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Phase tensors (Norway)

T=512s/f=0.00195 Hz T=64s/f=0.0156 Hz T=0.125s/f=8Hz

500 520 540 560 580 500 520 540 560 580
E [km] E [km]
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Malmberget deposit scale

Color of the symbol indicates data quality

Remote (60 km) remote reference site is used.

.@Qs‘i:“
‘\ ,53@;’5?7""" o Magnetic and electric components are used as
Bl X ¥ g5 By reference.
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Green sites good to
excelent quality

App. Res. 162
T T

Sy
il

1g(T [s])
Phase 162
T

LULEA UNIVERSITY OF TECHNOLOGY

Data quality

sites are just
acceptable

App. Res. 130
T

10°
1g(T [s])
Phase 130
T

There is clear consistency
between majority of the
sites with some sites
(marked orange on the
map) deviating from
physical behavoir in the part
of the frequency range
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Robust Multivariate data analysis (MsDEMPCA)

See Eminar: Gary Egbert

Smirnov&Egbert, 2012
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The first 6 modes

. ImageMasca Mode 3 : Period 224 sec
ImageMasca Mode 1 : Period 224 sec ImageMasca Mode 2 : Period 224 sec —

\\

(N
™y
A

Real part of horizontal
V¥ magnetic field

First two modes
represents mostly plane
wave components. The
AN O AN I e other components are
very closely resambles

\ gradient modes.
% o™
~\>’—>\ N
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MV “plane wave” impedances
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Magnetotelluric 3D inversion

We seek to minimise objective function:

go(m) = gﬂd(d' m, Cd) + azgom (m’ my, Cmprior) -

Hc;l/z(d — G(m)) ”: + Hc‘l/z (m — mO)HZ _

m,priori

Usual L2 norm:

p(m) = (d - 6m))'C;*(d — G(m)) + a*(m —my)'C;t . (m—my)

Mprior

What if we have noisy data and inconsistent model (some data can not be fit)
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Choose robust norm of residuals

We can use L1 norm of residuals or for example Huber’s loss function:

p(m) = Hcc_ll/Z(d — G(m)) H1 + Hc;iéf,im,i(m —my) 2

Can be solved using iteratively reweighted least squares (IRL):

2

om) = W, "2~ G | + |2z, om—mo)|
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With weighting matrix W, = diag(1/|r;|), where residuals r =d — G(m) L
A
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3D MT inversion using ModEM

Several runs with different parameters, sites selection, objective function to minimise

Full tensor
Error floor 5%
Final RMS 4

Mesh 100x100x60 (15
padding cells from each side)

324 sites
AR model covariances C,,
Default smoothing

see Eminar: Naser Meqbel

D—P.c X

LULEA UNIVERSITY OF TECHNOLOGY

Full tensor

Error floor 1%

L1 norm of residuals

Final RMS 1.2

Mesh 120x120x60 (10 padding cells)
399 sites

Diffusion model covariances C,,

7 periods per decade (0.001 — 1000 s)
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L2 vs L1 data fit

IRL modified errors

Apparent resistivity Apparent reS|st|V|ty
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Comparing models

Red iso-surface original inversion.
Blue iso-surface after reweighting.
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Ma.jéerget/ R deposit in northern Sweden is one of the

largest underground iron ore mine operations
in the world

Nautanen is an IOCG (lron Oxide Copper
Gold) deposit have been suggested to be
formed in a continental back arc setting and is
associated with the major shear zone NDZ
(Nautanen Deformation Zone)

7460000
T
7460000

Gé Illvgre

T
7450000

7440000
|

k 181178G
iation (Lina-type)

®  Sulfide mine, inactive
Q@  Sulfide mine, in operation
o Iron mine, in operation
/ Major high-strain zone
/ High-strain zone
@ Location of the drill-holes used
to constrain the modelling

3
2% 3
"'.’

]
=
='.

k 1 88 1. 86 G
I Meta-granite (Aitik type) FADZ = Fjéllasen - Allavaara
orite M Diorite deformation zone

anerozoic cover :
aledonian orogenic belt NDZ = Nautanen deformation zone

(7] 5
3 Illam
@ =
Q H

ustal rocks; ~1.96-1.85 Ga 2 i 10:km
anosedimentary rock N

veconorwegian orogen
vecokarelian and Lapland-
Kola g

. A h k s pa my affected
by the s k elian and Lapland-
K | g

olcanic olcaniclastic rocl T L
(Porphyrite and Kiirunavaara Groups) Coordinate system: SWEREF 99 TM L U LE A

[) P& S.Tavakoli, Z.Sarlus, I. Kronsell, T. Bauer 2021 * OF TECHNOLOGY

LULEA UNIVERSITY OF TECHNOLOGY



From two regional levels to two deposit scales
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From regional to deposit scale

10 100 1000 10000

N §

resistivity w4
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Potential field data

Magnetics
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Regional 3D models
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DREX regional, local

Geoscience
\LYST

Geoscience
\LYST
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Gravity + MT (single inversions), Nautanen

Gravity data cortesy of Boliden
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Pyhasalmi, Finland

Located at the Archean-Proterozoic
boundary within the Raahe-Ladoga zone
Finland’s largest VHMS in Pyhasalmi
Formed through hydrothermal processes
Metasedimentary rocks

* contain black shales (Graphite)

* were likely thrust over the Archean
Deposit formation at crustal scale is not
well understood

Fyhss s'

Ruecstes uc
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Pyhasalmi, Finland

A very complicated (3D) data set
Conductivity increases downwards
Overall higher conductivity W and NW
Raahe-Ladoga zone strike apparent

Subvertical conductor below Pyhasalmi
deposit

Depth resolution ends at ca. 30 km

LULEA UNIVERSITY OF TECHNOLOGY

Resistivity [ohm.m]
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Isosurface of 10 ohm-m M
Pyhasalmi and Mulikkordme associated with m e - R
subvertical conductor = AN ' A :
Kangasjarvi deposit associated with central
deep conductor (better seen at 50 ohm-m)
Nivala Ni-deposits correlate with near

surface conductivity (likely intrusions

piercing graphite sheets)

o 5 10 20 30 40
i O eters

Codisinked di dikeh: EUREF GIN
Depth [km]  OFTECHNTCOGY
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Isosurface of 10 ohm-m

Pyhasalmi and Mulikkorame associated with
subvertical conductor

Kangasjarvi deposit associated with central
deep conductor (better seen at 50 ohm-m)
Nivala Ni-deposits correlate with near
surface conductivity (likely intrusions
piercing graphite sheets)

Shallow Nalantojarvi conductors also tied to
metasedimentary Graphite sheets

Nivala conductors reach deep, Nalantdjarvi
conductors isolated

Large and deep conductors loosely follow
main shear zones.

y ‘—_ - / <.;_C-‘ _ y : oy
[Z) —P A Depth [km] P“""i"l:*LTilNEfLOGY
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1D inversion of the determinant of the impedance tensor
average over all sites (Sweden) Archean-Proterosoic
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1D inversion of the determinant of the impedance tensor
average over all sites (Finland) Archean-Proterozoic
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Major Geological Units of The Fennoscandian
shield

MAJOR GEOLOGICAL UNITS OF
THE FENNOSCANDIAN SHIELD

@ Archean / ~2.0 Ga crust |:| ~|

Lantinen et al. 2005
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From Archean to Proterozoic lithosphere

Proterozoic — Archean boundary
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orrboten craton

arelian craton {

|
(=]
(=)

Depth [km]

FERPERS RRPREN
—
[\
S

10
120
140

160

LULEA UNIVERSITY OF TECHNOLOGY

are

Archean? |
lian craton (

.
]

vecofennian (§

Depth [km

LULEA
UNIVERSITY
OF TECHNOLOGY




Joint inversions jif3D — gravity + MT - Mi

Very preliminary, first results
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Comparison on 3D inversion codes — vertical slices
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Data and models exchange

QGIS integrated project DREX Website: https://mt.research.ltu.se/web/
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https://mt.research.ltu.se/web/
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Conclusions

3D magnetotelluric arrays are important to identify key components of mineral systems
and the tectonic context

Some conductors closely correlate with deposits. Alteration zones?
On the crustal scale, MT provides an important structural information

3D data acquisition and interpretation is necessary in complex Precambrian
environments

Joint inversions are on the way.... as well as integration with 3D geological models at
deposit scale
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